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RESUMO

A compreensdo dos varios mecanismos de defesa vegetal tornou-se uma area central nas
pesquisas mundiais. Em plantas, uma primeira linha de defesa contra invasores inclui uma
variedade de peptideos antimicrobianos, tais como defensinas - uma classe de pequenos
peptideos baésicos, ricos em cisteinas, distribuidos por todos os reinos. A crescente
disponibilidade de genomas completos recentemente sequenciados, grandes quantidades de
sequéncias expressas (ESTs — Expressed Sequence Tags) e o desenvolvimento de tecnologias
computacionais ofereceram varios recursos e algoritmos que possibilitaram a aplicagdo de
abordagens baseadas em bioinformatica para identificar potenciais peptideos antimicrobianos.
Assim, o presente trabalho visou ao desenvolvimento de uma rotina computacional para
identificar e caracterizar provaveis defensinas nos genomas vegetais atualmente sequenciados.
Tal rotina foi desenvolvida com base em programas de computadores gratuitos disponiveis
pela internet, envolvendo a integracdo de dados provindos de sequéncias, reconhecimento de
padroes e motivos conservados em proteinas, perfil diferencial de expressao, analise evolutiva
e modelagem comparativa. Um exemplo da aplicabilidade dessa rotina foi demonstrado
usando o genoma expresso da cana-de-acucar, evidenciando a presenca de 17 sequéncias de
provaveis defensinas, evolutivamente relacionadas com peptideos com atividade antifiingica
descritos em outras espécies. Em cana-de-agucar parecem existir seis grupos de defensinas
envolvidas na defesa do organismo, cujos membros, apesar de bastante similares, apresentam
um padrao de expressdo tecidual especifico. A resolucdo da estrutura tridimensional através
de modelagem comparativa mostrou peptideos globulares anfifilicos altamente compactos,
estabilizados por quatro pontes de cisteinas. A rotina estabelecida se mostrou eficaz e
potencialmente aplicavel tanto as defensinas como a qualquer classe de peptideos
antimicrobianos. O presente trabalho incluiu também revisoes sobre o estado de arte atual das
pesquisas com defensinas vegetais, sua identificacdo e os principais bancos de dados que as
compdem, revelando que a eficiéncia da estratégia utilizada em cana-de-agucar,
especialmente se integrada a dados oriundos de diversas fontes. Informagdes preliminares
como as presentemente apresentadas sdo fundamentais para a escolha de moléculas com

potencial antimicrobiano para o desenvolvimento de produtos farmacologicos.

Palavras-chave: desenvolvimento de farmaco, perfil diferencial de expressdo, analise

filogenética, estresse biotico, estresse abiotico, melhoramento vegetal.



ABSTRACT

Sugarcane is one of the most important tropical and subtropical crops. The culture has faced
many losses due to pathogen attacks. Understanding the various mechanisms of plant defense
has become a central area in worldwide research. In plants, a first line of defense against
invaders includes a variety of antimicrobial peptides such as defensins - a class of small,
basic, cystein-rich peptides, distributed throughout the kingdoms. The recent increasing
availability of whole sequenced genomes, large amounts of expressed sequence tags (ESTs)
and the computational development have offered several resources and algorithms that made
possible the application of bioinformatics-based approaches to identify potential new
antimicrobial peptides. Thus the present work was aimed at developing a computational
routine to identify and characterize putative defensins in actually sequenced plant genomes.
This routine was developed based on computer programs freely available on the internet,
involving the integration of data coming from sequences, pattern recognition and conserved
motifs in proteins, differential expression profile, evolutionary analysis and comparative
modeling. An example of the applicability of this routine was demonstrated using the
expressed genome of sugarcane, indicating the presence of 17 defensin-likesequences,
evolutionarily related to peptides with antifungal activity described in other species.
Sugarcane seems to have six groups of defensins involved in organism defense, whose
members, although very similar, show a pattern of tissue-specific expression. The resolution
of the three-dimensional structure by comparative modeling showed highly compact globular
amphiphilic peptides, stabilized by four cysteine bridges. The routine established was
effective and potentially applicable to both defensins as any class of antimicrobial peptides.
The present work included also reviews regarding the actual state-of-art of defensin research
in plants, its identification and main data-banks including such molecules revealing the
applicability of the strategy used in sugarcane, especially if integrated with data from other
sources. The here presented preliminary information are essential for the selection of

molecules with antimicrobial potential for the development of pharmacological products.

Keyword: Drug discovery, differential expression profile, phylogenetic analysis, biotic stress,

abiotic stress, plant breeding.
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Figura 7: Modelo proposto para o modo de acdo juntando evidéncias de fontes variadas. (A)
O alvo molecular de peptideos antimicrobianos de organismos multicelulares nas membranas
celulares e a base de sua especificidade. (B) Modelo de Shai-Matsuzaki-Hunag do mecanismo
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enquanto lipideos sem carga geral estdo representados com extremidade em preto. Fonte:
Zasloft (2002).
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Figure 1. Nucleotide sequence (FJ94789 GenBank) with predicted genes/exons and
putative amino acid sequences of PDEF_VIGUN. The figure was prepared using
GENSCAN.

Figure 2. Vigna unguiculata defensin DNA sequence compared with that of the other
plant EST obtained from databank (for a more detailed comparison with more plant
species see attached materials figure X) Aligned nucleotide sequences include Vigna
unguiculata PDEF_VIGUN, Gycine max protease inhibitor (U12150 GenBank) and Prunus
persica defensin (AY078426 GenBank). Vigna/Glycine: score 91; Vigna/Prunus score 77.

* identifies conserved residues.

Figure 3. Plant defensin gene structure after heterologous comparison. The intron
boundaries are conserved in all compared members from Fabaceae, with the exception of A.
thaliana. Black boxes indicate exon while grey boxes the introns. The nucleotide length of the
DNA stretch is reported below the boxes. CDS: translated coding sequence; Arath:
Arabidopsis thaliana; Glyma: Glycine max; Medtr: Medicago truncatula; Lotja: Lotus
japonicus; Vigun: Vigna unguiculata. Phavu: Phaseolus vulgaris (TC147). PTR: Protein
added to the alignment; Vigra: Vigna radiata (CAA34760), Vigun2: Vigna unguiculata
(P18646); Vigra2: Vigna radiata (BAB82453). Disulphuric bonds are highlighted: Cys3-
Cysd7; Cys14-Cys43; Cys20-Cys41; Cys24-Cys34).

Figure 4. Amino acid sequence and putative structure analysis A) Amino acid sequence
alignment of PDEF VIGUN with closely related sequences from other plants. Plants are
identified by common names, but the UniProt accession codes are provided. The degree of
identity with PDEF VIGUN and net charge are also shown. Highly conserved residues are
shaded grey, strictly conserved residues are shaded black. The presence of conserved
positively charged positions, negatively charged positions and hydrophobic residues positions
are indicated by +, -, and O respectively. The sequence for bell pepper (C. annuum) defensin,
the closest peptide for which a structure (1GPT) has been determined, is shown separately
below. Buried (b) and exposed (e) residues resulted from visual analysis of each residue in the
barley structure, as did the topological diagram (B). C) Schematic cartoon of the putative
PDEF_VIGUN structure, based on that of bell pepper defensin (1GPT). The putative position
of highly conserved residues in this schematic representation is approximately indicated. The
dotted lines indicate areas where cationic residues would be concentrated.



Figure 5. A) Plant defensin expression in Vigna unguiculata after wounding and
CPSMV inoculation. BRIT63 is a unique CPSMV (cowpea severe mosaic virus) resistant
genotype derived from a breeding cross (BR14-Mulato x IT85F-2687), while IT85F is the
CPSMV-susceptible parental cultivar sample. Negative controls consisted in one BRIT63 and
one IT85F sample both not harvested with CPSMV. Threshold Cycle (Ct) values inversely
correlate with the quantity of mRNA expression, B-defensin expression, after inoculation,
appears to be fast and strongly during the first 30 min after inoculation (BRIT63-0,5h) and
response increase for the following 30 min (BRIT63-1h). B) In the table, results for Vigna
RT-qPCR for defensin transcript detection, after CPSMV inoculation are reported.
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Figure 1. Schematic representation of the routine application. Annotation is accomplished
through a central strategy plus differential expression profiling, phylogeny analyses and
comparative modeling. 20x corresponds to the number of interactions with the psiBLAST
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Figure 2. Comparison of amino acid sequences of sugarcane defensin-like. Evolutionary
relationship is depicted left. Plant defensin hallmarks are highlighted below in the primary
sequence. Linked bars are disulfide bonds: Cys1-Cys8; Cys2-Cys5; Cys3-Cys6; Cys4-Cys7.
The expression profile is represented right: LR=Leaf roll; LB=Lateral Bark; RT=Root apex;
FL=base of inflorescence; SD=Developing seed; CL=Calli.Dark red and light red correspond
to higher and lower expression.

Figure 3. Evolutionary reconstruction with Maximum Parsimony inference. SODEFO01-
17 (Sugarcane candidate defensin 1 to 17); ZMDEF1-4 (Zea mays defensin 1 to 4); VVDEF
(Vitis vinifera defensin); 1GPS (y-1-P thionin: Triticum aestivum); 1GPT (y-1-P thionin:
Hordeum vulgare); 1JKZ (Defensin: Pisum sativum); 2GL1 (Defensin: Vigna radiata); 1TIS
(Defensin: Vigna radiata); 1MR4 (Defensin: Nicotiana alata); IN4N (Defensin: Petunia x
hybrida). Square places the NMR structures used in the comparative modeling step. Numbers
at the base of each clade correspond to bootstrap means at 1000 replications.

Figure 4. Structural alignment of the comparative modeled sequences of Sugarcane
candidate defensins. (a) SODEF01 in yellow and SODEF04 in blue. (b) SODEFO05 in green.
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(d). All structural alignments and figures were made with the VMD program.
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Figure 1. Main mechanisms of pathogen recognition and defense in plants. Pathogenic
organisms (mainly virus, bacteria and fungi) secrete avr (avirulence) gene products that may
be compatible with R gene products secreted by the plants. Compatible interactions lead to the
activation of signal cascades inducing systemic resistance factors (as ethylene and jasmonic
acid) and acquired resistance represented by 17 PR gene categories. From these, three
categories (PR-12, 13 and 14) include small cisteine-rich anti-microbial (AMP) peptides.
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1. Introducéo

As plantas sdo constantemente atacadas por microorganismos presentes no meio durante
seu ciclo de vida. Apesar disso, o desenvolvimento de doengas infecciosas ¢ um
acontecimento excepcional, pois ao longo da evolugdo os vegetais desenvolveram, como
todos os organismos multicelulares, mecanismos de defesa contra microorganismos
patogénicos. A produgdo de peptideos antimicrobianos (AMP — Antimicrobial peptides) ¢
uma estratégia amplamente empregada por muitos organismos como uma primeira linha de
defesa. AMPs constituem um componente principal da imunidade inata dos animais, tratando-
se de um mecanismo de defesa ancestral presente numa diversidade de organismos, incluindo
microorganismos [Asaduzzaman e Sonomoto, 2009], artrépodes [Bulet and Stoecklin, 2005],
fungos [Marx, 2004], animais [Bulet et al., 2004] e plantas [Manners, 2007].

Virias familias de AMPs em vegetais foram definidas baseadas no nimero e arranjo de
residuos de cisteina presentes, bem como no padrdo de pontes dissulfidicas estabelecidas,
dentre estas uma familia ampla, coletivamente chamada de defensinas vegetais, muito comum
na natureza e com uma surpreendente conservacao de estrutura e funcao. Algumas defensinas
conhecidas atualmente sdo consideradas tdo poderosas quanto a penicilina, assim como a
vancomicina, acreditando-se que novas defensinas sejam ainda mais potentes, agindo mais
especificamente contra certos microorganismos, incluindo estirpes resistentes aos antibidticos
convencionais atualmente em uso, portanto tendo implicacdes promissoras no
desenvolvimento de farmacos para o tratamento de muitas infecgdes letais [Mygind et al.,
2005].

A crescente disponibilidade recente de genomas completamente sequenciados, bem como
grandes quantidades de sequéncias expressas (ESTs — Expressed Sequence Tags) e o
desenvolvimento de ferramentas computacionais oferecem varios recursos e algoritmos que
possibilitam a aplicacio de abordagens baseadas em bioinformatica para identificar e
desenvolver novos peptideos antimicrobianos [Belarmino e Benko-Iseppon, 2010; Belarmino
et al., 2010], capacitando o uso de técnicas computacionais para tornar conhecidos tais genes
em taxons especificos ou relacionados a determinados processos em certos tecidos vegetais,
como por exemplo, o desenvolvimento de resisténcia contra doencas [Menossi et al., 2008].
Um dos aspectos mais importantes no uso de ESTs estd na possibilidade de acessar a
informagdo genética de espécies com genomas complexos que oferecem grande dificuldade

de acesso usando a genética convencional. Este ¢ o caso da cana-de-agucar, uma cultura de
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grande importancia agricola e energética cultivada nos tropicos e sub-trépicos [D’Hont e
Glaszman, 2001; Grivet e Arruda, 2001; D’Hont, 2005]. Por outro lado, o feijado-caupi
apresenta um genoma pequeno, ndo obstante, pouco conhecido em relacdo a outras
leguminosas consideradas como sistemas-modelo que foram intensamente estudadas através
de ferramentas moleculares [Gepts et al., 2005; Sato et al., 2007; Timko et al., 2008].

Nesse contexto, ferramentas de bioinformatica desenvolvidas para prever padroes de
sequéncias bioldgicas podem facilitar a criacdo de uma rotina para identificar novas
defensinas em bancos de dados de ESTs vegetais para testes posteriores de sua atividade
antimicrobiana. Técnicas computacionais recentes aplicadas ao campo da biologia estrutural
vém auxiliar essa tarefa, oferecendo dados estruturais comparativos que adicionam valor a
atribui¢do de funcdo. Outras fontes, como o perfil digital de expressdo diferencial aliado a
reconstrucao da historia filogenética dessas moléculas oferecem ainda mais informagdes que
auxiliardo na escolha de candidatos para simulagdes computacionais e testes experimentais
em programas de melhoramento vegetal e projetos para o descobrimento de novos farmacos.

Assim, o presente trabalho visou ao desenvolvimento de uma rotina computacional para
identificar e caracterizar sequéncias codificantes para defensinas no genoma expresso da
cana-de-agucar e do feijdo-caupi, tragando seu perfil de expressdo e inferindo sobre suas
relagdes evolutivas, bem como modelando comparativamente suas estruturas protéicas. Além
disso, no ambito da pesquisa, foi realizada uma revisao sobre bancos de dados e ferramentas

para identificacdo de peptideos antimicrobianos vegetais.

2. Revisdo bibliogréafica

2.1. Defensinas

As defensinas sdo peptideos de defesa, estrutural e funcionalmente relacionados,
provavelmente presentes em todo o espectro de vida. Esses peptideos ja foram caracterizados
em diversos organismos eucariotos, incluindo cnidarios [Sunagawa et al., 2009], nematoides
[Zhang et al., 2000], moluscos [Charlet et al., 1996], crusticeos [Saito et al., 1995],
aracnideos [Ceraul et al., 2007], insetos [Bulet P, Stocklin R, 2005], peixes 6sseos [Zou et al.,
2007], aves [Dijk et al., 2008], mamiferos [Yang et al., 2007], fungos [Mygind et al., 2005] e
plantas [Lay e Anderson, 2005].
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Andlises filogenéticas sugerem que as defensinas compartilham um ancestral comum
[Charlet et al., 1996; Dijk et al., 2008]. Recentemente, analises in silico, seguidas de
caracterizagdo funcional demonstraram a presenga de peptideos semelhantes as defensinas
com atividade anti-Plasmodium na bactéria Anaeromyxobacter dehalogenans, indicando uma
origem procariotica para as defensinas eucarioticas e sugerindo que essa estratégia de defesa
ancestral, com a produg¢do de peptideos antimicrobianos, foi transferida as linhagens
eucarioticas em algum ponto durante a evolugdo [Zhu, 2007; Gao et al., 2009]. Em
concordancia com essas evidéncias, Zhu [2008] identificou in silico 25 novos peptideos
antimicrobianos no fungo basal Rhyzopus oryzae, incluindo defensinas anteriormente
reconhecidas como pertencentes a classes de defensinas exclusivas de invertebrados, de

insetos e comum a plantas e insetos (Figura 1).

2.1.1. Origem, diversidade, classificacéo e estrutura

Como indicado na Figura 1, as defensinas de eucariotos provavelmente surgiram de um
ancestral procarioto e evoluiram por eventos que incluem o ganho e perda de genes em
linhagens especificas. As primeiras defensinas vegetais foram purificadas a partir de sementes
de trigo (Triticum aestivum L.), cevada (Hordeum vulgare L.) e urtiga (Urtica dioica L.),
sendo inicialmente classificadas entre as tioninas, principalmente devido a similaridades no
peso molecular, tamanho e constituicdo da sequéncia de aminoacido, bem como no niimero de
pontes dissulfidicas entre residuos de cisteinas [Broekaert et al., 1989; Colilla et al., 1990;
Mendez et al., 1990]. Entretanto, diferencas estruturais demonstraram que as defensinas
vegetais constituem uma familia a parte da familia das tioninas [Bruix et al., 1995]. O termo
defensina vegetal foi entdo sugerido por Terras et al [1995] devido a rela¢do estrutural e
funcional observada entre os peptideos vegetais e as defensinas de mamiferos e insetos
[Terras et al., 1995; Wong e Ng, 2007].

Estudos recentes demonstram a presenca de peptideos relacionados as defensinas vegetais
em moluscos e fungos, indicando que as defensinas de plantas sejam mais intimamente
relacionadas com as de moluscos e artropodes do que com aquelas dos demais taxa [Tincu e
Taylor, 2004, Mygind et al., 2005]. Essa assertiva se baseia nos seguintes fatos
surpreendentes: (i) plantas, insetos e escorpides apresentam defensinas que, apesar de terem
grandes diferencas em peso molecular e sequéncia de aminoacidos, mantém um enovelamento

similar, centrado num motivo af3 estabilizado por pontes de cisteinas [Fehlbaum et al., 1994,
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Cornet et al., 1995; Landon et al., 1996]; (ii) a estrutura primaria de uma defensina da libélula
Aeschna cyanea, um inseto basal da ordem Odonata, apresenta maior similaridade com
defensinas de moluscos e escorpides — intimamente relacionadas com defensinas vegetais —
do que com defensinas de insetos [Bulet et al., 1999] e (iii) a observagao de defensinas de
plantas/insetos conservadas em trés reinos de eucariotos - plantas, fungos e invertebrados

[Zhu, 2008].

Opisthokonta
- w7 At i &
{ - g L 2
:- o - Mt b | -_} g §;§
bR 4 _JAnampt | 2T F
< __,['_\1 Drosamycin i Cglosin2 '1“ il
-~ ~ e
- ol 3 = 5
T | Sapecin s [ Anisin-1 % g »E
= # £
™, AV
h] ]
S o Plactagin 0 12
-l - E " — = B
oy s LU E5E
.L,‘_Mgd-l T O (12 .;E'i
. AglasinC [ - Raisina £
Figura 1: Representagdo esquemética
Animals Fungi Plants da historia evolutiva proposta para as

defensinas. A arvore genealdgica com a
presenca do supergrupo Opistoconta,
incluindo fungos e animais, ¢ usada para
indicar o surgimento dos tipos diferentes

enaLoss |
. 965 Myr

4 4 Emergence of de defensinas durante a evolugdo. Varios
W antifungal activity eventos importantes como duplicagio
7 Z génica, ganho e perda génica em
Origin of AITDs and ¥~ Origin of PITDs i ; :

rigin o s an rigin o linhagens especificas e surgimento da

CITDs by early gene tividad tifinei 30 indicad
cuplcation e ot of the atividade antifiingica sdo indicados em
CSofidefensins diferentes pontos no tempo. Fonte:

Zhu, 2008.

Vérios estudos demonstraram um alto polimorfismo intraespecifico entre genes dessa
familia multigénica [Gu et al., 1992; Fedorova et al., 2002; Thomma et al., 2002; Mergaert et
al, 2003; Hanks et al., 2005; Silverstein et al., 2005]. Entretanto, as defensinas vegetais
exibem uma clara conservagdo de sequéncia (Figura 2), embora esta seja relativamente
limitada ao arranjo de oito residuos de cisteina e uma glicina entre o quarto € o quinto residuo

de cisteinas [Lay e Anderson, 2005].
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Figu ra 2: Alinhamento das sequéncias de aminoacidos das defensinas NaD1 de Nicotiana alata; PhD1, PhD2
e PPT de Petunia hybrida; FST de N. tabacum, TPP3 ¢ TGAS118 de Solanum lycopersicon; RS-AFP2 de

Raphanus sativus; alfAFP de Medicago sativa e y1-P de Triticum aestivum. O peptideos sinal foram omitidos.
Residuos idénticos foram destacados em preto, enquanto substitui¢des conservativas foram destacadas em cinza.
A seta indica o sitio de clivagem do pro-dominio C-terminal. Linhas sélidas representam o padrao de

conectividade dissulfidica. Uma ponte dissulfidica adicional em PhD1 ¢ PhD2 ¢é mostrada como linha

pontilhada. FONte: Lay et al. (2003a), com modificagdes.

Conforme o efeito sobre o fungo Fusarium culmorum, as defensinas de plantas foram
classificadas em quatro grupos. O grupo I, ou morfogénico, representado pela defensina
RsAFP2 do rabanete (Raphanus sativus L.), a qual inibe o crescimento de F. culmorum,
causando alteragdes morfoloégicas em sua membrana, com consequente redugdo do
alongamento e ramificacdes das hifas. O grupo II, ou ndo morfogénico, representado pelas
defensinas DmAMPI1 isoladas de dalia (Dahlia merckii Lehm.) ¢ AhAMPI1 isolada da
castanha-da-india (Aesculus hippocastanum L.), apresenta atividade antifingica contra F.
culmorum sem no entanto alterar sua morfologia. O grupo III é composto por defensinas que
ndo apresentam atividade antifingica, como por exemplo, as defensinas isoladas de sorgo
(Sorghum bicolor (L.) Moench). O grupo IV inclui peptideos com atividades antifingica ¢
antibacteriana, tal como a defensina isolada da semente da planta tropical de uso medicinal
maravilha (Mirabilis jalapa L.) [Osborn et al., 1995; De Samblanx et al., 1997; Segura et al.,
1998; Almeida et al., 2001].

Em uma segunda classificacdo, de acordo com o precursor codificante, as defensinas
vegetais podem ser divididas em dois grupos (Figura 3). No maior deles, 0o mRNA maduro
codificante para defensinas da origem a duas partes distintas. A primeira parte, localizada na
extremidade amino-terminal, ¢ um peptideo-sinal que direciona o peptideo para o espago
extracelular. Os peptideos-sinal de defensinas vegetais sdo frequentemente 4acidos,
excetuando-se alguns poucos exemplos. Semelhante regido acida foi relatada em defensinas

de mamiferos, onde além de direcionar o peptideo para as vias secretorias, houve agao
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mitigante da atividade biologica do peptideo maduro até que esta fosse necessaria

[Michaelson et al., 1992]. A segunda parte do mRNA codifica o peptideo maduro.

ER signal peptide defensin domain

v

| léﬂ_l | Figura 3: Duas classes de defensinas

vegetais. Todas as defensinas vegetais

sdo produzidas com um peptideos sinal

de enderecamento ao reticulo

ER signal peptide defensin domain C-terminal prodomain endoplasmatico. (A) A maioria das
I . gefensinas vegetais possui apenas o

+ dominio maduro além do peptideo sinal.

(B) Algumas defensinas vegetais isoladas

I 4 apresentam um pro-dominio adicional na
+ extremidade C-terminal. FONte: Lay e

I Anderson (2005).
| L=

O segundo grupo de defensinas vegetais inclui peptideos encontrados predominantemente
em flores, codificados por precursores maiores, contendo, além das partes anteriormente
mencionadas, um pré-dominio &4cido e hidrofébico na regido carboxi-terminal, que
contrabalanceia a carga positiva do dominio maduro. Uma regido semelhante pode ser
encontrada em defensinas de mamiferos e insetos, onde servem como sinal para o trafico
subcelular e processamento proteolitico pds-traducional, sendo também observada a agdo
mitigante [Gu et al., 1992; Liu e Ganz, 1995; Milligan e Gasser, 1995; Brandstater et al.,
1996; Aluru et al., 1999; Lay et al., 2003a; Satchell et al., 2003].

O processamento do peptideo gera uma pequena molécula com peso molecular entre cinco
e sete kDa, composta por 45 a 55 aminoacidos (Figura 2). Na estrutura primaria do dominio
maduro encontram-se oito residuos de cisteina envolvidos em quatro pontes dissulfidicas,
responsaveis pela estabilizacdo da estrutura tridimensional, formando o motivo CSaf3 presente
em peptideos revestidos de atividade antimicrobiana. A quarta ponte dissulfidica aproxima as
extremidades amino e carboxi-terminais, criando um peptideo pseudo-ciclico [Lay e
Anderson, 2005]. A estrutura tridimensional de RsAFPI, determinada por ressonancia
magnética nuclear, tipifica o enovelamento global das defensinas vegetais (Figura 4). O
enovelamento caracteriza uma estrutura globular compacta constituida de uma a-hélice e uma

B-folha composta de trés fitas antiparalelas, em uma configuragdo Bafp, que sdo estabilizadas
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pelas pontes dissulfidicas intramoleculares, resultando numa estrutura muito compacta

[Cornet et al., 1995; Fant et al., 1998; Jansen et al., 2003; Lay et al., 2003b].

Hydrophobic
Hydrophilic

Figura 4: Estrutura 3D de defensinas vegetais como tipificada por RsAFP1. (A) Vv-AMPI obtido por

modelagem comparativa. A a-hélice e a B-folha estdo respectivamente representadas em vermelho e marrom.

Varetas amarelas representam as pontes dissulfidicas. (B) Representacdo globular, evidenciando a distribuicio

polarizada das cargas na superficie do peptideo. FONte: Beer e Vivier (2008); Zhu (2007).

2.1.2. Distribuicao, organizagéo génica e gendmica

Ao longo das duas ultimas décadas varias defensinas foram isoladas em diferentes
espécies vegetais. Atualmente, acredita-se que as defensinas estejam presentes em todas as
espécies de plantas. De fato, peptideos similares, representantes da familia defensina, foram
sucessivamente isolados ¢ descritos em varias espécies vegetais (veja Tabela 1 — Anexo A).

De acordo com anélises disponiveis, a maioria dos genomas vegetais contém entre 15 e 50
genes para defensinas [Silverstein et al., 2005; Belarmino et al., 2010]. Em geral, o gene da
defensina ¢ composto por dois exons e um intron de tamanho varidvel, inserido no meio da
sequéncia que codifica o peptideo sinal (Figura 5). O primeiro éxon codifica quase
integralmente o peptideo sinal, enquanto o segundo codifica o dominio funcional das
defensinas [Terras et al., 1995; Doughty et al., 1998; Manners et al., 1998; Beer e Vivier,
2008; Pelegrini et al., 2008; Padovan et al., 2009]. Baseado em analises in silico no genoma
de Arabidopsis thaliana (L.) Heynh., mais de 300 sequéncias de provaveis defensinas,
nomeadas de DEFL (defensin-like sequences), foram descritas. Essas regides génicas

apresentaram um padrdo de distribuicdo gendmica semelhante ao dos genes de resisténcia da
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familia NBS/LRR, organizado em 46 clusters espalhados nos cinco cromossomos de A.
thaliana [Silverstein et al., 2005] (figura 6). Tal analise demonstrou que as defensinas
formam uma grande familia génica e sugerem um modelo de evolucdo similar ao da familia
NBS/LRR, através de eventos sucessivos de duplicagdes em tandem e segmentares, seguidas

de selecao positiva de genes ou de clusters génicos.

A
AACGGCTCTCARACGTTIGTTITCAGCTITICTCCTTGTGATTICTCCTCTTCATCEGCCACTGAGATCEGECCCGE
] K & s ¢ R L F §s A F L L v I L L F ¥ A T E M G P
T6 ATCGIGGCTGAGGCIAGGACCTGTIGAGAGTCAGAGCCACCGETTCAAGGGAACGTGTGTCAGGCAGAGCRACTGT
Vv A E A

151 GCTGCTGTTTGCCAGACCGAGSGTTTCCATGEAGGARAATTCGCCGTGGCTTTCGTCGTCGATGCTTCTGCACTAAG

226 CATTGTTAR

P P

Figura 5: Representagio esquematica da estrutura génica de defensinas vegetais conforme observado em
Vitis vinifera. (A) Sequéncia codificante de Vv-AMP1 com seus respectivos aminoacidos deduzidos. (B)
Sequéncia genomica. Os blocos em amarelo representam a sequéncia codificante do peptideo sinal, enquanto
o bloco vermelho a sequéncia codificante do peptideo maduro. O bloco em cinza indica a posi¢do do intron.

Numeros correspondem ao tamanho em bp em cada secdo. FONte: Beer e Vivier (2008).

A organizagdo gendmica das defensinas ainda ndo estd bem definida por duas razdes:
esses peptideos ocorrem em formas numerosas, com uma origem diversa e variavel e estao
continuamente evoluindo; pouco se sabe sobre a organizagdo genOmica das defensinas em
outras espécies de plantas. Entretanto, observou-se uma distribui¢do similar para algumas
proteinas de nodulos ricas em cisteina especificas (NCRs - Nodule specific Cys-Rich proteins)
, entre eles algumas defensinas, em uma analise preliminar de BACs do genoma de Medicago
truncatula, sugerindo que esse padrdo de organizagdo possa ser uma tendéncia nos genomas

vegetais [Alunni et al., 2007].
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Figura 6: Organizagio genomica de DEFL relacionadas em Arabidopsis thaliana. Cada ponto representa um

gene de DEFL, sendo os genes agrupados em espaco de 100.000 bp representados em pilhas verticais. Os

maiores clusters estdo enumerados, sendo as sequéncias coloridas para refletir relacdo de parentesco entre os

subgrupos. Fonte: Silverstein et al. (2005).

2.1.3. Perfil de expressao

Os genes de defensinas vegetais apresentam um padrdo de expressdo muito complexo,
com um amplo espectro de inducdo. Estudos de expressdo com varias defensinas de A.
thaliana revelaram diferentes padrdoes de expressdo orgdo-especifica, que provavelmente
refletem fungdes distintas. Algumas defensinas sdo expressas constitutivamente, enquanto
outras tém sua expressdo aumentada em folhas apos a infec¢do por patdogenos. Em condigdes
fisiologicas padrdo, os genes para as defensinas foram encontrados expressos em tecidos
diferentes, sendo diferencialmente regulados durante o desenvolvimento da planta [Epple et
al., 1997; Thomma e Broekaert, 1998; Thomma et al., 1998].

A expressdao de algumas defensinas pode ser induzida por estresses biodticos e abioticos,
tais como frio [Koike et al., 2002; Carvalho et al., 2006], seca ¢ salinidade [Yamada et al.,
1997; Komori et al., 1997; Maitra e Cushman, 1998; Koike et al., 2002; Gaudet et al., 2003;
Do et al., 2004]. Em geral, os genes de defensinas respondem e sdo induzidos pelo acido
jasmonico, acido salicilico, 4cido abscisico, etileno, benzotiadiazol, perdxido de hidrogénio,
infecgdes flungicas e ferimentos. Dependendo do modelo vegetal adotado no estudo, a
resposta dos genes a esses estimulos pode ser muito diferente [Penninckx et al., 1996; De

Samblanx et al., 1997; Terras et al., 1998]. Como resultado, a maioria dos tecidos vegetais
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expressa constitutivamente dois ou mais genes de defensinas, sugerindo que defensinas

individuais sdao expressas sob circunstancias especificas ou em sitios especificos.

2.1.4. Patogenos-alvo

A relagdo com atividade antimicrobiana das defensinas vegetais foi descrita
concomitantemente ao seu descobrimento no inicio da década de 1990. Essa atividade ¢
observada principalmente contra fungos, mas os efeitos inibitorios contra bactérias gram-
positivas e gram-negativas também podem ser observados, especialmente contra bactérias
gram-positivas, embora a propriedade antibacteriana seja menos acentuada do que a
antifingica [Terras et al., 1992; Moreno et al., 1994; Zhang ¢ Lewis, 1997; Segura et al.,
1998;]. A atividade inibitoria contra varias bactérias de ambos os grupos ja foram testadas,
apresentando concentragdes inibitorias tdo baixas quanto 20 uM do peptideo [Terras et al.,
1992; Terras et al., 1993; Osborn et al., 1995; Segura et al., 1998; Koike et al., 2002;
Fujimura et al., 2004; Chen et al., 2005; Wong et al., 2005a; Wong et al., 2005b; Franco et
al., 2006; Wong et al., 2006; Huang et al., 2008; Van der Weerden et al., 2008].

A atividade antifungica ¢ a melhor caracterizada. Varios estudos mostraram um efeito
inibitorio muito potente (concentragdes inibitérias do peptideo tdo baixas quanto 1 pg.mL™)
contra varias espécies de fungos, incluindo muitos patogenos vegetais como Alternaria
brassicola, A. solani, Botrytis cinerea, Cladosporium colocasiae, C. sphaerospermum,
Colletotrichum lindemuthianum, Diploidia maydis, Fusarium culmorum, F. decemcellulare,
F. graminearum, F. oxysporum, F. verticillioides, Mycosphaerella arachidicola, M. fijinesis,
Nectria haematococca, Penicillium digitatum, P. expansum, Pericularia oryzae,
Phaeoisariopsis personata, Physalospora piricola, Rhizoctonia solani, Septoria tritici,
Trichoderma viride, Verticilium albo-atrum, V. dahliae, bem como contra o patdgeno humano
Candida albicans ¢ os oomicetos Phytophthora infestans e P. parasitica [Terras et al., 1992;
Terras et al., 1993; Osborn et al., 1995; Park et al., 2002; Ye e Ng, 2002; Wisniewski et al.,
2003; Chen et al., 2005; Wong et al., 2005a; Wong et al., 2005b; Anaya-Lopez et al., 2006;
Olli e Kirti, 2006; Wang e Ng, 2006; Solis et al., 2007; Finkina et al., 2008; Odintsova et al.,
2008].

Alguns poucos exemplos relatam a presenca de atividade inibitdria contra a transcriptase
reversa do HIV-1, muito embora os testes realizados tenham sido apenas in vitro [Ye ¢ Ng,

2001; Ye e Ng, 2002; Wong et al., 2005a; Wong et al., 2005b].
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2.1.5. Modos de acao antimicrobiana

Justamente por ser mais bem documentado, se conhece muito mais sobre o modo de acao
antifingico do que sobre o modo de acdo contra os demais microorganismos, sobretudo se o
peptideo apresenta efeito antimicrobiano in vivo, como ¢ o caso da propriedade antiviral
contra HIV-1. O processo exato de inibicdo do crescimento fingico ainda ndo ¢ conhecido,
porém os estudos disponiveis indicam que esse processo se iniciaria na membrana celular
através da interagao da defensina com glicoesfingolipideos da membrana do fungo [Thevissen
et al., 2003; Thevissen et al., 2005]. Glicoesfingolipideos tém sido relacionados com
moléculas eliciadoras do mecanismo de defesa de arroz, um papel consistente com seu
envolvimento em varios processos celulares como a transducdo de sinais, transporte de
proteinas para a membrana [Bagnat et al., 2000], morte celular programada [Malisan et al.,
1999] e adesdo de patdogenos a membrana do hospedeiro [Ghannoum et al., 1987; Jimenez-
Lucho et al., 1990; Koga et al., 1998; Umemura et al., 2000].

Um modelo desenvolvido unindo vérios resultados experimentais sugere que essa
interacdo promova a formagao de um tapete de defensinas na membrana externa do invasor,
provocando a alteracdo da estrutura da membrana, com posterior formagao de poros
transientes e inser¢ao na membrana, causando sua permeabilizacdo que resulta no aumento do
influxo de calcio e do efluxo de potassio (Figura 7). Essa interagdo mostrou-se necessaria,
mas insuficiente para a inibigdo do crescimento do fungo Pichia pastoris, sugerindo o
envolvimento de outros alvos para a atividade antifungica [Thevissen et al., 2003]. Assim, de
acordo com o modelo sugerido, pode haver uma ruptura violenta da membrana associada a
interagdo das defensinas com componentes da membrana do fungo ou pode ocorrer a difusdao
de algumas defensinas que alcangam o meio intracelular e interagem com alvos internos,
como a proteina ciclina F, interrompendo o término do ciclo celular [Zasloff, 2002; Lobo et

al., 2007].
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Figura 7: Modelo proposto para o modo de ago juntando evidéncias de fontes variadas. (A) O alvo molecular

de peptideos antimicrobianos de organismos multicelulares nas membranas celulares ¢ a base de sua
especificidade. (B) Modelo de Shai-Matsuzaki-Huang do mecanismo de agdo de um peptideo antimicrobiano.
(@). recobrimento do folheto externo da membrana formando um tapete de peptideos. (b). integragdo do peptideo
na membrana e afinamento do folheto externo. A area de superficie do folheto externo da membrana se expande
em relagdo ao folheto interno, resultando em uma tensdo dentro da bicamada lipidica (setas denteadas). (C).
transi¢do de fase e formagdo poros transientes se formam nessa fase. (d). transporte de lipideos e peptideos para
o folheto interno. (). difusdao de peptideos que encontram alvos intracelulares.( f). colapso da membrana em
fragmentos ¢ rompimento fisico da membrana-alvo. Lipideos acidicos ou negativamente carregados estdo

representados com extremidade amarela, enquanto lipideos sem carga geral estdo representados com

extremidade em preto. FONte: Zasloff (2002).

Consistente com o envolvimento de glicoesfingolipideos na transdug¢do de sinais, ¢
possivel que apds a interacdo com essas moléculas outras defensinas permanegam fora da
célula e desencadeiem uma cascata de sinais intracelulares, através da produgdo de espécies
de oxigénio reativo, induzindo a morte celular do fungo [Thevissen et al., 1996; Thevissen et
al., 1999; Aerts et al., 2007; Ramamoorthy et al., 2007]. Esses resultados intensificam a idéia
de que as defensinas devem atuar por véarios e diferentes mecanismos, demonstrando o quao
sofisticado e complicado ¢ o mecanismo de defesa contra microorganismos.

O mecanismo de acdo antibacteriano ainda nao estd bem compreendido, pois ha poucos
estudos sobre essa atividade das defensinas vegetais. Entretanto, algumas inferéncias podem
ser feitas a partir das defensinas de animais que em geral possuem uma atividade
antibacteriana mais acentuada (Figura 7A). Dado o alto potencial transmembrana de células
bacterianas e a natureza de carga negativa da membrana devido a presenca de acido tedico,

lipossacarideos e fosfolipidios, as defensinas podem se ancorar a membrana das bactérias
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através destes elementos, exercendo entdo seu efeito toxico [Ganz e Lehrer, 1994; De
Samblanx et al., 1997; Ganz, 2004; Brogden, 2005; Monk e Harding, 2005; Papo e Shai,
2005; Buscaglia et al., 2006; Van Djik et al., 2008]. O quadro atual mostra que ainda ha
muitos questionamentos com respeito ao modo de acdo antibacteriano que a comunidade
cientifica devera investigar nos proximos anos. Entre eles, questiona-se qual seria o receptor
das defensinas nas membranas bacterianas, quais aminoacidos interagiriam com esses

elementos e quais seriam os efeitos dessa intera¢do na inibi¢do do crescimento bacteriano.

2.1.6. Outras atividades biolédgicas conhecidas

Além da atividade antimicrobiana, considera-se que as defensinas apresentem uma
extensa gama de atividades bioldgicas in vitro. Surpreendentemente, defensinas individuais
apresentam uma ou mais dessas atividades, mas ndo todas. A primeira atividade biologica
descrita para as defensinas vegetais foi sua habilidade de inibir a tradugdo protéica em
mamiferos e procariotos, porém sem qualquer efeito na tradugdo em plantas [Mendez et al.,
1990; Mendez et al., 1996]. Entretanto, algumas defensinas de Vigna radiata (L.) R. Wilczek
inibiram a tradu¢do em sistemas vegetais, mas esses sdo os unicos relatos conhecidos no
momento [Chen et al., 2002; Chen et al., 2004; Chen et al., 2005]. Pouco se sabe sobre o
mecanismo de inibicdo da traducdo usado pelas defensinas vegetais; porém, dados recentes
indicam que esse processo pode ocorrer em etapas diferentes da tradugdo, visto que
defensinas ndo possuem a habilidade de se ligar a moléculas de acidos nucléicos [Garcia-
Olmedo et al., 1983; Mendez et al., 1990; Mendez et al., 1996].

Duas outras atividades conhecidas atualmente para as defensinas as inserem na classe de
inibidores enzimaticos. No inicio da década de 1990 as atividades inibidoras de a-amilase e
de proteinases apresentadas por algumas defensinas foram reconhecidas [Mendez et al., 1990;
Bloch e Richardson, 1991; Wijaya et al., 2000; Wong et al., 2005b; Wong et al., 2006;
Molosov e Valeuva, 2008]. Estudos subsequentes mostraram que a atividade inibidora da a-
amilase esta presente em algumas defensinas e ausentes em outras. Esses estudos destacaram
que diferengas estéricas na estrutura tridimensional das defensinas de diferentes origens
definem a atividade inibitoria de a-amilase [Chen et al., 2002; Chen et al., 2004; Chen et al.,
2005; Liu et al., 2006; Lin et al., 2007; Pelegrini et al., 2008]. Com relagdo ao mecanismo de
inibi¢do de tripsina especula-se que apds ligar-se a tripsina, residuos especificos da defensina

interagem com o bolso S1 da proteinase, causando sua inibi¢ao [Melo et al., 2002].
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Interessantemente, em oposicdo a sua acdo inibitéria de enzimas, algumas defensinas
possuem acdo enzimatica dependente da glutationa envolvida no estado redox do &cido
ascorbico, com provaveis implicagdes no modo de resposta vegetal a espécies de oxigénio
reativo [Chen e Gallie, 2006; Huang et al., 2008].

Algumas defensinas surpreendentemente apresentaram atividade mediadora de tolerancia
ao zinco. Pouco se sabe sobre essa atividade at¢ o momento, porém estudos de expressao de
cDNA de Arabidopsis halleri (L.) O’Kane & Al-Shehbaz em Sacharomyces cerevisiae,
posteriormente incubadas em meio contendo concentragdes toxicas de zinco, possibilitaram a
identificacdo de quatro defensinas envolvidas na tolerancia ao metal. Em seguida, esses
cDNAs foram funcionalmente expressos em A. thaliana e A. halleri, promovendo tolerancia
ao zinco, porém o mecanismo responsavel pela tolerancia ainda ndo foi determinado [Pilon-
Smits, 2005; Mirouze et al., 2006].

Outra propriedade conhecida para as defensinas vegetais surgiu de estudos com as
defensinas yl-zeationina e y2-zeationina de milho. Tais defensinas apresentaram atividade
inibidora de canais i6nicos, bloqueando o fluxo de sodio respectivamente em concentragdes
de 62 pM e 33 uM. A defensina MsDEF1 de Medicago sativa L. bloqueou quase totalmente o
fluxo de calcio através do canal do tipo L; porém, essa atividade inibidora de canais i6nicos
nao foi observada em outras defensinas. Nada se conhece sobre o modo de a¢ao da atividade
inibidora de canais i6nicos, sendo proposto que essa atividade provavelmente seja devida a
similaridade estrutural da defensina MsDEF1 com a proteina KP4 bloqueadora de canais de
calcio dependente de voltagem [Kushmerick et al., 1998; Spelbrink et al., 2004].

Finalmente, dada as propriedades das defensinas até agora descritas, varios estudos
visaram ao teste de sua atividade biologica sobre células de mamiferos, através da
determinag¢do da viabilidade de células endoteliais de corddo umbilical, fibroblastos de
musculos e da pele, bem como da lise de eritrocitos. Nenhuma das defensinas testadas reduziu
a viabilidade das células mencionadas, como também a hemolise ndo foi observada mesmo
em concentragdes tdo altas quanto 500 ug.mL'1 [Terras et al., 1992]. Entretanto, estudos
posteriores demonstraram que nem todas as defensinas vegetais sdo desprovidas de atividade
bioldgica sobre células de mamiferos. A atividade mitogé€nica sobre esplendcitos de ratos foi
relatada para algumas defensinas vegetais [Ye e Ng, 2001; Ye ¢ Ng, 2002; Wong et al., 2006].

Adicionalmente, o efeito inibitorio sobre certos tipos de células cancerigenas de humanos
foram descritas para varias defensinas vegetais. A defensina de Phaseolus vulgaris,

vulgarinina, diminuiu a proliferagdo das linhagens de células de leucemia L1210 ¢ Ml
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respectivamente em cerca de 35% e 80%. A proliferacdo de células da linhagem de cincer de
mama MCF-7 foi inibida em 80% por esse peptideo. Outras linhagens de cancer, como a
HeLa e a Bel-7402 foram inibidas em cerca de 80% em concentragdes inibitorias médias de
43 uM e 28 uM, respectivamente [Wong et al., 2005a; Wong et al., 2005b; Anaya-Lopez et
al., 2006; Wang et al., 2008]. O mecanismo inibitorio da proliferagdo cancerigena ainda nio
foi elucidado, porém células cancerigenas apresentam propriedades que se assemelham mais a
células de microorganismos do que aquelas dos proprios mamiferos [Papo e Shai, 2005],
levando a suposi¢do de que o mecanismo de inibi¢do da proliferacdao de células cancerigenas

deve se assemelhar ao postulado para a inibi¢do do crescimento bacteriano.

2.1.7. Transgenia e expressao heteréloga

As propriedades descritas para as defensinas classificam-nas como bons candidatos para o
desenvolvimento de transgénicos de plantas agronomicamente importantes, auxiliando no
combate contra patdgenos e pragas. Atualmente, varias plantas cultivadas foram
transformadas com um gene de defensina vegetal, cuja expressao constitutiva representou um
ganho de resisténcia em todos os estudos realizados. Por exemplo, plantas transgénicas de
arroz, expressando constitutivamente a defensina de Wasabia japonica (Miq) Matsum,
mostraram resisténcia aumentada contra o fungo Magnoporthe grisea [Kanzaki et al., 2002].
Plantas de mamao papaia (Carica papaya L.) transformadas com a defensina DmAMPI
tornaram-se mais resistentes a Phytophthora palmivora [Wong et al., 2006]. Um leve
aumento de resisténcia contra a doenga da canela preta, causada pelo fungo Leptosphaeria
maculans, foi observado em plantas transgénicas de canola expressando uma defensina
extraida de Pisum sativum [Wang et al., 1999].

Um estudo recente com plantas de tabaco e de amendoim transformadas com uma
defensina de mostarda demonstrou que a transformacdo com um Unico gene de defensina
pode conferir resisténcia a varios patogenos [Anuradha et al., 2008]. Além do mais, foi
demonstrada a viabilidade do desenvolvimento de plantas transgénicas usando uma poli-
proteina artificial composta de duas defensinas de origens diferentes, cujos transgénicos
mostraram uma maior concentra¢do das defensinas produzidas como poli-proteinas do que os
transgénicos transformados com apenas uma delas, indicando um modo de aumentar os niveis
de expressdo de pequenas proteinas como também o potencial de obten¢do de cultivares

concomitantemente resistentes a varios patogenos [Francois et al., 2002].
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Talvez o melhor exemplo do potencial das defensinas no desenvolvimento de plantas
transgénicas de importancia agricola vem do estudo de Gao e colaboradores [2000]
demonstrando que a expressdo constitutiva da defensina alfAFP de alfafa (M. sativa) em
batata (Solanum tuberosum L.) promoveu uma resisténcia robusta contra Verticillium dahliae,
ndo apenas em casa de vegetagdo, como também em testes de campo durante varios anos e em
diferentes localidades geograficas.

Além da transformacgdo de sistemas vegetais, varias defensinas foram heterologamente
expressas em bactérias, leveduras e fungos filamentosos. Entre as bactérias, Escherichia coli
foi frequentemente usada para expressar defensinas. Esse sistema foi usado para expressar
defensinas de A. halleri, Tephrosia villosa (L.) Pers. e da batata doce (Ipomoea batatas (L.)
Lam.) [Huang et al., 2008; Vijyan et al., 2008; Marqués et al, 2009; Kovalskaya e Hammond,
2009]. Entre as leveduras, S. cerevisiae e P. pastoris tém sido geralmente escolhidas como os
melhores sistemas para expressar defensinas [Cabral et al., 2003; Kant et al., 2009], porém
apenas este ultimo sistema tem sido usado para obter alta producao de defensinas. Sistemas de
expressdo baseados em fungos filamentosos, como Aspergillus e Fusarium, foram usados para
a producdo de algumas defensinas, tendo se mostrado superiores a sistemas baseados em
leveduras, fornecendo niveis de expressao de dezenas de g/L. nos casos mais bem sucedidos

[Yoder e Lehmbeck, 2004; Mygind et al., 2005].

2.1.8. Perspectivas e demandas biotecnologicas

Dadas as propriedades das defensinas vegetais, fica claro o seu potencial biotecnoldgico
para a descoberta de novas drogas e para a constru¢do de plantas transgénicas com maior
resisténcia as pragas e patogenos. Outros peptideos tém sido utilizados como uma fonte
particular de resisténcia, tais como transferidores de lipideos, inibidores de enzimas
digestivas, bem como genes R de resisténcia [Franco et al., 2002; Carvalho et al., 2006;
Langen et al., 2006; Murad et al., 2007]. No entanto, as defensinas vegetais t€m ocupado o 1°
posto numa corrida mundial para obtencdo de culturas agricolas de alta produtividade, com
resisténcia contra estresses bioticos e abidticos. Tal posicdo parece estar relacionada com a
multifuncionalidade das defensinas, podendo agir contra bactérias, fungos, insetos e estresses
abioticos [Pelegrini e Franco, 2005].

Defensinas vegetais sdo promissores agentes terapéuticos em humanos e outros animais,

pois em contraste com outros peptideos antimicrobianos, o seu modo de agdo envolve a
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ligacdo altamente especifica as membranas fingicas, explicando sua baixa citotoxicidade. A
descoberta de que algumas defensinas vegetais sao capazes de ligar-se a ciclinas abre um
novo caminho para o desenvolvimento de estratégias terap€uticas para o tratamento de alguns
tipos de cancer em humanos, onde a expressdo de alguns tipos de ciclinas se apresenta
aumentada [Kong et al., 2000; Yasuda et al., 2002; Lobo et al., 2007]. De fato, como
discorrido anteriormente, o efeito inibitério da proliferacdo de alguns tipos de cancer ja foi
observado para algumas defensinas, embora o modo de acdo pelo qual essas defensinas
exercem seus efeitos ainda ndo tenha sido elucidado. As pesquisas em vegetais tém
tradicionalmente contribuido para o desenvolvimento de novas drogas através da descoberta
de compostos bioativos que sdo usados para tratar infeccdes e outras doencas, tais como a
droga antiinflamatéria aspirina ¢ o agente anticancerigeno taxol [Van Baarlen et al., 2007]. As
defensinas vegetais possivelmente representardo a proxima contribuigdo das ciéncias vegetais
para as ciéncias médicas.

A produgdo de defensinas em plantas transgénicas também poderia ser utilizada com
objetivos diferentes, além da obteng¢do de uma fonte de resisténcia. Defensinas vegetais tém
sido indicadas como uma possivel nova droga para o controle de infecgdes humanas,
especialmente em relagdo a estirpes de bactérias resistentes. Nesse sentido, plantas
transgénicas poderiam atuar como biofédbricas, produzindo defensinas em larga escala para
usos farmacéuticos. Vérias técnicas foram desenvolvidas para esse propoésito, visto que a
producdo industrial de defensinas frequentemente apresenta alguns problemas tais como
formacao de altos niveis de estruturas intermedidrias sem o correto enovelamento em sistemas
de expressdo procarioticos como E. coli ¢ mesmo eucaridtico como P. pastoris, conexdes
imprecisas na formacdo das pontes dissulfidicas, resquicios frequentes de sequéncias de
purificagdo que interferem na atividade do peptideo, potencial recalcitrante para sistemas de
expressdo baseados em microorganismos como bactérias e fungos [Sels et al., 2007].
Afortunadamente esses problemas podem ser contornados utilizando cepas de bactérias
adaptadas, linhagens de fungos resistentes pela atividade antifingica das defensinas, através
de protocolos de desnaturagdo e renaturacdo dos intermediérios obtidos, ou mesmo obtengao

in planta [Sels et al., 2007; Thevissen et al., 2007; Marques et al., 2009].
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Bioinformatica

A vasta quantidade de dados biologicos diversos gerados pelo recente avango
biotecnoldgico levou ao desenvolvimento e evolucdo da bioinformatica. Esse campo
relativamente novo tem facilitado tanto a andlise de dados genomicos e pds-gendomicos,
permitindo também a integragdo da informacao provinda de varias fontes relacionadas, como
a transcriptdmica, a protedmica, a metabolomica e a fendmica. Tal integracdo tem permitido a
identificacdo de genes e produtos génicos, podendo elucidar relagdes funcionais entre
genotipos e o fendtipo observado, desse modo permitindo uma ampla andlise sistémica
partindo do genoma ao fenoma. Devido ao crescente valor e amplo alcance da biotecnologia,
a bioinformatica ocupa um papel muito importante na integracao de varios dados gerados pela

expansao das chamadas tecnologias “omicas” [Edwards e Batley, 2004].

2.2.1. Bancos de dados

O rapido crescimento da informacdo sobre sequéncias de nucleotideos tornou necessario o
desenvolvimento de bancos de dados especificos para armazena-las e distribui-las. O maior
deles surgiu em 1986 a partir da cooperagdo entre o GenBank ¢ o EMBL (European
Molecular Biology Laboratory), sendo em 1987 iniciada a participagdo do DDBJ (DNA Data
Bank of Japan). Esse meta banco de dados é mundialmente considerado como sendo o
repositorio padrao para sequéncias de DNA [Edwards e Batley, 2004].

Alguns outros bancos de dados lidam com sequéncias protéicas. Ademais, um grande
numero de bancos de dados mais especializados esta disponivel como, por exemplo, bancos
de dados de estruturas protéicas, de identificacdo de proteinas, de caracteristicas especiais de
genes e/ou proteinas, bem como de organismos especificos. Entre os bancos de proteinas mais
expressivos estdo o Entrez proteina [Wheeler et al., 2005; www.ncbi.nlm.nih.gov/protein/] e o
UniProt [Bairoch et al., 2005]. Entre os bancos de dados especializados, se destacam os
dedicados a organismos-modelo como Homo sapiens [Wain et al., 2002], Mus musculus
[Eppig et al., 2005], A. thaliana [Swarbreck et al., 2008] ¢ O. sativa [Ouyang et al., 2007].
Entre os bancos de identificagdo de proteinas, o banco de ontologias génicas (GO — Gene
Ontology) prové uma arvore de vocabularios controlados descrevendo a fungdo molecular, o
papel biologico e a localizagdo celular de produtos génicos [Camon et al., 2004].

Representagdes de interacdes protéicas podem ser acessadas a partir do banco IntAct que
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trabalha usando anotagdes GO das proteinas para garantir a consisténcia da informacgao
[Hermjakob et al., 2004]. Experimentos sobre expressao de proteinas podem ser acessados
através do banco SWISS-2DPAGE, que disponibiliza experimentos de eletroforese em gel de
poliacrilamida em duas dimensdes, bem como de dodecil sulfato de sédio [Hermjakob et al.,
2004].

Dados de estrutura protéica podem ser obtidos no banco de dados protéicos (PDB —
Protein Data Bank), cuja colaboragdo entre o grupo de pesquisa colaborativa para
bioinformatica estrutural (RCSB — Research Collaboratory for Structural Bioinformatics), o
banco de dados protéicos da Europa (PDBe — Protein Data Bank in Europe) e o banco de
dados protéicos do Japao (PDBJ — Protein Data Bank of Japan) provéem dados de Raios-X e
ressonancia magnética nuclear para mais de 32.000 estruturas protéicas, acidos nucléicos e
carboidratos [Berman et al., 2000].

Muitos outros bancos de dados com informag¢des mais especificas e direcionadas estdo
disponiveis pela internet para acesso publico. O valor dessas fontes pode ser inferido a medida
que uma rede interconectada de bases relacionadas possa ser estabelecida (Mesiti et al.,
2009). De fato, muitos desses bancos mantém referéncias cruzadas com outros bancos de
dados, oferecendo informacdes basicas para estratégias mais sofisticadas de integracdo de
dados. Alem disso, ha uma tendéncia para o desenvolvimento de ferramentas capazes de
encontrar a relagdo entre varios niveis de informacdo biologica através da mineracdo da
literatura disponivel (Krallinger et al., 2008).

Dado a importancia dos AMPs, além de conhecer suas sequéncias de aminoacido, ¢ muito
importante entender a sua estrutura, topologia e funcdo, os quais em conjunto permitem um
melhor entendimento de sua acdo efetiva contra patégenos. Dados relativos a vérias classes de
peptideos antimicrobianos, incluindo as defensinas, podem ser acessados em diferentes
repositorios na web, resultantes de varios esforgos para coletar, processar ¢ armazenar tais
sequéncias. Cada um dos bancos de dados referidos foi desenvolvido com um propdsito
especifico e relativo a um determinado conjunto de dados, agrupando moléculas de peptideos
antimicrobianos de uma diversidade de organismos, incluindo procariotos e eucariotos, além
de algumas ferramentas para a sua avaliagdo comparativa (Brahmachary et al., 2004; Wang e
Wang, 2004; Antcheva et al., 2006; Fjell et al., 2007; Seebah et al., 2007; Wang et al., 2008a;
Wang et al., 2008b; Hammami et al., 2009).

Por exemplo, o banco de dados AMSDb (Antimicrobial database) ¢ o banco de dados

mais antigo sobre peptideos antimicrobianos disponivel na internet, contendo varios AMPs
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vegetais. Este banco de dados permite buscas através de palavra-chave bem como por
algumas caracteristicas tais como organismo de origem, perfil de expressdo e atividade, entre
outras [Antcheva et al., 2006]. O banco de dados ANTIMIC (data base of ANTIMICrobial
sequences) inclui 1.700 possiveis peptideos antimicrobianos conhecidos, também integrando
ferramentas para facilitar uma eficiente extracdo de dados e analise em nivel molecular bem
como pesquisar novos AMPs [Brahmachary et al., 2004]. Semelhantemente, Seebah et al.
[2007] disponibilizaram um banco de dados de sequéncias e fontes de informacdo curados
especificamente em relagdo as defensinas.

Outro recurso, o CyBASE (The cyclic protein database), foi desenvolvido por Wang et al.
[2008a] como uma base de informagdes sobre AMPs com arcaboucgo circular, incluindo
ferramentas de busca e interfaces de exposi¢do de estrutura de sequéncia e funcgio.
Adicionalmente, Fjell et al. [2007] desenvolveram o banco de dados AMPer que usa o
modelo estatistico de cadeias ocultas de Markov (HMM — Hidden Markov Model) aplicado a
sequéncias publicamente disponiveis de AMPs. Este banco de dados permite o
reconhecimento de classes de AMPs individuais, tais como defensinas, catelecidinas e
cecropinas com uma precisdo > 99 %, constituindo uma excelente ferramenta de descoberta
para a identificagdo de membros especificos da superfamilia de AMPs.

Wang e Wang [2004] desenvolveram um banco de dados dedicado a AMPs de todas as
formas de vida, desde bactérias a plantas e animais, inclusive humanos. Recentemente, este
banco de dados foi atualizado sendo designado como APD2 (Antimicrobial Peptides
Database 2) [Wang et al., 2008b], um recurso que prové dados estatisticos para peptideos
presentes em bancos de dados, bem como ferramentas para avaliacio da relacdo
estrutura/funcao relativo a AMPs.

Por fim, o banco de dados PhytAMP (Plant Antimicrobial Peptides database) ¢ o tinico
exclusivamente dedicado a plantas, apresentando informacao valiosa relativa a 271 peptideos
antimicrobianos vegetais, incluindo informacdo taxonOmica e microbioldgica, além da
disponibiliza¢do de ferramentas para inferéncias relativas a estrutura de sequéncias e a fungao

[Hammami et al., 2009].

2.2.2. Analise de sequéncias

A atencdo da comunidade cientifica agora esta voltada para a anotagdo gendmica, ou seja,

o processo de adicionar analises e interpretagdes necessarias para extrair significado biologico
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de sequéncias, inserindo-as no contexto de nosso entendimento sobre processos bioldgicos.
Essa ¢ uma tarefa que frequentemente ¢ realizada em multiplos passos, que podem ocorrer em
trés niveis: nucleotidico, protéico e de processos [Stein, 2001].

A primeira coisa a se fazer com uma sequéncia de nucleotideos em maos ¢ identificar sua
localizagdo no genoma, o que juntamente com a descri¢do da estrutura génica fornece um
modo para conectar informagdes de varias fontes de pesquisas pré- e pos-gendmicas. Varias
ferramentas de alinhamentos entre sequéncias estdo disponiveis, a exemplo do tradicional
algoritmo BLAST [Altschul et al., 1990]. Tais ferramentas podem ser utilizadas para buscar
similaridades e informagdes de outras espécies que podem ser extrapoladas para a sequéncia
em maos. Alguns desses algoritmos oferecem a possibilidade de passar de um nivel a outro da
informagdo, como ¢ o caso do algoritmo BLASTxX que pode retornar boas evidéncias de que
uma sequéncia codifica uma proteina, acrescentando informacao ao nivel protéico, bem como
dar suporte a suposi¢do de que uma dada sequéncia pertence a um gene [Altschul et al.,
1990].

Apos buscar respostas sobre a localizacdo de uma dada sequéncia, a anotagcdo prossegue
buscando informagdes sobre o que ¢ codificado pela sequéncia. A comparacdo entre proteinas
de espécies diferentes ¢ uma fonte inestimavel para a anotagdo funcional. Uma estratégia de
anotacao protéica buscara similaridades utilizando principalmente as ferramentas BLASTp e
PSI-BLAST contra bancos de proteinas [Altschul e Koopin, 1998]. Uma estratégia
complementar pode ser implementada buscando dominios funcionais em bancos de dados
como o PFAM [Bateman et al., 2000] ou bancos locais usando o software HMMER [Durbin
etal., 1998].

A ultima e mais desafiante parte da anotacdo estd relacionada aos processos biologicos.
Um marco no direcionamento deste nivel foi o lancamento do consorcio GO para criar
vocabularios descrevendo a principio a funcdo de genes ecucariotos identificados em
Sacharomyces, drosoéfila e rato [Ashburner et al., 2000]. Recentemente, outros organismos,
como A. thaliana, Zea mays e O. sativa [Swarbreck et al., 2008] foram adicionados ao
consorcio GO. A anotagdo em nivel de processo se estende além de trabalhos puramente
computacionais. Varias técnicas laboratoriais experimentais sdo utilizadas nesse nivel para
prover pistas vitais sobre o papel que genes e proteinas desempenham em um processo
bioldgico. Em resumo, nesta fase a anotagdo de sequéncia comeca a fundir-se com a

tradicional pesquisa de bancada [Stein, 2001].
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Até recentemente, a maioria dos AMPs foi determinada através de inferéncias
protedmicas, apos purificagdo a partir de extratos vegetais com posterior clonagem e
avaliagdo dos seus respectivos genes [Odintsova e Egorov, 2007]. Entretanto, a
disponibilidade crescente de genomas vegetais completamente sequenciados, bem como de
ESTs, estd mudando este cendrio, especialmente considerando os recursos computacionais
para comparacdo de genes e o reconhecimento de dominios especificos e assinaturas
[Silverstein et al., 2007]. A quantidade de ESTs vegetais disponivel permite o uso de métodos
computacionais para a identificagdo de genes novos em taxa especificos ou em associagao
com determinados tecidos ou processos em plantas [Menossi et al., 2008].

Considerando a intera¢do planta-microbio em leguminosas, Fedorova et al. [2002], usando
o formalismo Booleano, identificaram 340 provaveis genes especificos de nodulos
radiculares. Surpreendentemente, 114 dos genes identificados codificavam pequenas
Proteinas com agrupamentos de cisteinas (CCP - Cys-Cluster Proteins) com peptideos-sinal
clivaveis. Adicionalmente Mergaert et al. [2003] identificaram um namero consideravel de
CCPs, mais de 300 NCRs no banco de dados MtGI (Medicago truncatula Gene indice)
usando a ferramenta BLAST e 19 sequéncias-sonda de familias de plantas relacionadas.

Semelhantemente, Graham et al. [2004] usaram a ferramenta BLAST para comparar o
conjunto de genes unicos de legumes com conjuntos de genes unicos de espécies ndo
leguminosas e com sequéncias gendmicas de O. sativa de A. thaliana e com o banco de dados
ndo redundante de EST do GenBank. Posteriormente, os autores agruparam o0s provaveis
genes especificos de legumes em suas familias respectivas e avaliaram os provaveis motivos
protéicos para cada familiar, ao compara-la com um banco de dados protéico, permitindo
predi¢cdes em relagdo a suas fungdes. Este procedimento permitiu a identificagdo de proteinas
ricas em prolina (PRP — Proline-Rich Proteins) e em cisteina (CRP — Cystein-Rich Protein).
Dentre estas, 300 CRP com similaridade com defensinas conhecidas foram expressas
exclusivamente em noddulos radiculares e sementes, algumas delas relativas a quadros de
leitura aberta desconhecidos no genoma de A. thaliana [Graham et al., 2004].

Apods a identificagdo de defensinas nddulo-especificas por Graham et al. [2004],
Silverstein et al. [2005, 2007] observaram que os genomas vegetais apresentam uma
abundancia inesperada de putativos AMPs ricos em cisteina com um potencial para adaptagdo
funcional surpreendente. Usando uma estratégia baseada em HMM e buscas BLASTS,
Silverstein et al. [2007] identificaram classes de CRPs contendo um peptideo-sinal

semelhante aos conhecidos em defensinas, thioninas, proteinas transferidoras de lipidios e
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fatores de Alcaniza¢do rapida (RALF — Rapid AlLkanization Factor), bem como genes
hipotéticos codificantes de CRPs com assinaturas de cisteina ndo conhecidos em proteinas
purificadas previamente. A estratégia usada por estes autores permitiu a identificagdo de 12.
824 sequéncias de CRPs distintas em 33 espécies de plantas, dando suporte a evidéncias

anteriores da grande diversidade de CRPs no reino vegetal.

2.2.3. Modelagem comparativa das defensinas

A compreensdo do mecanismo de fun¢do de uma proteina geralmente requer o
conhecimento de sua estrutura tridimensional [Blundell et al., 1978; Weber, 1990], que em
ultima instdncia ¢ determinada por sua sequéncia de aminoacidos [Anfinsen, 1973].
Atualmente, existem cerca de dois milhdes de sequéncias de proteinas no Swissprot e no
TrEMBL [http://us.expasy.org/sprot/], entre as quais cerca de 50.000 proteinas tiveram suas
estruturas resolvidos experimentalmente por métodos, tais como cristalografia de raios-X e
espectroscopia de RMN [Johnson et al., 1994; http://www.rcsb.org/pdb/]. Esta enorme
diferenca entre o numero de sequéncias disponiveis e as estruturas de proteinas
experimentalmente obtidas poderia ser resolvida por métodos computacionais, como o
método de modelagem por homologia, o qual obtém a estrutura tridimensional de uma dada
sequéncia protéica baseada principalmente em sua similaridade de sequéncia com uma ou
mais proteinas de estruturas conhecidas [Rost et al., 1996; Kolinski et al., 1999].

A predigao de estrutura ¢ um problema extremamente importante, simples de definir, mas
dificil de resolver. Embora os métodos ab initio tenham alcangado progressos notaveis nos
ultimos anos, sua aplica¢do confiavel ainda é pouco observada [Venclovas et al., 2003]. O
gargalo ¢ imposto principalmente pela imprecisdo do campo de forca e pela enorme e
impraticavel amostragem de conformacdes possiveis. A diferenga de energia livre entre o
enovelamento nativo e estados intermediarios é de apenas alguns kcal.mol™, equivalente a
varias intera¢des atomicas de van der Waals, representando um desafio assustador para as
funcdes de energia existentes. Além disso, a imprecisdo do campo de for¢a torna muito mais
dificil a amostragem de conformagdes possiveis, uma vez que poderia orientar a minimizagao
de energia para a conforma¢do de um minimo de energia global que seria totalmente diferente
da verdadeira conformagao nativa [Xiang et al., 1995; Wang et al., 1997].

Ao contrario, a modelagem por homologia tem assumido um papel cada vez mais

importante na predicdo da estrutura de proteinas nos ultimos anos, principalmente com o
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advento de iniciativas de genomica estrutural em todo o mundo. Isso ocorre porque muitas
sequéncias de proteinas sdo evolutivamente relacionadas e, portanto, podem ser classificadas
em diferentes familias. Proteinas das mesmas familias frequentemente tém semelhancas
perceptiveis e, portanto, compartilham de arquitetura tridimensional semelhante, permitindo
uma descri¢do estrutural de todas as proteinas de uma familia, mesmo quando apenas a
estrutura de um tnico membro ¢ conhecida. Esta relagdo evolutiva fornece os fundamentos
para a genOmica estrutural, um esfor¢co sistematico de larga escala para a caracterizacio
estrutural de todas as proteinas, onde uma proteina representante de cada familia ¢ escolhida
para ser resolvida experimentalmente com o resto confiantemente previsto por um método de
modelagem por homologia [Goldsmith-Fischman e Honing, 2003].

De fato, se assumimos que a estrutura da proteina ¢ de um minimo de energia global, a
modelagem por homologia ¢ simplesmente uma questdo de vasculhar o espago de
conformagdes possiveis perturbando minimamente as solugdes existentes, ou seja, as
estruturas experimentalmente resolvidas. A vantagem obvia € que a técnica de modelagem por
homologia minimiza a exigéncia rigorosa do campo de forca e a enorme procura de
conformagao, pois dispensa o calculo de um campo de forcas fisico-quimicas e o substitui, em
grande parte, por uma medida de identidade entre sequéncias [Sanchez e Sali, 1997]. Dada
uma sequéncia de proteinas, a modelagem por homologia consiste geralmente das seguintes
etapas: (i) identificar o homologo com estrutura conhecida a partir do Banco de dados
protéico PDB; ii) alinhar a sequéncia alvo com o modelo de estrutura; (iii) construir o modelo
com base no alinhamento; (iv) avaliar e aperfeicoar o modelo [Sanchez e Sali, 1997; Fiser e
Sali, 2003].

Quando a identidade de sequéncia ¢ superior a 40%, o alinhamento ocorre sem maiores
problemas, ndo hd muitas lacunas, e 90% dos atomos da cadeia principal podem ser
modelados com um erro calculado pela distdncia média quadratica (RMSD - Root Mean
Square Distance) de cerca de 1 A [Sanchez e Sali, 1997]. Quando a identidade de sequéncia é
de cerca de 30-40%, obter o alinhamento correto torna-se dificil, sendo as insercdes e
delecdes frequentes, onde 80% de atomos da cadeia principal podem ser previsto a uma
RMSD de 3,5 A. Quando a similaridade da sequéncia ¢ inferior a 30%, o principal problema
torna-se a identificagdo das estruturas homoélogas e o alinhamento torna-se muito mais dificil
[Harrison et al., 1995; Mosimann et al., 1995; Sauder et al., 2000; Yang ¢ Honing, 2000].

A predigdo da estrutura de proteinas foi um sonho para a comunidade cientifica durante

décadas, ndo apenas para os quimicos computacionais, como também para os fisicos,
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matematicos e cientistas da computagdo. Recentemente essa tarefa tem obtido grande éxito
com a explosdo de sequéncias e informagdes estruturais, bem como com 0s avangos
computacionais em diversas areas, incluindo a andlise de sequéncias e uma melhor
compreensdo dos determinantes energético da estabilidade protéica, possibilitando o
desenvolvimento de uma série de novos métodos computacionais destinados a detectar novas
relagdes entre sequéncia, estrutura e fungdo. O progresso em modelagem ab initio
possibilitara o aperfeicoamento de modelos obtidos por homologia com maior precisdo,
servindo de base para uma andlise mais detalhada das relagdes estrutura/funcdo em
comparagdo com os métodos disponiveis no passado e fornecendo ferramentas poderosas para
a analise de dados experimentais e para a concepc¢ao de novos experimentos [Fiser e Sali,
2003].

Com relagdo as defensinas, at¢ o momento oito estruturas tridimensionais (3D) de
defensinas vegetais foram estudadas em detalhe por meio de cristalografia de raios-X e NMR,
incluindo as defensinas g1-H de Hordeum vulgare ¢ g1-P de Triticum aestivum [Bruix et al.,
1993], Rs-AFP1 de R. sativus [Fant et al., 1998], Ah-AMP1 de Aesculus hippocastanum [Fant
et al.,, 1999], PsD1 de Pisum sativum [Almeida et al., 2002], PhD1 de Petunia hybrida
[Jansen et al., 2003], NaD1 de Nicotiana alata [Lay et al., 2003] ¢ VrD1 de V. radiata [Liu et
al., 2006], melhorando consideravelmente o conhecimento sobre a relacdo estrutura/fungdo
desses peptideos. A predicdo da estrutura de defensinas vegetais através de modelagem
comparativa foi utilizada para caracterizar a estrutura 3D de outras defensinas, tais como Vv-
AMP1 de Vitis vinifera [Beer e Vivier, 2008], Cp-thioninl e Cp-thioninll de Vigna
unguiculata [Melo et al., 2002; Franco et al., 2006], VrD1 de V. radiata [Shiau et al., 2006] e
Gbd de Ginkgo biloba [Shen et al., 2005].

Todas as defensinas vegetais estudadas compartilham uma estrutura comum, também
presente em defensinas de insetos e em algumas toxinas de escorpido [Cornet et al., 1995;
Krezel et al., 1995], que embora relacionadas ¢ compartilharem um cerne estrutural,
apresentam grande variagdo funcional, levantando a questdo de como elas atuam na defesa do
organismo, dado que todas elas t€ém a mesma estrutura mas mostram diferentes fungdes.
Conforme discorrido, a andlise estrutural comparativa pode auxiliar no entendimento de sua
estrutura 3D e elucidar o mecanismo por tras de suas funcgdes protéicas, como foi
demonstrado para a defensina VrD1 [Liu et al., 2006; Shiau et al., 2006].

Nesse sentido, a estrutura 3D da defensina Cp-thioninll com atividade antibacteriana foi

modelada com base na estrutura resolvida do inibidor de a-amilase VrD1, que apresentaram
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73% de identidade entre si [Franco et al., 2006]. Os autores também investigaram a formagao
de multimeros de Cp-thioninll, visto que anteriormente foi demonstrado a formacao de
multimeros da defensina Cp-thioninl, bem como de dimeros de defensinas de Pachyrrhizus
erosus [Melo et al., 2002; Song et al., 2005]. Dimeros de defensinas de mamiferos foram
frequentemente relacionados a capacidade de inibir o crescimento bacteriano [Schibli et al.,
2002]. Mas essa relacao mecanistica parece nao ocorrer em defensinas vegetais com atividade
antibacteriana dado que a Cp-thioninll ¢ observada apenas como mondmeros, porém com
atividade efetiva contra bactérias [Franco et al., 2006].

A avaliagdo da RMSD da estrutura de varias defensinas em relacdo a estrutura de Cp-
thioninll demonstrou que todas elas sao basicamente idénticas, indicando uma baixa varia¢ao
ao nivel estrutural terciario [Murad et al., 2007]. Um exame profundo das estruturas obtidas
experimentalmente e por modelagem computacional logo denota a presenca de duas regides
variaveis localizadas nos loops 1 e 2, provavelmente de grande importancia para algumas das
fungdes especificas das defensinas, tais como antifiingica e antibacteriana [Fant et al., 1998;
Almeida et al., 2002; Franco et al., 2006], bloqueador de canais ionicos [Shiau et al., 2006] e
inibidor de a-amilase e proteinase [Melo et al., 2002; Liu et al., 2006; Pelegrini et al., 2008].

Por outro lado, a carga geral da superficie poderia auxiliar no entendimento e distin¢ao
funcional das defensinas. Entretanto, mais uma vez os estudos estruturais comparativos
demonstram que ¢ impossivel delinear um padrdo estrutura/fun¢do, uma vez que quase todas
as defensinas examinadas apresentam as mesmas caracteristicas em relacdo as cargas de
superficie [Murad et al., 2007].

A modelagem comparativa tem auxiliado também no descobrimento de outros processos
nos quais as defensinas tomam parte, bem como no esclarecimento de questdes evolutivas
entre defensinas vegetais e de outros reinos [Doughty et al., 1998; Zhu, 2007; Zhu, 2008; Gao
et al., 2009]. Por exemplo, a estrutura da proteina PCP-Al, envolvida no sistema de
autoincompatibilidade de espécies da familia Brassicaceae, foi obtida por modelagem
comparativa, observando-se ser estruturalmente similar as defensinas y1-P, y1-H e Rs-AFP1,
porém todas as outras sequéncias consenso observadas entre as defensinas vegetais com
atividade antimicrobiana ndo estao presentes [Doughty et al., 1998].

A modelagem de algumas familias de defensinas fungicas denotou a presenca de
defensinas conservadas em plantas, fungos e animais, bem como defensinas ancestrais e
classicas presentes em animais invertebrados e fungos, sendo possivel propor uma historia

evolutiva para as defensinas [Zhu, 2008]. Analises de bioinformatica estrutural das sequencias
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de microorganismos possibilitaram a identificagdo de um peptideo bacteriano AdDLP com
similaridade estrutural com defensinas eucarioticas através de modelagem comparativa com a
defensina fungica Plectasin pertencente a classe de defensinas ancestrais de invertebrados
[Zhu, 2007; Zhu, 2008]. Porém, predigdo ab initio da estrutura 3D de AADLP demonstra uma

estrutura mais similar as defensinas vegetais [Gao et al., 2009].

2.2.4. Analise evolutiva

Devido a riqueza de dados depositados nos bancos de dados e por meio de poderosos
algoritmos de alinhamento de sequéncias e de reconstru¢do das relagdes evolutivas entre elas,
torna-se cada vez mais interessante prever fungdes de proteinas em uma abordagem
comparativa. Esta abordagem baseia-se essencialmente na observacdo de que proteinas
homologas retém os aspectos da sua fun¢do durante longos periodos evolutivos [Pellegrini et
al., 1999]. Isto permite uma predi¢do de fungdo com base na homologia, ou seja, a
transferéncia de conhecimentos sobre a fungdo entre proteinas homodlogas. No entanto, apesar
de homologia com frequéncia implicar uma preservacdo dos aspectos mecanicos funcionais,
ela fornece poucas informacdes sobre o contexto funcional, isto €, sobre os processos nos
quais uma proteina estd envolvida, os mecanismos moleculares ou a natureza da associagdo
funcional [Huynen et al., 2000]. Por exemplo, enzimas homoélogas podem catalisar reagdes
semelhantes, mas os substratos e produtos envolvidos na reagdo podem participar de vias
diferentes. As conexdes previstas por métodos baseados no contexto, como perfis
filogenéticos, ndo sdo muito especificas e geralmente ndo fornecem informagdes sobre o papel
exato da proteina em um processo, mas frequentemente sdo decisivas para orientar uma
analise mais aprofundada. Por exemplo, a abordagem comparativa pode melhorar a qualidade
dos dados considerando a conservagdo evolutiva da co-expressdo génica [Stuart et al., 2003;
Van Noort et al., 2003; Bergmann et al., 2004; Snel et al., 2004].

Uma série de previsdes sobre varios processos celulares tém sido feitas através de perfis
filogenéticos e confirmados experimentalmente [Makarova et al., 2003; Sato et al., 2004]. Por
exemplo, perfis filogenéticos identificaram enzimas da via MPE/DOXP, que nos cloroplastos
das plantas, Apicomplexa, cianobactérias e inumeras outras bactérias produzem os blocos
constituintes de isoprendides. Cunningham et al. [2000] determinaram os perfis de ocorréncia
das primeiras cinco enzimas conhecidas na via MPE/DOXP e encontraram duas outras

proteinas que co-ocorreriam com a via, LytB e GepE. Embora a participagao da proteina LytB
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na via tenha sido apoiada por evidéncias experimentais, eventualmente outras experiéncias
genéticas foram necessarias para determinar as posicdes exatas de LytB e GcpE na via
[Altincicek et al. 2001a, Altincicek et al. 2001b]. Geralmente, os exemplos mostram que o
poder da caracterizagdo filogenética deriva mais de uma abordagem em larga escala, que
permite usa-la como um método exploratorio e relativamente facil de implementar. Apos ter
reduzido o espago de busca a um numero razoavel de candidatos, linhas de evidéncias
adicionais sdo necessarias. Estas podem incluir os resultados de outros métodos em um
contexto gendmico, como conservacao de ordem genética, de experimentos em larga escala
publicados ou a partir de estudos em pequena escala. Neste processo de descoberta de bons
candidatos para novas experiéncias, todas estas diferentes fontes devem ser consideradas e a
analise filogenética ¢ uma delas [Dandekar et al., 1998].

Semelhante a relacionar genes entre si através de sua co-ocorréncia nos genomas,
relacionar genes com fenotipos implica em associa-los a um processo bioldgico. No entanto,
1sso nao requer conhecimento prévio sobre o envolvimento de outros genes no processo.
Perfis fendtipo/gendtipo ilustram o principio da caracterizacdo filogenética a partir de uma
nova perspectiva, relacionando o ambiente de um organismo com sua evolu¢do molecular
[Jim et al., 2004]. O ambiente ¢ sua mudanga sdo importantes fatores que influenciam a
evolugdo, pois induzem adaptagdes mais ou menos especificas no organismo [Copley 2000;
Pretzer et al., 2005; Ternes et al., 2006]. Isto sugere que a diversidade, a especificidade e a
estrutura de correlagdo de fatores ambientais ativos em um ramo da filogenia irdo determinar
o valor das perdas e ganhos coordenados de genes neste ramo para tragar seu perfil
filogenético e que, ao aumentar a resolu¢ao da arvore filogenética também ¢ aumentada a
resolu¢do em termos de fatores seletivos. Esta pode ser uma razao para a melhora observada
nos resultados de perfis filogenéticos tanto pelo aumento do ntimero de espécies como por
uma escolha equilibrada de espécies [Sun et al., 2005].

A andlise filogenética ¢ um método versatil para a predi¢ao de interagdes funcionais, mas
a sua cobertura ¢ limitada aos sistemas celulares que evoluiram de forma modular [Campillos
et al., 2006]. Entretanto, basicamente todo método experimental e computacional apresenta
limitacdes a medida que os programas consideram apenas um ou alguns aspectos da
associacao funcional. Inimeros exemplos mostram que a evidéncia de evolucdo para uma
interagdo funcional com base em perfis filogenéticos, bem como em outros métodos no
contexto genodmico, frequentemente nao ¢ forte nem especifica o suficiente para assegurar a

funcdo exata de uma proteina. Por conseguinte, em praticamente todos os exemplos,
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evidéncias experimentais adicionais foram utilizados para reforgar as conclusdes obtidas a
partir de perfis filogenéticos e para compreender a fungdo da proteina em um nivel muito mais
detalhado [Altincicek et al. 2001a, Altincicek et al. 2001b; Makarova et al., 2003; Sato et al.,
2004]. Portanto, a necessidade de combinar varias linhas de evidéncia se aplica aos perfis
filogenéticos usados como um método que prediz em larga escala interagdes funcionais para
um grande nimero de pares de genes. Assim, a analise filogenética tem sido integrada com
outras fontes de dados, a fim de obter um retrato confiante da funcdo especifica de uma

proteina [Dandekar et al., 1998; Snel et al., 2002; Spirin et al., 2006].

2.2.5. Perfil de expresséao digital

Investigagdes com o objetivo de decifrar os eventos moleculares envolvido no inicio e
progressdo de processos bioldgicos como, por exemplo, a resisténcia a doencas em plantas ou
o desenvolvimento de doengas em humanos, buscam principalmente caracterizar
biomoléculas cuja expressao diferencial contribui para alteragdes na funcdo celular, levando a
um ajustamento ou a um estado patologico. Focalizando nos mecanismos de resisténcia, os
cientistas pretendem identificar eventos criticos que podem ser alvo de melhoramento ou
transfec¢do para culturas agricolas importantes. Em humanos, as pesquisas objetivam
identificar eventos moleculares criticos que podem ser alvo de novas estratégias terapéuticas.
Caracteristicas complexas, como resisténcia ¢ doenga, normalmente sdo poligénicas e estudos
de uma tUnica molécula ndo promoverdo a percepcdo de uma resposta celular orquestrada
conforme ela evolui em um tecido afetado. Visualizando a resposta completa, o investigador
comeca a entender a inter-relacdo complexa entre biomoléculas, que contribuem para
mudangas no fendtipo da célula, conduzindo a resisténcia ou a doenga. Assim, um ponto de
partida fundamental nos estudos sobre os mecanismos de resisténcia/doenca ¢ decidir como
identificar as biomoléculas associadas [Murray et al., 2007].

Técnicas capazes de quantificar a expressdo génica promovem o desenvolvimento de
nossa compreensdo sobre a distribuicao e regulagdo de produtos gé€nicos em tipos celulares
normais € anormais. Tais técnicas incluem uma variedade de microarranjos e analise serial da
expressdo génica (SAGE — Serial Analysis of Gene Expression), das quais todas tém a
capacidade de rapida e eficazmente examinar a expressao dos transcritos de todo um genoma
[Velculescu et al., 1995; Lohar et al., 2006; Molina et al., 2008]. Adicionalmente, é possivel

explorar metodologias computacionais que tragam um perfil de expressao de todos os genes
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de um modo quantitativo e direto e ndo apenas de genes conhecidos em chips de DNA. A
disponibilidade de vastas quantidades de dados de sequéncia juntamente com os avangos em
biologia computacional provém uma estrutura ideal para a analise in silico da expressdo
génica. Todos estes avancos sdo dirigidos por estratégias computacionais em consonancia
com a disponibilidade de dados, claramente objetivando identificar padrdes biologicamente
pertinentes nos dados [Audic e Claverie, 1997].

Uma 4rea chave desta pesquisa envolve a definicdo da populacdo de genes
diferencialmente expressos em um tecido doente ou em modelos do processo de doenca. O
conhecimento da identidade de tais transcritos fornece um ponto de partida util na busca por
eventos moleculares criticos que contribuem para a resisténcia ou doenca. Para o biologo
moderno, hd numerosas estratégias computacionais que podem ser empregadas para analisar a
expressdo de genes. EST e bibliotecas de SAGE sdo uma fonte ideal para tragar um perfil de
expressao, pois em principio tanto a frequéncia do clone de EST quanto da etiqueta de SAGE
sdo proporcionais ao nivel de expressao do gene correspondente em um determinado tecido,
permitindo comparacdes estatisticamente importantes do nivel de expressdo entre duas
populagdes de cDNA [Adams et al., 1991; Adams et al., 1993; Lal et al., 1999; Schmitt et al.,
1999].

Para explorar esta grande quantidade de informagdao foram desenvolvidos algoritmos
computacionais para a descoberta de ambos os genes novos [Vasmatzis et al., 1998] e genes
com distribui¢do limitada a um tecido e/ou de expressdo especifica sob dado estresse
[Brinkmann et al., 1998]. Por exemplo, SAGEmap ¢ uma ferramenta usuario-amigavel
mantida pelo NCBI especialmente projetada para interpretar dados de SAGE. Embora sua
interface web tenha sido descontinuada em.25 de setembro de 2007, ¢ possivel acessar o
mapeamento para algumas espécies através do servidor ftp do NCBI disponivel em
ftp://ftp.ncbi.nIm.nih.gov/pub/sage/mappings [Vasmatzis et al., 1998]. cDNAxProfiler ¢ outra
ferramenta dedicada a humanos e ratos, que compara expressao de genes entre duas amostras
de bibliotecas, onde cada amostra pode ser uma Unica biblioteca ou um agrupamento de varias
bibliotecas [http://cgap.nci.nih.gov/Tissues/xProfiler]. O expositor digital da expressdo gé€nica
(DGED - Digital Gene Expression Displayer) é uma ferramenta para a comparagdo da
expressdo génica entre duas amostras de bibliotecas, podendo ser usado para comparar
bibliotecas de cDNA ou bibliotecas de SAGE [http://cgap.nci.nih.gov/Tissues/GXS].

Todos os eventos bioldgicos na célula sdo governados principalmente pelas mudangas na

expressdo de genes fundamentais. A habilidade de uma célula de regular a expressdo génica
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ao longo do tempo dirige toda funcdo e atividade bioldgica. Portanto, muito interesse ¢
destinado a delinear um perfil de expressao génico para identificar os genes-chave e grupos de
genes-chave cuja expressdo ¢ alterada em certos estados. O desenvolvimento de novas
metodologias experimentais e analiticas tem redefinido de varias maneiras as ferramentas que
os bidlogos possuem para acessar ¢ analisar tal nivel de informag¢ao molecular. Comparando o
perfil de expressao génica sob condigdes diferentes, podem ser identificados genes individuais
ou grupos de genes que desempenham um papel fundamental em cascatas de sinalizacdes ou
em determinado processo celular ou ainda na etiologia de uma doenga. Ademais, o perfil de

expressdo também ¢é importante para compreender a fungdo génica e identificar alvos

terapéuticos.

2.3. Cana-de-agucar

A cana-de-agucar (Saccharum spp.) pertence a familia Poaceae, sendo mais cultivadas nos
tropicos e sub-tropicos devido ao seu colmo peculiar com acumulagdo bastante alta de
sacarose. Esta familia ¢ uma das mais importantes para a economia mundial, oferecendo
varias fontes de forragem para o gado e graos para a alimentacdo humana. A familia Poaceae
também tem contribuido com varios organismos-modelo para o entendimento da genética de
plantas superiores, a exemplo do milho, arroz, sorgo e trigo, cujos genomas foram
intensamente investigados por meio de multiplas técnicas genéticas e moleculares
[http://www.gramene.org/]. Dentro deste importante grupo vegetal, a cana-de-actcar se
destaca pelo seu uso na obtencdo de agucar e combustivel, sendo o Brasil o maior produtor
mundial destes derivados, exercendo uma forte influéncia sobre a variacdo dos pregos no
mercado internacional de acticar e de energia limpa e renovavel [CONAB, 2009;
http://www.unica.com.bt/].

Até o século XIX, a maioria das variedades comerciais provinha de cruzamentos entre S.
officinarum, S. barberi ¢ S. sinensis, sendo que os primeiros hibridos interespecificos
artificiais foram produzidos na India a partir especialmente de S. officinarum, S. spontaneum e
S. barberi. As variedades comerciais atuais resultam do cruzamento dessas espécies, acrescida
da contribuicdo do genoma de S. robustum [Daniels e Roach, 1987]. No Brasil, o
desenvolvimento de variedades comerciais visou ao aumento da produtividade, através da

obtencdo de resisténcia a pragas e doengas, bem como da adaptacdo aos climas e solos
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regionais brasileiros, além do melhoramento destinado a técnicas de corte e manejo [Galvao

et al., 2005].

2.3.1. Caracteristicas genomicas da cana-de-agucar

Os cultivares modernos de cana-de-agucar sdo hibridos derivados do cruzamento de S.
officinarum e S. spontaneum, que normalmente apresentam o nimero cromossdmico 2n = 80
e 2n =40 a 2n = 128, respectivamente. Tratam-se de espécies polipldides, cujos genomas sao
respectivamente multiplos do niumero basico X = 10 e X = 8 cromossomos [Grivet e Arruda,
2001]. O numero cromossdomico pode variar entre os cultivares modernos. Devido a
diferengas estruturais entre cromossomos das duas espécies, os hibridos possuem proporgdes
diferentes de cromossomos, conjunto cromossOmico variavel e eventos complexos de
recombinagdo. Os hibridos sdo altamente polipldides e aneuploides, contendo em média 2n =
100-120 cromossomos com um tamanho nas células somaticas estimado em 10.000 Mbp
[D’Hont, 2005]. O tamanho do genoma basico de cana-de-agucar varia entre 760 Mbp e 960
Mbp, o que ¢ duas vezes o tamanho do genoma do arroz (389 Mbp) e semelhante ao tamanho
do genoma do sorgo (760 Mbp) [D’Hont e Glaszman, 2001].

Devido a essa complexidade, o genoma da cana-de-aciicar recebeu no passado
relativamente pouca atencdo e investimentos por parte dos cientistas vegetais no
desenvolvimento de ferramentas biotecnologicas e genéticas para essa cultura. Contudo,
abordagens de citogenética molecular ¢ o uso de marcadores moleculares levaram a avancos
significativos no estabelecimento da origem e da estrutura gendmica da cana-de-actcar

[Grivet e Arruda, 2001].

2.3.2. Importéancia econémica da cana-de-agucar

Produzida em mais de 70 paises, a cana-de-agucar desempenha um papel importante na
economia nacional desde a sua introducdo, sendo a principal fonte de renda para o Brasil,
especialmente em relacdo as regides Nordeste e Centro-sul. Os nimeros parciais obtidos para
a safra 2009 sinalizam um aumento nas divisas geradas em comparag¢ao aos numeros obtidos
no mesmo periodo em 2008, uma tendéncia que vem sendo observada nos ultimos anos
[CONAB, 2009; http://www.unica.com.br/]. As estimativas para a safra 2010 indicam que

esta expansdo se manterd, sendo um reflexo da expansdo nas areas de cultivo e do
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melhoramento das tecnologias aplicadas a cana-de-agucar, decorrente da demanda mundial
por acucar e combustivel. Porém, houve uma mudanga no destino do caldo da cana que foi
direcionado para a produgdo de actcar em detrimento da producdo de élcool, refletindo os
precos atuais do agucar no mercado mundial. A produgdo de agucar cresceu 16% esse ano,
enquanto a producao de alcool cresceu 4,79 %. Contudo, estatisticas provenientes da industria
automobilistica nacional apontam um mercado consumidor de alcool hidratado em grande
expansdo, sendo os carros “Flex-Fuel” responsaveis por 92% das vendas de automdveis, com

uma frota atual de 9, 4 milhdes veiculos [CONAB, 2010; http://www.unica.com.br/].

2.3.3. O banco de dados SUCEST

Nos ultimos anos, grandes colegdes de EST se tornaram disponiveis para explorar o
grande genoma alopolipléide da cana-de-agucar, renovando consequentemente o interesse dos
pesquisadores na genética desse vegetal [Butterfield et al., 2001; Grivet e Arruda, 2001; Ming
et al., 2006], provendo um meio para a descoberta e identificagdo de novos genes, o que ¢é
essencial para programas de melhoramento, tanto para o desenvolvimento de plantas
transgénicas como para o melhoramento assistido por marcadores. Somente o projeto de EST
da cana-de-agticar (SUCEST — Sugarcane EST Project) gerou 237.954 ESTs que foram
agrupadas em 43.141 provaveis transcritos unicos de cana-de-agucar, originados dos
principais 6rgdos que foram coletados em varios estagios do desenvolvimento [Vettore et al.,
2001; http://sucest.lad.ic.unicamp.br/en/]. Esse banco de EST representa um dos mais ricos
em genes, apresentando uma variedade de tecidos que foram amostrados a partir de cultivares
diferentes, capacitando o acesso a informacdo transcricional de genes expressos em varios
sistemas biologicos, enquanto a maioria dos projetos de ESTs vegetais enfatizou situagdes
contrastantes e amostrou a planta inteira ou determinados tecidos sob condi¢des de estresse.
Desse modo, o banco de dados SUCEST ¢ um excelente modelo para a analise da expressao

diferencial de genes.

2.4. Feijao-Caupi

O feijdo-caupi (Vigna unguiculata (L.) Walp.) pertence a familia Fabaceae, sendo,
semelhantemente a cana-de-agucar, mais cultivado nos tropicos e sub-tropicos principalmente

devido ao seu conteudo nutricional, adaptabilidade e versatilidade [Ehlers e Hall, 1997]. Esta
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familia ¢ uma das mais importantes para a economia mundial, oferecendo juntamente com os
cereais (Poaceae) varias fontes de forragem para o gado e graos para a alimentagdo humana.
A familia Fabaceae também tem contribuido com varios organismos-modelo para o
entendimento da genética de processos vegetais como a fixacdo de nitrogénio, a interagdo
planta/microorganismo, bem como do processo de adaptagdo a estresses abidticos, a exemplo
da soja (Glycine max) e da erva-médica (Medicago truncatula) [Gepts et al., 2005; Sato et al.,
2007]. Dentro deste importante grupo vegetal, o feijdo-caupi se destaca por sua rusticidade
além de sua proximidade evolutiva com outras leguminosas economicamente importantes tais
como a propria soja e o feijao comum (Phaseolus vulgaris), servindo como uma espécie-
modelo de adaptacdo de plantas domesticadas a estresses bidticos e abioticos [Gepts et al.,
2005].

Acredita-se que as principais variedades de feijdo-caupi foram introduzidas pelos
colonizadores e escravos que entravam no Brasil principalmente pelos portos de Recife,
Salvador, Rio de janeiro e S3o Luiz, trazendo consigo muito de sua cultura bem como
sementes de plantas usadas em seus pratos favoritos ou em rituais [Curtin, 1969 apud Simon
et al., 2007]. O desenvolvimento de variedades comerciais visou principalmente ao aumento
da produtividade com cultivares que apresentassem estabilidade produtiva em ambientes
variados, através da obtengdo de resisténcia a nematdides, pragas e doencas, bem como da
adaptacdo a fatores abidticos, além do melhoramento da arquitetura da planta para facilitar o

plantio e manejo [EMBRAPA; Singh et al., 2002].

2.4.1. Caracteristicas gendmicas do feijao-caupi

A origem do feijdo-caupi ¢é controversa, havendo grande divergéncia entre os
pesquisadores ndao somente quanto a sua origem como também quanto ao inicio de sua
domesticagdo. Algumas evidéncias apontam a Africa como provavel centro de origem e
domesticacdo, uma vez que se observa um maior nimero de espécies do género, bem como de
espécies endémicas nesse continente. Contudo, outras evidéncias sugerem que a planta pode
ter se originado na América do Sul ou na Asia [Freire Filho, 1988; Magloire, 2005; Simon et
al., 2007].

Vigna unguiculata ¢ uma espécie diploide com numero cromossomico 2n=22,
apresentando genoma com um tamanho nas células somaticas estimado em 450-500 Mbp, o

que ¢ aproximadamente similar ao genoma do feijdo comum e um ter¢o do genoma do
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amendoim (Arachis hypogaea L.), representando um dos menores genomas entre as
leguminosas [Pignone et al., 1990; Benko-Iseppon, 2001].

Apesar dessa simplicidade e da grande importancia e de sua importancia econdmica e
social em paises em desenvolvimento, o genoma do feijao-caupi recebeu relativamente pouca
atencdo e investimentos em relacdo a pesquisas, permanecendo até certo ponto uma cultura
pouco explorada [Nelson et al., 2004]. Porém, a transposi¢ao de ferramentas biotecnoldgicas
e genéticas tradicionalmente utilizadas para a pesquisa em sistemas-modelo levaram a
avancgos significativos no estabelecimento da origem e da estrutura génica e gendmica do
feijao caupi nos ultimos cinco anos [Timko et al., 2008]. Atualmente existem 189.139
sequéncias de EST em bancos de dados publicos [http://www.ncbi.nlm.nih.gov] e
aproximadamente 35.000 novas ESTs estdao sendo produzidas pelo projeto NordEST da REde
NORGdestina de BIOtecnologia (RENORBIO) [Benko-Iseppon, Comunicagdo pessoal].

2.4.2. Importancia econémica do feijao-caupi

O feijao-caupi, feijio-de-corda ou feijao-macassar (Vigna unguiculata) representa uma
das principais culturas alimentares com atributos desejaveis da populagdo de baixa renda do
nordeste brasileiro e oeste africano [Onwuluri e Obu, 2002], constituindo uma excelente fonte
de proteinas (23-25% em média), apresentando todos os aminodcidos essenciais, exceto pela
deficiéncia de sulfurados, carboidratos (62%, em média), vitaminas e minerais, além de
possuir grande quantidade de fibras dietéticas, baixa quantidade de gordura (teor de dleo de
2%, em média) e ndo conter colesterol e apresentar baixa atividade inibitéria de tripisina
[Frota et al., 2008]. Além de seu grande potencial alimentar, a cultura do feijao-caupi
apresenta ciclo curto, baixa exigéncia hidrica e rusticidade para se desenvolver ¢ manter a
produtividade em face de estresses abidticos como seca, altas temperaturas, solos de baixa
fertilidade, tendo a habilidade de fixar nitrogénio por meio da simbiose com bactérias do
género Rhizobium, propriedades que tornam seu plantio uma cultura interessante para a
subsisténcia em areas semi-aridas do mundo, onde pode inclusive ser associado a rotagdes de
culturas de cereais e tubérculos, uma vez que tem o potencial de aumentar a fertilidade do
solo [Ellis et al., 1994; Sanginga et al., 2003; Hall, 2004].

Pelo seu valor nutritivo, o feijdo-caupi ¢ cultivado principalmente para a producgdo de
graos, secos ou verdes, visando o consumo humano in natura, na forma de conserva ou

desidratado. Além disso, o caupi também ¢ utilizado como forragem verde, feno, ensilagem,
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farinha para alimentagdo animal e, ainda, como adubagdo verde e protegdo do solo
[EMBRAPA]. A area ocupada com feijao-caupi, no mundo, esta em torno de 12,5 milhdes de
ha, com 8 milhdes (64% da drea mundial) na parte oeste e central da Africa. A outra parte da
area esta localizada na América do Sul, América Central e Asia, com pequenas areas
espalhadas pelo sudoeste da Europa, sudoeste dos Estados Unidos e da Oceania. Entre todos
0s paises, os principais produtores mundiais sao Nigéria, Niger e Brasil [Ehlers e Hall, 1997;
http://faostat.fao.org], sendo o nordeste brasileiro responsavel por grande parte da producao

nacional, com uma produtividade de 303,5 kg/ha [EMBRAPA meio-norte].

2.4.3. O banco NordEST

Nos tltimos anos, o uso de marcadores moleculares foram paulatinamente empregados na
caracterizagdo genomica do feijdo-caupi e na determinag@o de sua origem [Simon et al., 2007;
Wang et al., 2008; Muchero et al., 2009]. Colegoes de EST para explorar o genoma diploide
do feijdo-caupi se tornaram disponiveis, impulsionando o interesse dos pesquisadores na
genética desse vegetal [http://www.ncbi.nlm.nih.gov], provendo um meio para a descoberta e
identificagdo de novos genes € do modo como o feijdo-caupi responde e se adapta as
principais situagdes ambientais que limitam seu crescimento e produtividade. Somente o
projeto de EST do feijao-caupi no dambito da RENORBIO gerou 500.000 ESTs, incluindo 12
bibliotecas de EST sob condigdes de estresse bidtico (virus do mosaico severo e potyvirus) e
abiotico (salinidade), além de cinco bibliotecas de SuperSAGE para o virus do mosaico
severo e duas bibliotecas de LongSAGE para o potyvirus. Esse banco de dados representa um
dos mais elaborados para a espécie, representando tecidos que foram amostrados a partir de
diferentes condigdes, capacitando o acesso a informagao transcricional de genes expressos em
varios momentos durante a resposta do vegetal frente aos desafios experimentalmente

aplicados [Benko-Isepon et al., 2009].

3. Objetivos

Visto que os estudos indicam a ubiquidade de defensinas no reino vegetal, pretende-se
desenvolver uma rotina computacional para identificar e caracterizar defensinas em bancos de
ESTs vegetais utilizando técnicas computacionais aplicadas a gendmica, transcriptomica,

protedmica, bioinformatica estrutural e filogenética.
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3.1. Objetivos especificos

e C(Catalogar sequéncias aminoacidicas de defensinas vegetais em bancos de dados
bioldgicos publicos;

e Avaliar a estrutura génica, identificando regides codificantes, dominios e motivos
conservados em defensinas vegetais;

e Buscar sequéncias similares em um banco de ESTs vegetais;

e Realizar estudo filogenético;

e (aracterizar as estruturas primaria, secundaria e terciaria das defensinas;

e Delinear o perfil de expressao in silico;

e Aplicar a rotina no transcriptoma da cana-de-agucar.

4. Perspectivas

Os estudos recentes indicam que as defensinas provavelmente estdo presentes em todos os
genomas vegetais, possuindo uma incrivel capacidade multifuncional provavelmente
decorrente de sua plasticidade primaria com estrita conservagao terciaria. Essas caracteristicas
possivelmente levaram as defensinas a desempenhar um papel em variados e importantes
processos bioldgicos, destacando-se entre eles a defesa vegetal. Nao obstante, dada suas
caracteristicas, as defensinas sdo raramente identificadas em sua totalidade nos genomas,
principalmente os genomas vegetais que aparentemente carregam uma grande quantidade de
peptideos semelhantes as defensinas com um grande potencial de adaptacdo funcional. Este
trabalho baseou-se no conhecimento obtido sobre o nivel primario, secundario e terciario das
defensinas vegetais, bem com em outras fontes de informagdes como perfil diferencial de
expressdo e historia filogenética para desenvolver uma rotina pratica de mineragcdo de
defensinas nos genomas vegetais. Inicialmente, a rotina se mostrou eficiente e aplicavel,
identificando 17 defensinas no transcriptoma da cana-de-dcticar. Com estes peptideos foi
possivel obter a estrutura tridimensional das defensinas de cana-de-agucar por modelagem
comparativa, evidenciando um enovelamento altamente conservado, porém com algumas
diferengas observadas nas regides de turn e loop, indicando que multiplas classes de
defensinas estdo potencialmente envolvidas na defesa deste organismo e provavelmente
participam em diferentes processos moleculares. Ainda com relagdo as defensinas

identificadas, estas podem ser usadas em manipulagdes genéticas, podendo se transformar em
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ferramentas na producdo de novos compostos ativos contra patdgenos e pestes da cultura da
cana-de-agucar, bem como na transformacdo genética de plantas resistentes.
Alternativamente, a estrutura desses peptideos pode ser explorada para estudo ou mesmo para
o melhoramento da eficicia de sua acgdo antimicrobiana através de ferramentas
biotecnoldgicas, podendo ser wutilizada para o desenho racional de farmacos.
Consequentemente, a rotina ¢ aplicavel e transponivel para todo e qualquer genoma vegetal,
representando uma primeira linha de evidéncia para a escolha de peptideos para estudos mais
detalhados e desenvolvimento de produtos agrobiotecnologicos e farmacéuticos de origem
vegetal. Com relacdo a amplificagdo de defensinas, foi possivel desenvolver um primer
heterologo capaz de amplificar eficazmente um regido génica, cuja analise da esturua e padrao
de processamento se mostrou em concordancia com o verificado para outros vegetais. A partir
do estudo realizado pretende-se extender a pesquisa para outros genomas vegetais e
adicionalmente amplificar membros dessa familia génica em plantas nativas da regido

nordeste que apresenta uma grande diversidade de plantas de uso medicinal.
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Abstract

Using available Phaseoleae defensins in databases a putative defensin gene was isolated in
cowpea (Vigna unguiculata (L.) Walp.) and cloned from genomic cowpea DNA. The putative
mature defensin sequence displays the characteristic defensins residues arrangement, secondary
and tertiary structures were predicted and splicing analysis was performed. Using RT-PCR,
defensin expression and differences in response to biotic stimuli between infected and non
infected plants were tested.

Key words: antimicrobial peptides, cowpea mosaic virus, evolution, Fabaceae, plant
defensin, protein function.

GeneBank accession number for Vigna
unguiculata defensin gene sequence: FJ94789.

Abbreviations:

EST = Expressed Sequences Tags

PDEF_VIGUN = Vigna unguiculata defensin

PCR = Polymerase Chain Reaction

RT-PCR = Reverse Transcription Polymerase
Chain Reaction

CPSMV = Cowpea Severe Mosaic Virus

76



Introduction

Antimicrobial peptides are important components of
the innate immune systems of all living organisms and
are widely distributed throughout the plant kingdom
[1, 2, 3]. In particular plant defensins play an
important role in host defense against pathogens,
having a direct antimicrobial effect against both fungi
and bacteria [1]. Defensins are cysteine-rich peptides
consisting of 45-54 amino acids and characterised by
the presence of conserved intramolecular disulfide
bonds [4, 5]. The three-dimensional structure of plant
defensins presents a triple-stranded, antiparallel B-
sheet platform overlaid by a single a-helix and is
stabilised by four disulfide bonds. It closely resembles
defensin structures observed in vertebrate and
invertebrate animals as well as moulds [1, 6, 7].

The first plant defensin was isolated from wheat in
1990 [8] and since then the number of identified plant
defensins number has rapidly increased [6]. In
particular, defensins from several leguminous species

Materials and Methods

Computational search for new defensins: sequences
from cowpea (V. unguiculata Taxonomy ID 3917
GenBank) and other Phaseoleae were obtained from
the National Centre for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/sites/entrez). BLAST
searches were performed at the Gene Index Databases
(http://compbio.dfci.harvard.edu/tgi/cgi-
bin/tgi/Blast/index.cgi). Cowpea sequence tags (EST)
that could refer to a defensin were not found in Gene
Index databases, so common bean (Phaseolus vulgaris
that belongs to the same tribe as V. unguiculata) was
chosen as reference and its ESTs were blasted against
Phaseoleae sequences present in databases.
Computational searches showed interesting
similarities between P. vulgaris TC147 EST (a cluster
from Gene Index Databases) and sequences codifying
for defensins that belong to other plants families, in
particular sunflower (Helianthus annuus, AF141131
GenBank) and peach (Prunus persica, AY078426
GenBank) defensins. Thus, TC147 was chosen for
primers design to perform a heterologous PCR on V.
unguiculata.

Primer design: primers were selected by using “Primer
3” software (http://frodo.wi.mit.edu) according to
default parameters and were: primer forward: 5’-
TCCATGGCTCGCTCTGTGTCTT-3’ and reverse 5'-
TGAAGTTTTAACAGTGTTTGGTGCACAAG-3'.

Genomic DNA and RNA extraction: Genomic DNA was
extracted from young leaves of the Brazilian cultivar
BR14-Mulato (kindly provided by EMBRAPA-CPAMN,
Teresina, Piaul State), using a modified CTAB (cetyl-
trimethyl-ammoniumbromide)-based protocol [16].
DNA concentration was determined

were reported, such as Phaseolus vulgaris [9], Pisum
sativum [5], Vicia faba [10] and Clitoria ternatea [11].

We report herein the characterisation of a putative
defensin in Vigna unguiculata (L.) Walp. (cowpea), a
leguminous plant grown extensively as a food and
fodder crop in West Africa, north-eastern Brazil, part
of the Middle East and southern regions of North
America [12, 13]. In V. unguiculata, the structures and
activities of two other plant defensins (formerly also
known as thionins) named Cp thionins | Il have been
already described [14, 15]. We have identified another
region in the cowpea genome codifying for a novel
defensin, with a different primary structure to those
previously reported, but sharing with them the
distinctive features of plant defensins. This study
confirms that multiple defensins act within the host
defence pathways of important legume food crops, in
this as well as in other cultivated plants species (such
as sugarcane, maize and rice).

electrophoretically using known amounts of phage
Lambda/Hind IIl DNA marker as reference.

Total RNA was extracted from 30-days old plants of a
unique CPSMV (Cowpea Severe Mosaic Virus) resistant
genotype, named BRIT63, derived from a breeding
cross (BR14-Mulato x IT85F-2687) grown in the
greenhouse and either native or inoculated using a
standard protocol [17]. Leaves were harvested 30, 60,
90 min and 16 h after mechanical wounding with
Carborundum™ and virus inoculation . Negative
controls consisted in BRIT63 and IT85F (the CPSMV-
susceptible parental cultivar) samples, both neither
infected nor mechanically injured. Harvested plant
material was immediately frozen in liquid nitrogen and
stored at -802C until RNA extraction [18].

PCR: Genomic DNA of V. unguiculata was amplified in
a 25 pL volume containing 50 ng of DNA template; 6
mmol MgCl,, 200 mmol dNTPs, 10 pmol of each
primer, 1.0 U Taq DNA polymerase (AmpliTaq Gold —
PE Biosystem) and 2.5 BIL buffer 10x (500 mM KCl, 100
mM Tris-HCl pH 8.3, 1.4 mM MgCl,). Amplification was
carried out in an automated thermal cycler (Applied
Biosystem) according to the following program: an
initial denaturation at 95°C for 10 min, after which 40
cycles of: denaturation (20 s at 95°C), primer
annealing (30 s at 58°C) and primer extension (30 s at
72°C) were performed, followed by a final extension at
72°C for 7 min. PCR products were visualized on 2%
agarose gel.

Seqguences analysis: Sequences were analysed with
SegMan Genome Assembler (DNASTAR, Inc., Madison,
WI, USA), multiple alignments of the nucleotide and
amino acid sequences were performed using the
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CLUSTALW software (http://www.ebi.ac.uk/Tools/clustalw).
The candidate defensin nucleotide sequence (FJ94789
GenBank) was then analysed and translated into the
corresponding amino acid sequence using the
GENSCAN package (http://genes.mit.edu/GENSCAN.html) and
Expasy software (http://www.expasy.org/cgi-
bin/dna aa). The obtained sequence was blasted
against available plant defensins in databases using
both the NCBI BLAST service
(http://www.nchi.nlm.nih.gov/blast/Blast.cgi) and FASTA
Nucleotide Similarity ~ Search at EMBL-EBI
(http://www.ebi.ac.uk/fasta33/nucleotide.html).
Disulfide-bonds formation was predicted using the
DISULFIND program at the PredictProtein server
http://www.predictprotein.org.

Structure prediction was carried out by identifying
equivalent sequence positions in the closest plant
defensin structure present in the PDB databank: 1GTP
belonging to a barley defensins
(http://www.rcsb.org/pdb/home/home.do).

Gene structure comparison: The predicted nucleotide
sequence encoding for PDEF_VIGUN protein was
aligned against the genome of Arabidopsis thaliana
(TAIR; http://www.arabidopsis.org) and G/ycine max
(PHYTOZOME http://www.phytozome.net). Additionally, the
predicted protein was blasted against BAC sequences
from Medicago truncatula and Lotus japonicus
(http://www.kazusa.or.jp). The genome location with best
match was excised and compared to the genomic
sequence of V. unguiculata. For evaluation of the
splicing patterns, the exon/intron boundaries of A.
thaliana and G. max were used, since these are well
defined in the databanks. Nevertheless it was
performed a Blastx search against the nr protein
databank and megaBlast against EST database (dbEST
and NordEST, a Brazilian cowpea EST database

Results and Discussion

Nucleotide Sequence Analysis

By performing a heterologous PCR on V. unguiculata,
using primers designed from P. vulgaris TC147 EST, we
have amplified a region (so on named PDEF_VIGUN)
that shows a 150 bp insertion in comparison with the
reference sequence TC147. By using the GENSCAN
program we described the putative organisation of the
genomic region we amplified (Figure (1)): the
sequence is expected to account for two exons
(namely exon 1 and exon 2), separated by an intron
(the additional 150 bp). The position of the intron,
localized among the signal peptide, is consistent with
other genomic defensins that have already been
isolates both in V. unguiculata (VuD1) (Pelegrini 2008)
and, among other plants, such as P. inflata
(Karunanandaa 1994), C. annuum (Houlne, 1998) and
S. officinarum (Padovan 2008).

PDEF_VIGUN nucleotide sequence was then blasted
against EMBL and NCBI databases and a similarity

initiative) to confirm these boundaries and to identify
the putative boundaries from V. unguiculata, M.
truncatula and L. japonicus. Subsequently, the
nucleotide sequences were aligned with ClustalW and
manually adjusted to fit the ATG initiation codon of
the ORFs, as well as the remaining coding positions in
the first and second exons, as observed in the Blastx
step. Signal peptide and the probable cleavage site
was identified with SignalP [19].

RT-QPCR:  Retro-transcription and  quantitative
amplification were performed by using the RT-PCR Core
kit (Applied Biosystems, Foster City, CA) following the
manufacturer’s protocol. Real-time PCR was performed
on the obtained cDNA by using the SYBR Green |
chemistry and Corbett Rotor Gene 3000 real time PCR
platform (Corbett Research). After an initial
denaturation step at 95°C for 10 min, forty cycles were
performed by two steps at 95°C for 16 s, and 60°C for 1
min. We used PCR primers designed in the exons
flanking regions: primer forward 5'-
CTGGTGGCCACTGAGATG-3’ and reverse 5-
TCACACATGGTCCCTTGAAA-3" in order to avoid
genomic DNA amplification. Plant defensin primers
concentrations were optimized in order to determine
the minimum concentration required to give the
maximal signal (ARn), the lowest threshold cycle (Ct)
and minimizing non-specific amplification.

The specificity of defensin amplification was verified by
melting temperature assay (MTA) protocol including a
slow cooling from 95°C to 60°C in 20 min at the end of
PCR. The Corbett Rotor Gene 3000 MTA software
allowed the identification of the point at which the re-
association occurred (flexus point) as well as the
melting temperature and the melting curve.

higher than 98% emerged with some EST sequences
from V. unguiculata and P. vulgaris common bean;
moreover PDEF_VIGUN shows significant similarity
with sequences that codify for defensins, thionins and
protease inhibitors belonging to different plants
families; this suggests to us that the amplified
sequence codifies for a defensin and/or might act as a
protease inhibitor. In fact the highest similarity among
deposited nucleotide sequences emerged with a
protease inhibitor from G. max (U12150 GenBank)
(91% similarity); this plant shares with V. unguiculata
not only the same family (Fabaceae) but also the same
tribe “Phaseoleae”. It is noteworthy that G. max is the
only plant sequence belonging to Phaseoleae that
shows high identity with V. unguiculata nucleotide
sequence (Figure (2)). PDEF_VIGUN was compared
with the other Vigna defensins available in the
genomic databases and few homologies were found.
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In fact VuD1 partial cds show only little similarity with
PDEF_VIGUN nulceotide sequence; we then extended
the analysis to the defensins belonging to other Vigna
species such as V.radiata and V. Nakashimae and the
highest similarity (score 55) was found between
PDEF_VIGUN and: V. radiata “D1” (FJ591131
GenBAnk), V. radiata Cys-rich protein (VrCRP)
(AF326687 GenBank), V. radiata “VrD1” (AY437639

GenBank) and V. nakashimae “Nak95” (AY856095
GenBank). However these similarities are lower than
those found between V. unguiculata and plants
belonging to other families, in particular V.
unguiculata and G. max (score 91). This high variability
among defensins in Vigna nucleotide sequences
suggest how multiple peptides contribute to the
innate immunity of this plant.

ATGGCTCGCTCTGTGCCTTTGGTCTCAACCATCTTTGTGTTTCTTCTGCTACTGGTGGCCACTG[TAAGCC
M A RSV PLVSTIH1FVFULULULULVAT

—————————————————————————————————— intron---—-—-—————————
TTTCTCCACGCTCAATACCATCATTTTAGGGTTTTCTTTTAACATTTTCTTTTTCTCTTTTTGATTGTCAAT

—————————————————————————————————— intron—-——————————
AAGATTATTCAAGTTTGTATGTATGTATATATATGAACTAGATCGTGTTAATTACGTTGTGTTTTTGAATGA

GTTGAGCAG]GATGGGGCCAACAATGGTGGCAGAGGCAAGGACCTGTGAGTCTCAGAGCCACCGTTTCAAG
EMGPTMV AEARTTZ CESOQSHRFK

GGACCATGTGTGAGTGACACCAACTGTGCTTCTGTTTGCCGAACTGAACGTTTCAGCGGAGGACATTGCCGT
G pPCVSDTNTCASVCRTIEREFSS GG GHCR

GGCTTCCGTCGCAGATGCTTGTGCACCAAACACTGTTAA
G FRRRZCLTCTIKHTC

Figure 1. Nucleotide sequence (FJ94789 GenBank) with predicted genes/exons and putative amino acid sequences of

PDEF_VIGUN. The figure was prepared using GENSCAN.

Among the other isolated defensins in plants, Prunus
persica  (AY078426 GenBank) defensin shows the
highest similarity (77%) with the amplified sequence
PDEF_VIGUN (Figure (2)), while for the other matched
defensins from Petunia inflata (L27173 GenBank),
Castanea sativa (AF417297 GenBank) gamma-thionin,
Nelumbo nucifera (EF421192 GenBank) and Capsicuum
annum (AF442388 GenBank) defensins and Nicotiana
tabacum (AB034956 GenBank) thionin-like protein the
similarity is lower than 75%. However, these
significant alignments do not reflect the degree of
identity of the putative mature peptides, which show a
different order of identities that can reach up to 85%
(see below).

Gene structure comparison

The availability of complete eukaryote genome
sequences allows us to address fundamental
evolutionary questions about the evolution of
exon/intron gene structure. Thus, we compared the

structural organization of PDEF_VIGUN with orthologs
from other legumes as G. max, M. truncatula, L.
japonicus and to the model dicot A. thaliana.
Interesting features emerged from this analysis. First,
with the exception of A. thaliana, the intron
boundaries seem to be conserved in all compared
members from Fabaceae, suggesting that also
PDEF_VIGUN follows this trend showing a phase 1
intron rather than a phase 0 intron pointed by
GENSCAN (Figure (3)). While the intron consensus
sequences (A/C)AG|GT(A/G) at the donor splice site
and CAG|G at the acceptor splice site are conserved,
the intron length varies and the region at the intron
boundaries are likely to be hotspots for indels.
Curiously this frequently occurs in the most C-terminal
portion of the signal peptide and could contribute to
the diversity in the cleavage site thus allowing the
formation of new defensins with diversified amino
terminal portion.
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Vigna ATGGCTCGCTCTGTGCCTTTGGTCTCAACCATCTTTGTGTTTCTTCTGCTACTGGTGGCC 60
Glycine ATGTCTCGCTCCGTGCCTTTGGTTTCAACCATTTGTGTCTTGCTTCTGCTTCTGGTGGCC 60
Prunus ATGGAGCGCTCCATGCGTTTATTTTCAACTGCCTTCGTCTTCTTTCTGCTTCTGGCAGCT 60
E = E = = = E o = & = * KhAAA * *k KK E = o o e *x
Vigna ACTG-GATG---GGGCCAACAATGGTGGCAGAGGCAAGGACCTGTGAGTCTCAGAGCCAC 117
Glycine ACTGAGATGATGGGGCCAACAATGGTGGCAGAAGCAAGAACTTGTGAGTCTCAGAGCCAC 120
Prunus GCTGGGATGATGATGGGGCCAATGGTTGCTGAGGCTAGGACCTGTGAGTCTCAGAGTAAT 120
*khk KhAX * KEIEAAAKX *Kh * Kk Kk K*Kh * Kk AAAAIAAAXAAXAXAXX *
Vigna CGTTTCAAGGGACCATGTGTGAGTGACACCAACTGTGCTTCTGTTTGCCGAACTGAACGT 177
Glycine CGTTTCAAGGGGCCATGTTTGAGTGACACCAACTGTGGCTCTGTTTGCCGAACCGAACGT 180
Prunus CGGTTCAAGGGAACTTGCGTGAGTACAAGCAACTGTGCATCTGTTTGCCAAACTGAGGGC 180
*Kh KAIXAAAAKL * X% E = = = * KEAAAXAAAX KEAIAAAAXAAXAKXA *kk *%k *
Vigna TTCAGCGGAGGACATTGCCGTGGCTTCCGTCGCAGATGCTTGTGCACCAAACACTGTTAA 237
Glycine TTCACTGGAGGACACTGCCGTGGCTTCCGTCGCAGATGCTTCTGCACCAAACATTGTTAA 240
Prunus TTCCCTGGTGGCCATTGTCGTGGCTTTCGCCGCAGATGCTTTTGCACTAAACATTGTTAA 240
E = E I & S = S S k. = o S e S S S e e e e S I S S e e T S o S

Figure 2 Vigna unguiculata defensin DNA sequence compared with that of the other plant EST obtained from
databank (for a more detailed comparison with more plant species see attached materials figure X) Aligned
nucleotide sequences include Vigna unguiculata PDEF_VIGUN, Gycine max protease inhibitor (U12150 GenBank) and

Prunus persica defensin (AY078426 GenBank). Vigna/Glycine: score 91; Vigna/Prunus score 77.

* identifies conserved residues.

Amino acid sequence analysis

The deduced amino acid sequence of PDEF_VIGUN
consists on 78 residues with a putative signal sequence
of 31 amino acids at the N-terminus (Figure (3)); the
putative mature peptide was identified by homology
with the conserved cleavage site present in known
defensin sequences and using SignalP software [19].
We then compared PDEF_VIGUN with other V.
unguiculata defensins already described in the
literature. Cp_thionin I and Il [14, 15] show 68% and
37% similarity with the deduced PDEF_VIGUN, while
for VuD1 (Pelegrini 2008) only 27% similarity was
found. The presence of a new defensin in V.
unguiculata  confirms how multiple peptides
contribute to the innate immunity of this plant, as it
occurs in Oryza sativa and Zea mays.

Although in databases Fabaceae defensins are
present, blasting the PDEF_VIGUN amino acid
sequence against plant sequences returned
homologies higher than 75% emerged only with
defensins (formerly known as y-thionins) isolated from
plant species belonging to families other than
Fabaceae (see Figure (4A)), for example H. annuus
(sunflower, Asteraceae) y-thionin precursor (P82659
GenBank), P. persica (peach, Rosaceae) (Q84UH1
UniProt),  Solanum  pimpinellifolium  and .
lycopersicum (tomato, Solanaceae) defensin (e.g.
Q9XG53 UniProt) and Nicotiana tabacum (tobacco,
Solanaceae) thionin-like protein (Q9MB66 UniProt). It
seems strange that except for the G. max (Q39807
UniProt) protease inhibitor with 91% similarity
PDEF_VIGUN, other plants that share with V.

unguiculata the same family and tribe, Fabaceae and
Phaseoleae respectively, only show an identity lower
than 75% with peptides identified as a defensin in
Phaseolus vulgaris y-thionin (kidney bean, A0JIX6
UniProt) and as kunits trypsin inhibitor protein in P.
coccineus (scarlet runner bean, Q9FUP3 UniProt) and
not in other bean species.

The similarity to peptides that belong to classes
alternatively defined as defensins or protease
inhibitors suggests that these plant peptides are likely
characterized by a multifunctional activity and could
act either in defence from microbes or from insects,
and/or be involved in activation of other stress-
responsive mechanisms.

Likewise, PDEF_VIGUN presents amino acids
characteristic in plant defensins (see Figure (3)),
namely a serine residue at position 7, an aromatic
residue at position 10, two glycines at position 12 and
32, a glutamic acid at position 27 as well as the 8
cysteines residues that give the typical disulphuric
bonds pattern [20]. Curiously, all the abovementioned
defensins/protease inhibitor sequences show a
conserved phenylalanine residue at position 42,
whereas in PDEF_VIGUN this is replaced by leucine. It
is notewothy that a large variation in plant defensins
primary sequences is evident (apart from the cysteine
residues) when comparing PDEF_VIGUN with other
plant defensin sequences (Fig. 3). Despite this high
variability they all share the three dimensional
structures as it is described below.
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o -

: i i m [ 1
MSRSVPLVSTIFVLLLLLVATEM MGPTmEAlR'I'CESQSHRlFKGP.CLSDTNOGSVERT-ERFTGGP‘GRGE‘RRRCFC}TKH:C
MARSVPLVSTIFVFLLLLVATEM -GPTMVAEARTCESQSHRFKGPCVSDTNCASVCRT-ERFSGGHCRGFRRRCLCTKHC
MARSVSFVSTIFVFLLLLLATEM -GPRMVAEARTCESQSHRFKGECVSDTNCASVCRT-ERFSGGHCRGFRRRCFCTKHC
MARSVPLVSTIFVFLLLLVAT-- -GPSMVAEARTCESQSHKFKGPCASDHNCASVCQT-ERFSGGHCRGFRRRCFCTTHC
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MEKKT-LC--FFFLLLEVLASDV --AVKTAEARVCETKSHTFHHSCVSGHNCAQVCKT-EGFTGGKCRGFRRRCFCTKRC
MEKKS-IAGLCFLFLVLFVAQEV ---VVQSEARTCENLVDTYRGECFTTGSCDDHCKNKEHLLSGRCR-DDVRCHCTRNG
MEKKS-IAGLCFLFLVLEVAQEV ---VVQSEAKTCENLVDTYRGECFTTGSCDDHCKNKEHLLSGRCR-DDVRCWCTRNC
MEKKS-LAGLCFLFLVLFVAQEV ---MVQTEAKTCENLANTYRGECFTTGSCDDHCKNKEHLRSGRCR-DDFRCWCTRNG

kko [k * . [, * o kalkx Ak k|

.l.‘ .i.. [*: . LR ] ] .l

___________ Mature peptide— — — - — — — -/

Figure 3. Plant defensin gene structure after heterologous comparison. The intron boundaries are conserved in all
compared members from Fabaceae, with the exception of A. thaliana. Black boxes indicate exon while grey boxes the
introns. The nucleotide length of the DNA stretch is reported below the boxes. CDS: translated coding sequence;
Arath: Arabidopsis thaliana; Glyma: Glycine max; Medtr: Medicago truncatula; Lotja: Lotus japonicus; Vigun: Vigna
unguiculata. Phavu: Phaseolus vulgaris (TC147). PTR: Protein added to the alignment; Vigra: Vigna radiata
(CAA34760), Vigun2: Vigna unguiculata (P18646); Vigra2: Vigna radiata (BAB82453). Disulphuric bonds are
highlighted: Cys3-Cys47; Cys14-Cys43; Cys20-Cys41; Cys24-Cys34).

Protein structure prediction

Blasting the PDEF_VIGUN sequence against the PDB
database reveals the sequence of Hordeum vulgare
defensins (gamma-hordothionin) as having the closest
identity (53%, see Figure (4A)). The sequence identity,
as well as other primary structural features, suggests
that its structure (1GTP) is representative of the
PDEF_VIGUN tertiary structure. The peptide’s
topology, as well as a schematic representation of the
structure are shown in Figure (4B) and (4C). An
analysis of this structure and the predicted
PDEF_VIGUN structure (derived by a direct residue
substitution), is revealing. Conservation of residues
Ser; and Glu,; are explained by the fact that although
polar, they are both buried and form a network of H-

bonds that likely has an essential role in stabilising the
defensin scaffold. The conserved aromatic residues at
positions 10 and 29 and the conserved valine at
position 23 contribute to the core of the molecule.
Gly;, seems at a key position in a loop connecting the
first strand with the helix (see Figure (4C)) and its main
chain amide and carboxyl form a network of H-bonds
with other conserved residues, Phe;g and Arggo. Glys; is
in a highly hindered position where strand 2 passes
directly over the helix. Apart from this, other
conserved residues in PDEF-VIGUN may have
important structural roles. Asn,,, for example, is
involved in a network of H-bonds that may indicate it
acts as a helix-stabilising cap, also involving Sers.
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Leu,,, that replaces Phe,, present in all the other arrangement of the basic residues that are clustered

closely related sequences, would not seem to be at the base and at the top of the structure, as
placed in the molecules core, but rather project from indicated in Figure (4C), mostly in the loop regions
the B-sheet platform (on the rear of Figure (4C)). connecting the B-strands and B-helix.

PDEF_VIGUN is quite cationic, with a winged
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Bl R SR [ S et eeY PR

+- ++ O- OO+-+0 +0O+++0O + UNIPROT %ldent q
cowpea RT ESQ HR K P VSDTN ASV RT RFSG H RGFRRR L TKH 7
soybean RT ESQ HR K P LSDTN GSV RT RFTG H RGFRRR F TKH Q39807 91 7
tomato RT ESQ HR K P VSEKN ASV ET GFSG D RGFRRR F TRP Q9XG53 85 5
sweet chestnut RT ESQ HR K P VRKSN ASV QT GFHG Q RGFRRR F TKH Q945D8 82 8
peach RT ESQ NR K T VSTSN ASV QT GFPG H RGFRRR F TKH Q84UH1 82 6
sunflower RT ESQ HK K T LSDTN ANV HS RFSG K RGFRRR F TTH P82659 80 7
tabacco RT ESQ HR K P SRDSN ATV LT GFSG D RGFRRR F TRP Q9MB66 79 5
bell pepper RT ESQ HR K L FSKSN GSV HT GFNG H RGFRRR F TRH 065740 78 8
grape vine RT ESQ HR K T VRQSN AAV QT GFHG N RGFRRR F TKH A7QBX4 78 7
lotus RT ESQ HR K A LSDTN ASV QT GFPA D KGARRR F VKP A3FPF2 74 5
petunia RT ESQ HR H T VRESN ASV QT GFIG N RAFRRR F TRN Q40901 72 5

RV ESQ HG K A TGDHN ALV RN GFSG N RGFRRR F TKI
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Figure 4. Amino acid sequence and putative structure analysis A) Amino acid sequence alignment of PDEF_VIGUN with closely related
sequences from other plants. Plants are identified by common names, but the UniProt accession codes are provided. The degree of
identity with PDEF_VIGUN and net charge are also shown. Highly conserved residues are shaded grey, strictly conserved residues are
shaded black. The presence of conserved positively charged positions, negatively charged positions and hydrophobic residues positions
are indicated by +, -, and O respectively. The sequence for bell pepper (C. annuum) defensin, the closest peptide for which a structure
(1GPT) has been determined, is shown separately below. Buried (b) and exposed (e) residues resulted from visual analysis of each
residue in the barley structure, as did the topological diagram (B). C) Schematic cartoon of the putative PDEF_VIGUN structure, based
on that of bell pepper defensin (1GPT). The putative position of highly conserved residues in this schematic representation is
approximately indicated. The dotted lines indicate areas where cationic residues would be concentrated.
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RT-QPCR

PDEF_VIGUN expression and its response to biotic
stimuli were tested by RT_QPCR. RNA samples were
extracted from 30-days old plants BRIT63 (a unique
CPSMV resistant genotype) inoculated with CPSMV,
while BRIT63 and the CPSMV-susceptible parental
cultivar (IT85F non infected nor mechanically injured)
were used as negative controls. RT-qPCR data
obtained after CPSMV inoculation suggest that
defensin gene expression is responsive to biotic
stimuli and wounding stress (Figure (5)). Although the

average Ct value did not present marked changes, the
exponential nature of the amplification may indicate
a significant variation in transcription intensity. In
time-course samples, defensin expression was
observed to occur rapidly and to be strongly induced
by CPSMV infection, already during the first 30 min
after inoculation. An increasing responsiveness is
observed for a further 30 min before expression
starts to decrease from around 1.5 hours after
inoculation, to a level which is maintained for the
next several hours.

A 1095 |
107
E 107
e
E
S P ~<—BRIT63-0h
BRIT63-1h—=
| Threshold| BRIT63-0,5h—=*/ /!
25 i
107" 4
IT85F-2687 —=/| . BRIT63-1,5h
3 il | <=—BRIT63-16h
10 t 1 1 Y
25 a0 3a 40
Cy-:le
Harvest time after Exoression
B Sample virus in(c:‘c)ulation Average Ct [(2"-2t)*(10’\9)]
IT85F-2687 o* 29.63 1.204
BRIT63 0* 30.17 0.828
0.5 28.61 2.441
1.0 28.07 3.549
1.5 29.90 0.998
16.0 29.56 1.263

Figure 5. A) Plant defensin expression in Vigna unguiculata after wounding and CPSMV inoculation. BRIT63 is a
unique CPSMV (cowpea severe mosaic virus) resistant genotype derived from a breeding cross (BR14-Mulato x IT85F-
2687), while IT85F is the CPSMV-susceptible parental cultivar sample. Negative controls consisted in one BRIT63 and
one IT85F sample both not harvested with CPSMV. Threshold Cycle (Ct) values inversely correlate with the quantity of
mRNA expression, B-defensin expression, after inoculation, appears to be fast and strongly during the first 30 min
after inoculation (BRIT63-0,5h) and response increase for the following 30 min (BRIT63-1h). B) In the table, results for
Vigna RT-gPCR for defensin transcript detection, after CPSMV inoculation are reported.

A similar pattern was observed regarding the
transcription profile of a pepper defensin (CADEF1)
with increased expression already 30 min after
wounding stress with needles while the same gene
was strongly expressed 2 h after X. campestris pv.
vesicatoria infection in an incompatible interaction
[21]. Such a picture points to a regulation model for

this V. unguiculata defensin gene expression that
might be considered as early responsive to wounding
and biotic (viral) stress. In addition, PDEF_VIGUN may
perform direct roles as virus antagonist molecules,
since some plant defensins (y-thionins) have
presented a very large spectrum of action against
diverse plant parasitic bacterial genera through
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impairing cell growth [15]. Noteworthy, legume
defensins have already been described as harbouring
effective antiproliferative and anti-HIV-1 reverse
transcriptase activities in mammal pathosystems [22].
Indeed, PDEF_VIGUN may be part of a plant defense
mechanisms acting as one of the initial responses,
necessary to activate, or allow time for activation of
secondary and/or late defense-related metabolic and
physiological responses more directly associated to
resistant phenotype.

In conclusion we have isolated from V. unguiculata a
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Abstract

The expressive amount of nucleotide sequences from diverse plant species in databanks enables the
use of computational approaches to discovery still unidentified genes and to infer about their
function, structure and role in some biological processes. Of special interest are the antimicrobial
peptides (AMP), whose functionalities have a very important role in defense against microbial
infection in multicellular eukaryotes, being considered less susceptible to bacterial resistance than
traditional antibiotics, with potential to develop a new class of therapeutic agents. Recent
computational developments have provided various algorithms and resources to profit from the
overwhelming information in data banks for biomining such peptides. This review focuses on the
computational and bioinformatic approaches so far used for the identification of antimicrobial
peptides in plant systems, highlighting alternative means of mining the entire plant peptide space

that has recently become available.

Keywords: antimicrobial peptides, bioinformatics, computational modeling, databases.
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Introduction

Despite of the intense exposure of plants to microorganisms present in the environment, the
occurrence of infectious processes is quite uncommon, especially in native plants, due to the
development of defense mechanisms during plant-microorganism co-evolution. The production of
antimicrobial peptides (AMP) is a common strategy applied by many organism classes as a first
defense response. AMP constitutes a main component of animal innate immunity, being an
ancestral defense mechanism in all living groups including prokaryotes [1], arthropods [2], fungi
[3], animals [4] and plants [5]. In such groups AMP may be expressed constitutively or in response
to wounding and microbial invasion, composing pre- or post-established defense barriers [1-5].
Recent bioinformatic analysis in plants revealed an unexpected abundance of coding genes for such
peptides, representing a dynamic and diversified defense arsenal against pathogenic invaders [6-10].
The present review summarizes the computational methods adopted for the identification of
antimicrobial peptides discussing their diversity considering available information in data banks and

also their potential for future biotechnological uses.

Biomining of Antimicrobial peptides

Until recently, the majority of antimicrobial peptides have been determined by proteomic
inferences, after purification from plant extracts with posterior cloning and evaluation of their
respective genes [11]. Meanwhile, the growing availability of plant complete sequenced genomes,
as well as expressed sequence tags (ESTs), is changing this scenario, especially considering the
computational resources for gene comparison and recognition of specific domains and signatures.
The amount of plant ESTs available allows the use of computational methods for the identification
of new genes in specific taxa or in association with given tissues or processes in plants.

Due to its importance, the plant-microbe interaction is among the most studied processes, with
legumes figuring as model systems for genomic evaluations in order to understand the symbiotic

associations within this group, but also for understanding the mechanisms of innate defense in
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higher plants. Considering these goals, Fedorova et al. [7], using the Boolean formalism, identified
340 genes putatively specific for legume root nodules. Surprisingly 114 of the identified genes
coded for small Cys Cluster Proteins (CCP) bearing cleavable signal peptides. Additionally
Mergaert et al. [8] identified a considerable number of CCPs (more than 300 Nodule specific Cys-
rich Proteins - NCR) by searching the MtGI (Medicago truncatula Gene Index) database using
BLAST and 19 seed sequences from related plant families.

Similarly, Graham et al. [9] used BLAST tools to compare unigene sets from legumes to non-
legumes unigene sets and to genomic sequences from rice (Oryza sativa), Arabidopsis thaliana and
the non-redundant EST database from GenBank. Afterwards the authors grouped the putative
legume specific genes in their respective families and evaluated the putative protein motifs for each
family, when comparing with a protein database, allowing predictions regarding their function. This
procedure allowed for the identification of proline- and cysteine-rich proteins, known respectively
as Pro-rich Proteins (PRP) and Cys-rich Proteins (CRP). From these, 300 CRP were exclusively
expressed in root nodules and seeds, with similarity to known defensins, some of them regarding
unknown open reading frames in the A. thaliana genome. Despite having other goals, the described
approach revealed the high number and diversity that apparently is characteristic of leguminous
AMPs, especially regarding root nodules. This feature suggests the development of secondary
defense systems for this group by recruiting genes from the primary defense system to avoid the
invasion by other microorganisms present in the soil while the symbiotic specific association with
Rhizobium bacteria is promoted [7-9].

After the identification of the nodule-specific defensins by Graham et al. [9], Silverstein et al.
[10,11] observed that plant genomes present an unexpected abundance of putative cysteine-rich
AMPs with an astonishing potential for functional adaptation. Using an approach based on Hidden
Markov Models (HMM) and BLAST searches, Silverstein et al. [11] identified CRP classes bearing
a signal peptide as known for defensins, thionins, lipid transfer proteins and Rapid Alkanization

Factors (RALF), as well as hypothetical coding CRP genes with cysteine signatures not previously
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identified in purified proteins. The strategy used by these authors allowed the identification of
12,824 distinct CRP sequences in 33 plant species, supporting previous evidences regarding their
massive diversity in the plant kingdom.

These initial studies were valuable for the demonstration of the abundance and diversity of
antimicrobial peptides in plants. However, the strategies adopted by the authors do not favor the
identification of new peptides in which the genealogical relationships are not evident by the given

sequence signatures.

Web resources and repositories

Given the importance of antimicrobial peptides, beyond knowing their amino acid sequences, it is
very important to understand their structure, topology and function that together allow a better
understanding of their effective action against pathogens, including some bacteria resistant to
conventional antibiotics, important for the development of new antimicrobial drugs.

Actually, data regarding AMPs may be accessed in different web repositories (Table 1). These
databases are the result of many efforts to collect, process and store such sequences together with
some tools for their comparative evaluation. Each of the referred databases was developed with a
specific purpose and regarding a given data set, grouping AMP molecules from a diversity of
organisms, including pro- and eukaryotes.

For example, the AMSDDb database is the oldest database online and contains several plant AMPs.
This database allows search by keyword as well by some features like organism of source,
expression profile and activity, among others [12]. The ANTIMIC database includes 1,700 known
putative antimicrobial peptides, also integrating tools to facilitate an efficient data extraction and
analysis at molecular level as well as to search new AMPs [13]. Similarly, Seebah et al. [14]
provided a curated sequence database and information source regarding the defensin AMPs.
Another resource, the CyBASE, was developed by Wang et al. [15] as a base for AMP bearing

circularized scaffolds, including search tools and interfaces for exposition of sequence structure and
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function. Additionally, Fjell et al. [16] developed the AMPer database using HMM applied to
public available AMP sequences. This data bank allows the recognition of individual AMP classes,
as defensins, catelecidins and cecropins with a precision of > 99 %, constituting an excellent
discovery tool for the identification of specific AMP members.

Wang et al. [17] developed a database dedicated to AMP from all life forms, from bacteria to plants
and animals, including humans. Recently this database was updated being designated as APD2
(Antimicrobial Peptides Database) [18], a resource that provides statistical data for peptides present
in data banks, as well as tools for evaluation of the structure/function relationship regarding AMP.
Finally the PhytAMP database is the only one exclusively dedicated to plants [19], presenting
valuable information regarding plant antimicrobial peptides and including taxonomic and
microbiological information, besides the availability of tools for inferences regarding sequence
structure and function. This database includes 271 sequences, a number that is vastly
underestimated and that reflects the lack of extensive evaluations in plants, not a deficiency in the

amount of available plant AMPs.
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Table 1: Main web based repositories including plant antimicrobial peptides.

Database Description Web site Reference
AMSDb Animal and plant oriented http://www.bbcm.units.it/~tossi/amsdb.html ~ Antcheva et
antimicrobial database al. [12]

containing sequence and
annotation information
concerning accepted
structure-based

classification.

AMPer A database of Hidden http://marray.cmdr.ubc.ca/cgi-bin/amp.pl Fjell et al.
Markov Model designed for [16]
various AMP classes.

ANTIMIC A database of antimicrobial http://research.i2r. a- Brahmachary
sequences with facility tools star.edu.sg/Templar/DB/ANTIMIC/ et al.
for data extraction. (Discotinued) [13]

APD A database of antimicrobial http://aps.unmc.edu/AP/main.html Wang and
peptide of diverse origin. Wang [17];

Wang et al.
[18]

CyBase A database of cyclic protein http://research1t.imb.uq.edu.au/cybase Wang et al.
sequences and structures, [15]
with applications in protein
discovery and engineering.

Defensins A manually curated http://defensins.bii.a-star.edu.sg/ Seebah et al.

knowledgebase  database and information [14]
source on the defensin
family of antimicrobial
peptides.

PhytAMP A database dedicated to http://phytamp.pfba-lab-tun.org Hammami et
antimicrobial peptides in al. [19]
plants.

Computational modeling of antimicrobial peptides

The growing interest on AMP molecules is justified by their important role in the defense
mechanisms of all living organisms. To date, about 2,000 AMP sequences have been identified in
the main specific databases (ANTIMIC, APD2 and PhytAMP), from which 271 regard plant AMPs
[13,18,19]. Among peptide analysis available in data banks, Nagarajan et al. [20] identified an
indexing method based on Fourier transformation, using biologically distinctive features of known
antimicrobial peptides. The developed algorithm was used to randomly scan 10,000 proteins of
small size (16 amino-acids), obtaining three positive results with high probability of antimicrobial

activity as predicted by the APD database.
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Observing the modular pattern frequently seen in natural AMPs Loose et al. [21] proposed the
existence of an AMP specific pattern or “language” that putatively could shelter given
“grammatical rules” traceable in their nucleotides or amino-acid sequences. In biochemical terms,
the sentences would be analog to peptides while the words in a sentence would be analog to the
amino acids of a given peptide. The authors found the searched group of grammatical rules (or
patterns) to describe AMPs using the Teiresias pattern discovery tool, identifying 684 grammatical
patterns in 526 well characterized eukaryotic AMP sequences available in the databases. This
approach allowed the development of 700 grammatical models with 20 amino acids in size
(considered to be the medium size of AMP in data banks), named unnatural AMPs, comparing them
with the data bank of natural AMP sequences. From this set, all 20-mers that had six or more
amino-acids in a row in common with a naturally occurring AMPs were selected and compared to
the remaining sequences on the basis of similarity, allowing the selection of 42 sequences to
synthesize and assay for antimicrobial activity. The tested peptides were able to inhibit bacterial
growth with a minimum concentration of 256 pg.mL "', confirming the successful application of this
approach for the recognition and development of small artificial AMPs, without tertiary and
quaternary complex structures.

In a later work based on the APD database, Lata et al. [22] analyzed 476 antibacterial peptides,
observing that in AMPs some amino-acids were preferred to the detriment of others. The group
used Artificial Neural Network (ANN), Quantitative Matrix (QM) and Support Vector Machine
(SVM) algorithms to predict AMPs with high accuracy, allowing the development of models based
only on 15 residues of the N- and C-terminal sites, considering that bactericidal AMPs normally
bear only 20-30 amino-acid residues. By using the described approach, they obtained impressive
performance for the three modules based on QM, ANN and SVM, with the SVM approach
presenting the best results. However, the results are not representative for plants, since the majority

of the available antibacterial AMP sequences are from non plant sources.
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Conclusions

The recognition and characterization of plant AMPs is still in its infancy. Besides plant specific
approaches, the evaluation of public databanks have the potential to reveal an amazing diversity and
abundance of such sequences in plants. Considering the up to date status, one may recommend that
data mining groups should focus on procedures to aid the identification of coding genes for small
proteins.

Bioinformatic strategies have been very effective in the recognition of well known AMPs with
given features derived from their common ancestry. On the other hand, unknown, not previously
described peptides remain undetected by the available search methods. An alternative to solve this
problem would be the unraveling of given features of biologically distinct plant antimicrobial
peptides, developing algorithms able to recognize these features. Meanwhile, an effort to collect,
process, store and validate AMP specific information, carried out by our group* [23] shall help the
construction of a large panel of features able to allow the recognition of still non described AMP

specific patterns.
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Abstract

EST (Expressed Sequence Tags) databases are increasing in number and size, especially regarding
cultivated plants. Sugarcane is one of the most important tropical and subtropical crops, presenting
a complex polyploid genome of hybrid origin, bearing a challenge for the understanding of genetic
processes in higher plants. In the present work a general search was carried out on the largest
Sugarcane EST Database (SUCEST) that includes 237,954 ESTs aiming to identify defensin
antimicrobial peptides — a class of small, basic, cysteine-rich peptides distributed throughout the
kingdoms. Using a computational approach 17 new defensin isoforms could be identified. Main
steps for the search, characterization and evaluation of the defensin expression profile are presented.
Prevalent expression tissues were leaf roll, lateral bark, root apex, base of inflorescence, developing
seed, and calli. Bioinformatics and phylogenetic analysis of the primary structure of the sugarcane
defensin candidates as well as the 3D structures obtained by comparative modeling support their

role as antimicrobials.

Keywords: data mining, EST-database, comparative modeling, defense system, crop evolution,

drug discovery.
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Plant EST databases

Expressed sequences as ESTs and SuperSage tags, represent stretches of the expressed genome
portions, allowing the potential identification of genes encoding proteins, natural antisense
transcripts [1-6], miRNA, transacting siRNA precursors [7, 8, 9], and noncoding RNA [10]. EST
projects to acquire information about the transcriptome have been carried out for hundreds of
organisms including plants and animals. Currently, more than 63 million ESTs are available
through the dbEST entry of GenBank (http://www.ncbi.nlm.nih.gov/dbEST/dbEST sumary.html).
However, only 32% of dbEST release corresponds to plant sequences as of November 03, 2009.
The large volume of short lengths and the lack of functional annotation are common obstacles to the
use of EST sequence for gene modeling and structure identification. Despite of their fragmentary
and inaccurate nature, ESTs were proved to be an effective technique for the discovery of new
genes, particularly those involved in given biological processes like plant disease [11].

Several groups succeeded to assemble and annotate ESTs and ¢cDNAs from plants, in order to
reduce the redundancy and to potentiate sequence information regarding the transcripts. Each of
these groups used a specific approach to select the plant species and the types of sequences to be
clustered and included in the database. The first effort to offer the scientific community with such a
database was the Unigene project from NCBI (http://www.ncbi.nlm.nih.gov/sites/entrez?db
=unigene) that nowadays contains unique transcription loci for 36 plant species [12]. More recently,
two databases exclusively dedicated to plant EST assembly have been launched: the PlantGDB and
the plant Transcript Assembly (TA). The PlantGDB provides annotated transcript assembly for 202
plant species including more than 10,000 published ESTs available in GenBank and Uniprot
(http://www.plantgdb.org/). Every four months, the PUT (PlantGDB-generated Unique Transcript)
data are refreshed, aligned to Uniprot entries and the best match along with the associated Gene
Ontology (GO) term are stored [13]. Finally, the Institute for genomic research generates plant
Transcript Assembly (TA) for all species that have more than 1,000 publicly available ESTs and

cDNA sequences in GenBank (http://plantta.tigr.org). The PlantTA database is the most
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comprehensive assembly database known to date, including 252 plant species, being updated every

three months [14].

Sugarcane’s genome

A useful aspect of ESTs is in accessing genetic information of species with complex genomes,
whose access is difficult using conventional genetics. This is the case of sugarcane, an important
crop that is cultivated in the tropics and subtropics due to its unique stalk with high sucrose
accumulation. Modern sugarcane cultivars are hybrids derived from the crossing of Saccharum
officinarum, usually having 2n = 80 chromosomes and Saccharum spontaneum, 2n = 40 - 128
chromosomes. Both species are polyploid with genomes that are multiple of 2n = 10 and 2n = 8
chromosomes, respectively [15].

The chromosome number can vary among commercial cultivars. Due to structural differences
between chromosomes of the two species, the hybrids possess different proportions of
chromosomes, varying chromosome sets and complex recombination events. The hybrids are highly
polyploid, aneuploid and on average contain 100—120 chromosomes with an estimated somatic cell
size of 10,000 Mbp [16]. The basic genome size ranges from 760 to 926 Mbp, which is twice the
size of the rice genome (389 Mbp) and similar to sorghum’s genome (760 Mbp) [17]. Because of
this complexity, the sugarcane genome has received in the past relatively little attention and
investments from plant scientists in the development of biotechnology and genetic tools for this
crop. Nonetheless, molecular cytogenetic approaches and the use of molecular markers have led to

significant advances in establishing the origin and genomic structure of sugarcane [15].

The SUCEST databank
Accordingly to the aforementioned, large EST collections have become available to explore the
large allopolyploid sugarcane genome and consequently renewed the interest in sugarcane genetics

[15, 18, 19], unrevealing the way for the discovery and identification of new genes that is essential
102



for breeding programs, either for transgenic plant development or for marker-assisted breeding. The
Sugarcane EST project (SUCEST — http://sucest.lad.ic.unicamp.br/en/) generated 237,954 ESTs,
which were assembled into 43,141 putative unique sugarcane transcripts from all major organs,
harvested at several developmental stages [20]. To our knowledge this is one of the most gene rich
databases representing a variety of tissues that were sampled from different cultivars, enabling
transcript information accession of genes expressed in many biological sources, while the majority
of plant EST projects have emphasized contrasting situations and have sampled either whole plant
or certain tissues under stress conditions. The SUCEST databank is thus an excellent model for

analyzing differential gene expression.

Plant defensins — old actors in the new era of biotechnology

All life forms have to defend themselves against microbial invaders - bacteria, fungi and viruses -
and to do this they produce antimicrobial peptides such as defensins. Some defensin known to date
possess as much power as penicillin as well as vancomycin [21]. It is believed that new defensins
are even more potent and target certain microorganims more specifically than these antibiotics,
including strains that are now resistant to conventional antibiotics. The discovery of novel
candidates among such peptides has implications for the development of defensins as a treatment
against many deadly infections, and may commence a new era of antibiotic discovery and
development, a field that has not changed much since the discovery of penicillin by Alexander
Fleming in 1929.

The finding that defensins are present in all plant species so far investigated and the existence of
about 60.000 species of higher plants in Brazil [22] unravel a new horizon for exploring novel
antimicrobial peptides. This is important either because increasing bacterial resistance to
conventional antibiotics threatens the future of many antibiotics in current use or the recurrent

application of pesticides in agriculture represents risks for environment and human health.
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EST-based discovery of plant defensin — Bioinformatic steps and analyses

Small genes are generally difficult to predict by ab initio approaches. Moreover, plant sequence
annotation programs have adopted cut off values that leave undetected potential small genes. Aside
of being codified by small genomic regions, defensins are highly divergent in primary structures
making them difficult to find by simple blast searches based on sequence similarity. Despite this
diversity in amino acid sequences, bioinformatic analyses showed that defensins share common 3D
structures, due to their stabilization by key amino acids with constrained mutation rates [23]. The
observation of such key sites has led to the design of sequence motifs believed to correlate with the
antimicrobial function of this peptide family, and thus useful for structure-based identification of
such a divergent gene family. The development of bioinformatic tools for predicting patterns in
biological sequences has now enabled the establishment of a routine to mine in plant EST databases
for new defensins to posterior testing of their antimicrobial activity. This task encounters the recent
needs of clean and efficient alternatives for pharmaceutical and agrobiotechnological applications.
Using PCR amplification, a putative sugarcane defensin (SODEF, Saccharum officinarum defensin
- acc: ACB20518) has been previously reported by our laboratories [24]. The sequence amplified
carried two exons and one intron that putatively encode a 30-amino acid long signal peptide
coupled with a sequence displaying the eight-cysteine residue conservation, characteristic of mature
defensins. Starting from this sequence as template for motif-based search, 17 defensin-like
sequences were identified in several tissues of sugarcane. Fig. (1) shows the basic components of
the routine used to identify defensin-like sequences in EST databases. Functional assignment is
accomplished through an elaborate annotation procedure that consists of a central strategy plus

expression profiling, phylogeny analyses and comparative modeling.
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Figure 1 . Schematic representation of the routine application. Annotation is accomplished through
a central strategy plus differential expression profiling, phylogeny analyses and comparative modeling.

20x corresponds to the number of interactions with the psiBLAST tool.
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Motif Searching

The pro-peptide of SODEF was used as seed sequence in a psiBlast (Position specific iterative
BLAST) search with 20 interactions on the NCBI non-redundant protein database, allowing for the
identification of 229 distant related sequences for motif building [25]. The retrieved sequences were
aligned to each other with ClustalW [26], without the signal peptide because they were too
divergent to be used for motif design. Using the resulting alignment, a motif was built in the
hmmbuild program, based on the statistical model hidden Markov model (HMM), and subsequently
used with the program hmmsearch to screen the SUCEST database translated in all Six Frames
Translation of Sequence [27]. This search retrieved 22 candidate sequences, five of which (~22%)

were considered false positive because they lacked some key amino acids.

Sequence Annotation

The remaining candidate defensins obtained (SODEFO01 to SODEF17) were scrutinized to work out
traces normally present in plant defensins. Further, the NCBI non-redundant protein and nucleotide
databases were searched for similar sequences using Blastx and Blastn [28]. Based on the frame
indicated in this step, the candidate nucleotide sequences were translated to amino acids using
ORFfinder. These proceedings showed that the sugarcane sequences have a significant similarity
with other plant defensins available in these databases.

Then, the isoelectric point and the molecular weight of the putative proteins were calculated with
the program Jvirgel [29]. The proteins were predicted by Jvirgel to be highly basic and small with
molecular weight ranging from 5.41 kDa to 8.6 kDa. The signal peptide was identified in the
polypeptides with the program Philius that also predicted the overall topology of the proteins
(comparative modeling section) [30]. All translated sequences presented the signal peptide, but its
length varied among sequences Fig. (2). Subsequently, the translated proteins were submitted to
rpsBlast (reverse specific position BLAST) to evaluate the conserved y-thionin domain. All putative

sugarcane defensins but the SODEF10 sequence presented the characteristic y-thionin domain for
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plant defensins. Moreover, the y-core motif (common to all antimicrobial peptides) could be

identified in all candidate sequences using multiple alignment as was also the Csaff motif Fig. (2).
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* ook ok *|- * * * | %
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Figure 2. Comparison of amino acid sequences of sugarcane defensin-like. Evolutionary relationship is depicted left.
Plant defensin hallmarks are highlighted below in the primary sequence. Linked bars are disulfide bonds: Cys1-CysS;
Cys2-Cys5; Cys3-Cys6; Cys4-Cys7. The expression profile is represented right: LR=Leaf roll; LB=Lateral Bark;
RT=Root apex; FL=base of inflorescence; SD=Developing seed; CL=Calli.Dark red and light red correspond to higher

and lower expression.
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Differential Expression Profiling
The expression profile of the sugarcane defensin-like sequences was delineated with a hierarchical
clustering approach applied to normalized data and observed in the TreeView program [31]. The

expressed sequences displayed tissue-specific expression patterns, mostly in reproductive tissues

Fig. (2).

Phylogeny Analysis

The evolutionary history of the defensin candidates was reconstructed with the program MEGA4 at
the nucleotide level as well as at the protein level [32]. The dendrogram generated at protein level
showed at least five clades including sugarcane defensins with high degree of identity among the
member of each group Fig. (2). This grouping could also be observed at nucleotide level but with
higher diversity at the UTR regions among sequences. Additionally, a phylogenetic inference was
carried out with related amino acid sequences, including the sequence of the 3D templates, in order
to deduce function relatedness clustering - the signal peptide was again removed in this step due to
its exclusion of the mature peptide. The generated dendrogram with related proteins from diverse
organisms split the candidates defensin up into two major groups but six internal groups were still

delineated Fig. (3).
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Figure 3 - Evolutionary reconstruction with Maximum Parsimony
inference. SODEF01-17 (Sugarcane candidate defensin 1 to 17); ZMDEF1-4
(Zea mays defensin 1 to 4); VVDEF (Vitis vinifera defensin); 1GPS (y-1-P
thionin: Triticum aestivum); 1GPT (y-1-P thionin: Hordeum vulgare); 1JKZ
(Defensin: Pisum sativum); 2GL1 (Defensin: Vigna radiata); 1TI5 (Defensin:
Vigna radiata); IMR4 (Defensin: Nicotiana alata); 1N4N (Defensin: Petunia
x hybrida). Square places the NMR structures used in the comparative
modeling step. Numbers at the base of each clade correspond to bootstrap
means at 1000 replications.
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Comparative Modeling

The disulfide bonds that are known to stabilize the 3D structure of plant defensins were predicted
with disulfind [33]. The typical four disulfide bonds were predicted to be formed among the eight
canonical cysteines in all probable sugarcane defensins, except in the SODEF10 where the first
cysteine involved in the formation of the fourth disulfide bridge was replaced by a serine Fig. (2).
To detect best PDB templates and construct the structural models of the probable defensins, we
submitted their amino acid sequences to the MHOLIline workflow (www.mholline.Incc.br). The
structures used as templates were defensins from Triticum turgidum (PDB1GPS), Hordeum vulgare
(PDBIGPT) and Nicotiana tabacum (PDBIMR4) with growth inhibition activity toward fungal
pathogens. Using MHOLIline workflow the best templates found were PDB1GPS for sequences
SODEF01-04 and SODEF06-07, PDBIGPT for sequences SODEF(05 and SODEFO08-12, and
PDB1GPS+PDBIMR4 for SODEF17. The sequences SODEF05, SODEF13-16 and SODEF17
were not automatically modeled by MHOLline, thus they had their 3D structures constructed
manually, via Modeller program [34, 35], using the best templates suggested by the MHOLIline
analysis, visualized and aligned by VMD [36].

The quality of 3D protein models were analyzed using Procheck [37], Molprobity [38] and QMEAN
[39] programs. The modeled structures comprised a cysteine-stabilized aff motif made up of one a-
helix and a triple-stranded B-sheet, organized in Bapp architecture Fig. (4). The analysis performed
by Procheck, Molprobity and QMEAN programs indicated that the obtained structural models have
a good level of quality. The multiple sequence alignment Fig. (2) done with ClustalW and the
structural alignments performed by VMD program Fig. (4), supported the presence of six distinct
groups of probable defensins, with internal identities ranging from 95% to 100%. Fig. (4) shows the
first 6 and final 14 amino acids of SODEF17 sequence that could not be modeled comparatively,
due to template absence, but the final 14 residues probably constituted a pro-domain already

observed in some floral defensins and thus is likely to be removed from the mature peptide.
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(c)

N-terminus
‘.-"'

Figure 4. Structural alignment of the comparative modeled sequences of Sugarcane candidate defensins. (a) SODEFO0I in yellow and
SODEF04 in blue. (b) SODEFO0S in green. (¢) SODEF06 in green. (d) SODEFO0S8 in yellow, SODEF10 in blue and SODEF11 in green. (¢) SODEF13
in yellow and SODEF16 in blue. (f) SODEF17 in green, N-terminus in red arrow and C-terminus in blue arrow. The first 6 and final 14 amino acids
of SODEF17 are not presented because these regions could not be modeled by comparative modeling. All disulphide bonds are highlighted in the
figures above, with special attention to the mutation Cys1/SERI that produces an unbound Cys8 (in grey) in the SODEF10 protein, presented in (d).
All structural alignments and figures were made with the VMD program.
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Defensins: a fairy tale of controlling infection disease in the genomics era.

Using PCR amplification, a putative sugarcane defensin has been previously reported by our
laboratories [24]. Using this sequence as a start point for motif-based search, 17 defensin-like
sequences were identified in several tissues of sugarcane.

The here described defensin-like sequences were grouped phylogenetically in six clades indicating
that diversified defensin classes are constitutively expressed and may be responsible for the
resistance against pathogens in sugarcane, as observed for other organisms Fig. (2). Considering the
high level of amino acid identity (great than 97% identity) among identified sequences, it is to
suppose that they are separated by recent divergence events, as it is the case in the related species
that compose the hybrid and allopolyploid genome of sugarcane. Indeed, members of the same
clade have minor amino acid sequence divergence, the major diversity among close related
sequences being only in the UTR regions. Despite the conservation at amino acid level, the
members seemed to be tissue and developmentally regulated and this could be correlated with the
sequence diversity in the UTR regions, known to present regulatory elements. Another important
observation is the specific expression of defensins in seeds and other reproductive tissues. We have
noted expression in the root apex, base of inflorescence, lateral bud, developing seeds and
meristematic tissues (sugarcane internodes and calli) Fig. (2). It has been proposed that this
expression could be implied in the prevention from pathogen attack of nutrient-rich resources [40].
The observation of a major clade containing only dicot defensins plus a sugarcane candidate suggest
that some defensins in sugarcane were already present before the divergence of the major plant
lineages while others may have arisen after this event. In fact, the minor groups observed in the
dendrogram also give evidence of conserved sequences across diverse plant taxa as well as taxon
specific genes Fig. (3). The sugarcane probable defensins had their structures obtained by
comparative modeling and showed distinctive structure although all the sequences have exhibited
the linear hallmarks of plant defensins Fig. (4). The difference in the structure resided primarily in

the loop and turn regions that show important solvent exposed sites, responsible for antifungal and

113



bactericidal activity. Thus, it is reasonable to believe that these sugarcane defensin candidates have

diverse activities or even target different microorganisms.

Conclusions

All putative members of sugarcane SODEF family held the features observed in plant defensins,
though some of them present extra features that may be reflected in the individual structure. The
expression pattern observed, the evolutionary relationship to plant defensins already described for
other crops, and the common 3D-structural similarity together suggest an antimicrobial activity for
the here presented putative defensin-like sequences from sugarcane, revealing that these sequences
may exert their activity in diverse tissues by different ways and toward distinct or overlapping
groups of pathogens. The here used routine for “mining” defensins in sugarcane proved to be
efficient, with the advantage that tools and softwares used were publicly available in the web. Those
interested in “mining” defensins have notwithstanding to handle with a plethora of programs.
Therefore, this study sets the basis for the development of a tool to mine such small peptides as well
as opens the way for further computational and experimental investigation of their antimicrobial

activity and potential protective role in this important crop.
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Abstract

Mechanisms related to biotic interactions, such as pathogen attack, herbivory and symbiosis are
important challenges to higher plants and have been widely studied especially for breeding
purposes. The present review focuses on a special category of defense molecules, the plant

antimicrobial peptides, providing an overview of their main molecular features and structures.

Key words: pathogenesis related (PR) protein, defensin, thionin, lipid transfer protein (LTP),

hevein-like protein, knotin-type protein, snakin, cyclotide.
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Introduction

In plants and animals, the surface barriers are the first obstacle to pathogen penetration. In animals,
cutaneous tissues, mucous membranes and respiratory tract lining fluid represent the first non-
specific protection against the infections. Analogously, the external natural barriers of the plants
include leaf epicuticular layers, suberized, cutinized and lignified epidermal tissues. Plants are
known to present both constitutive and inducible resistance mechanisms against pathogen attack.
Defensive weapons include morphological barriers, secondary metabolites (e.g. phytoalexins), and
antimicrobial proteins that in combination impair pathogen invasion. Countless expression assays
have shown, in the past decade that a single plant/pathogen interaction (either compatible or
incompatible) is able to recruit or silence hundreds of genes, many of them already known, while
others which remain to be described.

Immediately after perception of a pathogen by the products of specific R (Resistance) genes, a
signal cascade is released inducing secondary non-specific (systemic) defense mechanisms. The
first specific recognition mechanism relies on transmembrane pattern recognition receptors that
respond to slowly evolving microbial- or pathogen-related molecular patterns (PRAMPs) [1].

The second acts largely inside the cell, using the polymorphic NBS-LRR (Nucleotide Biding Site-
Leucine Rich Repeat) protein products encoded by most R genes [2, 3, 4]. For each existing R gene
in the host plant there will be a corresponding avr (avirulence) gene in the pathogen. The plant will
be resistant and invasion by the pathogen will be impaired when both R and avr genes are present
and compatible, leading to a hypersensitive response (HR) that leads to local cell death, preventing
the spreading of the pathogen throughout the plant [5, 6]. Besides this local reaction, the HR
activates a signal cascade that induces systemic defense to a wide spectrum of pathogens. This
corroborates lines of evidence recognized by researchers more than 100 years ago that like animals
plant may be “immunized” against a given pathogen once exposed to another pathogen or derived

elicitor molecules [7].
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After the contact with the pathogen and activation of the specific defense system, a series of
secondary responses is initiated, including reinforcement of cell walls, the production of plant
antibiotics (phytoalexins), and the synthesis of defense-related factors, so called PR (Pathogenesis
Related) defense proteins [8, 9, 10].

The present mini-review aims to provide a brief introduction to the main classes of plant AMP

peptides, their features, structures and sources of isolation.

Antimicrobial Peptides and Pathogenesis Related (PR) Defense Proteins

PR defense mechanisms react against many classes of pathogenic agents, including oomycetes,
fungi, bacteria, viruses, or even insects [10]. Resistance and susceptibility does not depend only
upon the ‘quality’ of the activated defense genes, in many cases associated with differences in the
timing and magnitude of their expression, but also on the contemporary expression of different sets
of genes [11].

Pathogenesis-related proteins have been classified into 17 families (see revision in [10, 12]); with
some seeming to occur more specifically in particular plant species. Most PR proteins are induced
through the action of the signaling compounds salicylic acid, jasmonic acid, or ethylene, and
possess antimicrobial activities in vitro through lytic activities on cell walls, contact toxicity, and
perhaps an involvement in defensive signaling [10].

Among the different PR groups, three (namely PR-12, 13 and 14) consist of proteins with a
molecular size below 10 kDa, which are encoded by a single gene, have overall net positive charge,
tolerance to acid and organic solvents, thermostability, and a wide range of biological activities,
with emphasis on specific antimicrobial activities [10, 12], characteristics which are in common
with antimicrobial peptides (AMPs) [13].

In mammals, including humans, AMPs are particularly abundant in leukocytes and epithelial cells,
where they are constitutively expressed and also induced by infections [14]. In plants AMPs are
secreted in most, if not all plant species, and are found constitutively in storage organs (i.e. seeds)

and peripheral cell layers of generative tissues (reproductive organs, fruits and flowers), besides
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being induced in vegetative tissues, following infection or wounding [15]. Figure 1 brings a general

overview of the main mechanisms of plant defense signaling, with emphasis on PR genes and

AMPs.

Induced Systemic

Resistance
e.g. ethilene
jasmonic acid
apoptosis

Systemic
Aquired
Resistance

-\ PR-12 PR-13 PR-14
small, cisteine-rich \

- @ plant AMPs g(

Figure 1. Main mechanisms of pathogen recognition and defense in plants. Pathogenic
organisms (mainly virus, bacteria and fungi) secrete avr (avirulence) gene products that
may be compatible with R gene products secreted by the plants. Compatible interactions
lead to the activation of signal cascades inducing systemic resistance factors (as
ethylene and jasmonic acid) and acquired resistance represented by 17 PR gene
categories. From these, three categories (PR-12, 13 and 14) include small cisteine-rich
anti-microbial (AMP) peptides.
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AMPs are polypeptides with less than 200 amino acids in length (very often less than 50), found in
host defense settings, and exhibiting antimicrobial activity at physiologic ambient conditions and
peptide concentrations [15]. Most of the AMPs are cationic at physiological pH due to an excess of
positively charged residues such as arginine and lysine compared to negatively charged ones. The
cationic nature of AMPs, associated with a tendency to adopt amphipathic structures (net separation
of charged/polar and hydrophobic surfaces), facilitates their interaction and insertion into the
anionic cell walls and phospholipid membranes of microorganisms [16].

In plants, besides acting locally at the sites of infection, they also accumulate in uninfected districts
from the infection point, a phenomenon known as systemic acquired resistance (SAR) [17]. These
proteins are collectively part of the innate immune system and provide a relatively rapid response of
the hosts, with a comparatively lower energy cost, when compared to the adaptive immune system
of higher vertebrates or to the production of secondary metabolites resulting from complex

metabolic pathways.

Main AMP Categories

Many AMPs are rich in a given amino acid type. In plants, these peptides share some common
characteristics: besides their small molecular weight (~10 kDa) and highly basic character, they
frequently contain an even number of cysteine residues that stabilize the protein structure through
formation of disulfide bridges [18].

There are several classes of such peptides (Table 1), including plant defensins, thionins, lipid
transfer proteins, hevein-like proteins, and knotin-type proteins, besides the antimicrobial peptides
from Macadamia integrifolia and Impatiens balsamina. Circular peptides known as cyclotides form
a class of uncommon cysteine-rich peptides found in plants of the families Rubiaceae and Violaceae
[19-22].

In general, while AMPs are expressed in several tissues, they are better represented in tissues that

are in constant contact with the external environment, and thus continuously exposed to the
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microbial biota. These peptides are generally produced as pre-proteins, but some are produced as
larger precursors with a C-terminal pro-domain (additional to the N-terminal signal peptide as in
animals). There is a considerable variability regarding amino acid sequences, but a peptide can be
designated as a member of a given family according to a specific and conserved arrangement and
connectivity of the cysteine residues, even in the absence of a high level of sequence homology
(Table 1). Despite this amino acid variability, members of the same family show a folding pattern
that is globally comparable (Table 1), adopting a tridimensional structure that involves the
formation of secondary structural elements such as -sheets and a-helices that are stabilized by the
intramolecular disulfide bridges.

Despite the abundance of different families, and the presence of some species-specific AMPs, the
main groups of plant AMPs are represented by defensins, thionins, lipid transfer proteins, cyclotides

and snakins.

Defensins

The first antifungal plant defensin was identified in Urtica dioica L. roots and rhizomes [39], but
other similar peptides have been successively isolated from several species and organs - for
example defensins from radish leaves (Raphanus sativus L. [40]), pepper fruit (Capsicum annum L.
[41]), mung bean seeds (Vigna radiata (L.) R. Wilcz. [42], Petunia x hybrida Vilm. Seeds [43],
tobacco and Petunia flowers (N. tabacum [44]), bean seeds (Phaseolus vulgaris L. cv. ‘white
cloud’, [45]); sugarcane (Saccharum spp. [46]) and cowpea leaves (Vigna unguiculata (L.) Walp.;
Padovan et al., in press).

Plant defensins are small (~5 kDa, 45 to 54 amino acids), basic, cysteine-rich peptides. Plant
defensins identified so far have 8 cysteines that form four structure-stabilizing disulfide bridges.
Their three-dimensional structure comprises a triple-stranded -sheet with an aligned a-helix , and

is stabilized by four disulfide bridges connecting these structural elements [47-49].

*Padovan, L.; Segat, L.; Tossi, A.; Calsa Jr, T.; Kido, E.A.; Branddo, L.; Guimaraes, R.L.; Pestana-Calsa,
M.C.; Pandolfi, V.; Belarmino, L.C.; Benko-Iseppon, A.M.; Crovella, S. Characterization of a new 126
defensin from cowpea (Vigna unguiculata (L.) Walp.). Protein Pept. Lett., 2009, in press.



Table 1: Small, Cys-rich antimicrobial peptides from the plant kingdom, including their classification

and structural features. PDB refers to the Protein Data Base, DB to number of Disulfide Bridges.

PDB

Family Name Protein Structure entry DB Cys Arrangement* Reference
Plant Rs-AFP2 1AYJ 4 3-C-10-C-5-C-3-C-9-C-8-C-1-C-3- [23]
Defensin C
o- and B- Alpha-1- ~\ IBHP 4 2-CC-7-C-3-C-8-C-3-C-1-C-8-C-6 [24]
Thionin purothionin
(8-Cystein-
type)
Thionin (6- Crambin 1AB1 3 2-CC-11-C-9-C-5-C-7-C-6 [25]
cystein-type) -
non-specific Ace-AMPI ITI2 4 3-C-9-C-12-CC-18-C-1-C-23- [26]
Lipid C-15-C-4
transfer
Protein
Hevein-like = Ace-AMP2 IHEV 4 3-C-4-C-4-CC-5-C-6-C-2 [27]
protein
Knotin Mj-AMP1 § 1IDKC 3 1-C-6-C-8-CC-3-C-10-C-3 [28]
Macadamia MiAMP1 1Co1 3 10-C-9-C-1-C-25-C-14-C-11-C [29, 30]
Impatiens ib-AMP1 - - - 5-CC-8-C-3-C [31, 32]
Maize-AMP MBP-1 - - - 6-C-3-C-13-C-3-C-4 [33]
Puroindolines Puroindoline - - - 10-C-8-C-7-C-9-WR[W],K[W],K- [34, 35]
A C-6-C-9-CRC-35-C-5-C-7
Snakin SN1 - - - [X],-C-3-C-2-RC-8-C-3-C-2-CC-2-C- [36,37]
1-CVP-1-G-2-GN-3-C-1-CY-10-KCP
Cyclotide Kalata B1 1BH4 3 1-C-3-C-4-C-4-C-1-C-4-C-6 [38]

*Cys arrangement in antimicrobial peptides is interpolated with the number of amino acids frequently

observed between conserved Cys-residues.
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The name “plant defensin” was introduced in 1995 by Terras and colleagues [17], who isolated two
antifungal proteins (Rs-AFP1 and Rs-AFP2) from radish (Raphanus sativus L.) seeds. Plant
defensins have a widespread distribution throughout the plant kingdom and are likely to be present
in most, if not all, plants [50-52].

Most plant defensins have been isolated from seeds, where they are abundant, and many have been
characterized at molecular, biochemical and structural levels [52]. Defensin expression has also
been observed in other tissues including leaves [17, 53], pods [54], tubers [55], fruits [41], roots
[56] and floral tissues [55].

Over the last two decades, numerous plant defensins have been purified with subsequent test of
their biological activity [51, 57]. While several different methods have been reported for defensin
purification, many of these rely on the intrinsic physio-biochemical properties of the peptides such
as their small size, overall net positive charge, tolerance to acids and organic solvents, and their
thermostability. A review of defensin purification and production methods is given in Padovan et

al.*,

Thionins

Thionins are a group of small antimicrobial of the PR-13 protein group present in higher plants.
They are basic peptides, with low molecular weight (~5 kDa), rich in basic and sulfur-containing
residues (arginine, lysine and cysteine). Thionins are predominantly located intracellularly, but are
also found in the extracellular space, being reported in several plant tissues, such as seeds, stems
and roots [58]. Different members present a high level of sequence and structure similarity, besides
displaying toxic effects against bacteria, fungi, yeast, animal and plant cells [59].

Studies analyzing thionin sequences and three-dimensional structures in plants have demonstrated
that they are able to act directly on the cellular membranes of pathogens. Additionally, a conserved
DNA-binding motif was identified, suggesting that they might interact with DNA within the plant

cells [60]. Furthermore, thionin expression in transgenic plants has been found to protect against
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pathogenic bacteria in many plant species, including Arabidopsis thaliana (L.) Heynh. [61], rice

(Oryza sativa L. [62] and tobacco (Nicotiana tabacum L. [63]).

Lipid Transfer Proteins

Membrane biogenesis involves movement of lipids from their sites of synthesis, especially the
endoplasmic reticulum, to other organelles like chloroplasts and mitochondria. The search for
carrier proteins led to the discovery of lipid transfer proteins (LTPs) in various plant species. The
development of adequate assays to determine lipid transfer activity constitutes one of the most
important steps of LTPs characterization. These assays are based on the monitoring of marked
lipids transferring from a donor membrane to an acceptor membrane. The donor membranes are
generally liposomes, while the acceptors are cytoplasmic organelles, like chloroplasts and
mitochondria, which can be easily separated from liposomes by centrifugation [59]. The first plant
LTP was discovered 35 years ago in potato (Solanum tuberosum L. [64]) tubers being so
denominated due to their in vitro ability to facilitate the transfer of phospholipids between a donor
and an acceptor membrane [65].

Plant lipid transfer proteins (LTP) are small cationic peptides, subdivided into two families, both
comprising conserved patterns of cysteine residues and a three-dimensional structure with an
internal hydrophobic cavity that corresponds to the lipid binding site [66]. Members of the LTP1
family are approximately 10 kDa, have 90-95 amino acid residues (with 8 cysteine residues in
conserved positions), and have isoeletric points (pl) between 9 and 10 [65, 66]. The LTP2 family
includes smaller peptides (~7 kDa), possessing on average 70 amino acids, 4 conserved disulfide
bridges, and high pl in common with the LTP1 family [67, 68, 69]. Both families present an N-
terminal signal peptide of 21-27 amino acids for the LTP1 family, and 27- 35 amino acids, for the
LTP2 family. This signal peptide is excised in the mature peptide and serves to target the LTPs to

the cell secretory pathway where they are exported to the apoplast [65, 66].
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LTP1 of various plants species are localized at the cell wall, as demonstrated in castor bean (Ricinus
communis L. [70]), A. thaliana [71], broccoli leaves (Brassica oleracea L. var. italica [72]) and in
cowpea seeds (V. unguiculata [73]). These findings were inconsistent with the hypothesis of a
biological role for the LTPs in the plant cell cytoplasm. In addition to the given lipid transfer
function, which is inconsistent with their cell wall location [74], other roles, with emphasis on plant
defense against phytopathogen attack, have been described in various plants, including radish seeds
(Raphanus sativus L.; [23]), maize leaves (Zea mays L. [75]), arabidopsis and spinach (Spinacea
oleracea L.) leaves [76] , wheat seeds (Triticum aestivum L. [77], sunflower seeds (Helianthus

annuus L. [78]), chili pepper seeds (C. annuum [79]) and from rape seeds (Brassica campestris L.

[80]).

Cyclotides

Cyclotides are plant-derived proteins of 28-37 amino acids in size and characterized by the unique
structural features of a cyclic peptide backbone and a knotted arrangement of three conserved
disulphide bonds joined in a so called ‘cystine knot’ motif. Cyclotides are ultra-stable plant proteins
because of their circular peptide backbone cross-linked by the cystine knot , being exceptionally
resistant to thermal, chemical and enzymatic degradation [81]. They were found initially in large
quantities in plants of the Violaceae and Rubiaceae families [81, 82]. Additional studies revealed
that these peptides prevail in some taxa within Rubiaceae, being present also in the family
Apocynaceae, revealing a wider distribution and abundance than initially supposed [83].
Cyclization is achieved by recruitment of plant proteolytic enzymes and operating them in ‘reverse’
to form a peptide bond between the N- and C-termini of a linear precursor. It has been suggested
that circular proteins are more common in the plant kingdom than previously thought, while their
exceptional stability has led to their application as protein-engineering templates in pharmaceutical

applications [83, 84].
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Snakins

Snakins are cysteine-rich peptides present in different plants species with a broad-spectrum of
antimicrobial activities in vitro. Two described peptides represent this class: Snakin-1 (StSN1) [36]
and Snakin-2 (StSN2) [37] both isolated from potato (Solanum tuberosum cv. Jaerla) tubers. They
present a wide spectrum of antimicrobial activities — different from those of defensin peptides from
the same tissues — against specific bacterial (Ralstonia solanacearum and Erwinia chrysanthemi)
and fungal (Botritys cinerea) pathogens.

Snakin-1 is a ubiquitous 63-residue peptide with 12 cysteines, while Snakin-2 (St-SN2) is a
paralogue of St-SN1 (also containing 12 cysteine residues) with a low sequence similarity (38%).
Snakins are upregulated on wounding and fungal infection and downregulated by bacterial
infections. Orthologues of snakins have been detected in other plants, including tomato [85], A.
thaliana [86], Gerbera x hybrida Hort. [87], Fragraria x annanasa Duch., Ricinus communis and
Petunia x hybrida [88]. Experimental assays demonstrated that StSN2 is upregulated by gibberellin
and downregulated by abscisic acid, in contrast to St-SN1, which does not respond to gibberellin

[37].

Final Considerations

Interestingly, plant AMPs display antimicrobial activity not only against plant pathogens but also
against fungi, viruses, parasites, Gram-positive and Gram-negative bacteria that infect humans [89,
90, 91]. The principal mechanism of AMPs for rapid killing of microbial pathogens is attributed to
perturbation of the microbial cell membrane [92, 93]. In addition to their antimicrobial role, AMPs
also serve as important effector molecules during inflammation, immune activation, and wound
healing [94-96]: for the above mentioned reasons, plant AMPs are being considered as amongst the
most promising molecules for the development of new drugs with antibiotic and anti-inflammatory

actions in the future.
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Besides the medicinal potential of plant AMPs, they can be equally useful to improve agricultural
plant yields. These small peptides present a wide-range of inhibitory activities on phyto-pathogenic
microorganisms (mainly fungi), and have already been used to enhance crop resistance to pathogen
attack through either genetic breeding or transgenic manipulation [17]. Additionally, plant AMPs
may be helpful in increase abiotic stress tolerance, as has been demonstrated in transgenic plants
using different peptide classes.

Thus, screening and isolation of plant peptides associated with defense against pathogens aim to
provide new alternatives to reduce yield losses in agriculture, as well as to identify novel
potentially useful antimicrobial molecules in medicine and industry. In spite of the large number of
research results available regarding plant AMPs, there is however little information on such
peptides derived from Brazilian or South American wild plant species [97]. Considering plant
organs, AMPs have been extensively studied in roots, leaves and seeds, but they are also produced
in flowers, which may harbor additional molecules with inhibitory action on pathogens. To date,
defensins (y-thionins), lipid transfer proteins, hevein-like and snakin-like peptides have been
identified in flower tissues and their functions were associated not only with antifungal and
antibacterial activities, but have also been considered as protease inhibitors with insecticidal, and
allergenic properties, involved in pollen compatibility and floral reproductive differentiation
processes [98]. Flower myrosinase-binding proteins, or MBPs — another plant cationic AMP class
with two S-S bonds, are significantly more expressed in immature floral tissues, but detailed
structural data is still missing and the mechanism of action is not fully described (probable

ionophore-like function on microbial cell membranes [20].
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Anexos

Anexo A

Tabela I: Levantamento das defensinas vegetais em relagéo a classe, familia, espécie e tecido de obtengéo bem como informagéo sobre o peptideo e as
atividades hinlagicas conhecidas, acompanhado do nimero de aquisicao no GenBank ou do nimera do cluster sugerido (TC) no TIGR Gene Indices.

Classe Familia Espécie Aquisigio | Peptideo | Peptideo maduro Tecido Atividade | Referéncias
ouTC sinalpl | pl nR/kDa | nC/pD bioldgica
Monocotiledinea | Arecaceae Haeis guineensis - 6.02 899 | 47/43 B/4 Inflorescéncia N Tregear &t 4/, 2002
Liliaceae Tuljpa gesneriana - nd 9.08 | 46/4.93 8/4 Bulbo nd Fujimura ef 4/, 2004
Orchidaceae Lymnadenia congpsea EFOaI327 | B3§ 908 | BR/7.42 B/4 nd nd np
Poaceae Fehinochloa crusgalli - nd B74 | 46/5.03 8/4 Semente F Odintsova &t 4l
2008
Hordeum vulgare nd 977 | 41/325 8/4 Endosperma IST Mendez & 2/, 1930
nd 870 | 48/5.82 B/4 Endosperma IST np
Sorghum bicolor nd gal | 47/5.38 8/4 Semente A Bloch e Richardson,
1991
nd 875 | 48/a3 B/4 Semente A np
nd 887 | 48/0.38 8/4 Semente A np
Triticum aestivum 8.00 gal | 48/5.33 8/4 Coroa kB Koike ¢ 4/, 2002
Dicotiledinea Amaranthaceae | Spinacea oleraces - nd 935 | 92/a.80 8/4 Folha FRB Sequra gt 4/, 1998
Beta vulgaris PBI433 nd 820 | 46/5.08 B/4 Falha, Flor F kragh ¢ 2/, 1995
pR2010 nd Bal | 46/018 8/4 Folha, Flor F np
Asteraceae Artemisia vulgaris AAD24300 | 4.83 RI7 | 10B/I0.80 | B/4 Pélen nd Himly 2¢ a/, 2003
Dhalia merckii - nd 780 | a0/5.83 8/4 Semente F 0lli e Kirti PB, 2006
Helianthus anmuus 590 914 | 47/535 8/4 Flor F Urdangarin - 2f 4l
2000
- 8.35 708 | 50/5.58 | 8/4 Flor IPP Lelicourt et a/, 2007
AAMZ7914 | 835 8/3 | 80/883 | 8/4 Falha F HU et a/, 2003
223457 3.80 972 | 146/1386 | 8/4 Antera nd Domon &t 44, 1930
Brassicaceae Arabidopsis haller - 433 897 | §l/a.70 B/4 Gérmen TMP Mirouze & 4/, 2006
4.3 8.4l | al/a.ad 8/4 Gérmen nd np
433 843 | §l/a.a7 B/4 Gérmen nd np
- 403 BAl | al/all 8/4 Bérmen nd np
Arabidapsis lyrata N9AVE3 8.00 BT | B3/1.34 B/4 Antera Al Kusaba & &/, 2003
Arabidopsis lyrata [19AVEZ 2.4 869 | 53/B47 8/4 Antera, Al np
Micrdsporos
Arabidopsis thaliana pan224 nd nd nd nd Semente F Terras et 4/, 1393
Brassica napus AARZ3088 | nd nd nd nd Semente F np
AABZ53089 | nd nd nd nd Semente F np
P00l nd 819 | BO/BA0 8/4 Semente IP Ceciliane et a/, 1934
(138313 433 gal | a0/548 8/4 nd nd np
Brassica rapa AARZ308B | nd nd nd nd Semente F Terras et 4/, 1393
AABZ087 | nd nd nd nd Semente F.B np
AANZ3I05 | B.3S Bal | al/a.73 /4 Folha nd Park gt 2/, 2005
AADS2378 | 835 881 | al/a.78 1/3 nd nd np
BAHD338I | 4.53 Bal | a0/548 8/4 Folha nd Chen gt 2/, 2008
Brassica juncea ABBS3548 | 4.83 872 | §l/5.63 B/4 nd nd np
Brassica oleracea CAADB4B4 | B35 926 | 53/6.43 B/4 Antera, Pdlen Al Doughty ¢ 2/, 1998
CAABSTBE | B35 9.05 | 98/647 8/4 Antera, Pdlen Al Stanchev ¢ 4/, 1396
CAABSTET | B35 905 | 96/B20 | 8/4 Antera, Palen Al np
ABSID37 | 433 8ol | a0/548 8/4 nd nd Np
CAC37008 | 4.83 83l | al/a.73 8/4 Plantula nd Np
CACI9B78 | nd 871 | B4/682 8/4 Pélen nd Vanoosthuyse &t 4/,
2001
Lutrema wasabia BABIOS4 | 4.53 840 | al/all 8/4 Folha F Saito g¢ a/, 2001
Lepidium meyenii AAVRS83Z | B35 B73 | &l/a1 B/4 Falha F Salis e¢a/, 2007
Orychaphragmus ACS33640 | 4.83 841 | al/aB3 8/4 nd nd Np
viglaceus
Raphanus sativus 024331 443 gal | al/aT4 8/4 Folha F Terras &t 4/, 1992;
Terras &t /. 1990
024332 433 Bal | a0/548 8/4 Folha nd Np
30230 425 9.08 | al/a.73 8/4 Semente nd Np
PEIZ4l 433 872 | al/6.68 8/4 Semente nd Np
Sinapis Alba p30zal nd 872 | al/abd 8/4 Semente F Neumann ¢ 2/, 199E;
Terras et 4/, 1993
p30232 nd 882 | al/a.72 8/4 Semente F Np
{10983 nd 927 | 52/5835 8/4 Semente F Np
AAYIS221 4,33 8al | al/afl 8/4 nd nd Np
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Tabela | (continuada)

Classe | Familia Espécie Aquisigio | Peptideo | Peptiden maduro Tecido Atividade Referéncias
ou TC sinalpl | pl nR/kDa | nC/pD bioldgica
Convolvulaceae | /pomoes batatas AASBa426 | 5.7a 894 | 53/6.04 | B/4 Tiibero DHAR, F. B, IP | Huang et &/ 2008
[pomoes trifids AAST3586 | 8.52 840 | B3/1003 | 9/4 Palen Al Rahman e¢ a/, 2007
AAS73587 | 530 846 | o0/5.50 | B8/4 Palen Nd np
BAF3B3I7 | nd 868 | 97/6.52 | B/4 Pélen Nd np
BAFSE3SY | 5.38 867 | o0/5568 | B/4 Palen Nd np
BAFS2542 | 4.53 903 | 92/086 | B/4 Pélen Nd np
BAFS2543 | 5.82 863 | o7/644 | B/4 Palen Nd np
BAFS2344 | 5.38 9.00 | a0/5.55 | B/4 Pélen Nd np
BAFS2547 | 580 867 | a0/558 | B/4 Palen Nd np
Curcubitaceae | /richosanthes kirilowii | ABFT4B00 | 4.43 958 | 47/a6l 8/4 Folha F Da-Hui ¢ 4/, 2007
Fabaceae Arachis disgoi AAP32330 | 478 B.93 | 47/544 B/4 nd nd np
AADT2633 | 478 gal | 45/018 8/4 nd nd np
Arachis hypogaea ARC4BTII 4.a3 683 | 47/340 8/4 nd Nd Senthil-Kumar g7 4/, 2007
Lajanus cajan AAP4SB4T | 478 gal | 45/018 8/4 nd Nd np
Lassia fistula - nd 8.63 | a0/a47 8/4 Semente P Wijaya &t 2/, 2000
Licer arigtinum AAD3BTSE | 478 8.4l | 45/a.18 8/4 nd Nd np
ARCSS238 | 4.BB 175 | 47734 /4 Semente Nd np
ABCOZ8E7 | 44 175 | 47/54 8/4 Semente Nd np
Llitoria ternatea AAB343TI | nd 8.4l | 49/l 8/4 Semente F Osborn &t 4/, 1395
Glycine Max AACS7524 | 8.00 897 | o8/6.56 | B/4 Folha Nd np
ACUZ0671 | 5.82 969 | 47/543 8/4 nd Nd np
ACUISDSE | 478 820 | 47/550 | B/4 nd Nd np
CAAT3IB4 | 880 913 | 417537 8/4 Semente Nd np
ACUI43IE | B.34 937 | 47/535 | B/4 nd Nd np
07302 240 913 | 46/8.26 | B/4 Semente Nd Choi gt 4/, 1333
Lens culiaris ABPO4D3T | 478 8.20 | 47/545 8/4 Semente F Finkina &7 &/, 2008
Medicago sativa AAG4D32I | 478 84l | 45/519 B/4 Semente F, B Frokjaer e Dtzen, 2005;
Spelbrink, g¢ 2/ 2004
AAVBS43T | 478 800 | 45/06 8/4 Semente, Folha, Flor | Nd Hanks 7 a/, 2003
Fabaceae Medicagn sativa AAVRA43E | 478 8.a0 | 43/alb 8/4 Semente, Folha, Flor | Nd
AAVBS435 | 478 8al | 45/0918 8/4 Semente, Folha, Flor | Nd
AAVBG434 | 478 Bal | 45/018 /4 Semente, Folha, Flor | Nd
AAVBG433 | 478 8al | 45/018 8/4 Semente, Folha, Flor | Nd
AAVBS43Z | 478 gal | 45/0.18 8/4 Semente, Folha, Flor | Nd
AATBEO3a | 478 822 | 43/018 8/4 nd Nd np
AATEEO3E | 478 172 | 417542 8/4 nd Nd np
AADSIZ30 | 478 821 | 45/al5 /4 Semente F Spelbrink ¢ a7, 2004
AL385826 | nd 884 | 97/633 | B/4 Raiz Nd Hanks 7 a/, 2003
AJ483425 | 574 900 | 49/548 | B/4 Raiz Nd
BG452001 | nd 870 | 92/082 | B/4 Plantula Nd
1085327 a7a 8A7 | 47/532 | B/4 Semente, Raiz, Nd
Nédulo, Folha, Flor
CAB90416 | B.a0 876 | 97/B.14 /4 Semente Nd
1083342 a.94 954 | 41/3312 8/4 Vagem com semente | Nd
AJ49B301 | 478 8.20 | 43/a.12 8/4 Vagem com semente | Nd
1082368 | 478 642 | 46/5.20 | B/4 Semente, Folha Nd
1087634 | 7.98 4oo | 09/40.80 | 8/4 Nédulo Nd
1076942 .70 820 | 99/073 | B/4 Gérmen, Raiz, Nd
Plantula, Folha,
Vagem com semente
1030828 | 7.76 a4o | 00/078 | B/4 Raiz Nd
AJ48976R | 540 820 | 93/084 | B/4 Raiz Nd
1077480 a.7a 821 | a0/5.54 | B/4 Raiz Nd
TC308R4 | 473 873 | al/5.62 /4 Raiz Nd
1087273 4.03 946 | 107181 | 16/nd | Raiz, Nadulo Nd
1084759 4.03 920 | o0/563 | 8/4 Raiz Nd
Pachyrhizus erosus AATRO338 | nd 172 | 47/a.a0 8/4 Semente TMP Song et &/, 2004
Phaseolus coccineus | PBATRS nd nd nd nd Semente F, AC. ITR Ngai e Ng. 2004
AAGITRRO Semente Nd Np
FPhaseolus limensis - nd BB6 | 48/0.00 | B8/4 Semente FITR Wang e Ng, 2006
- nd nd nd nd Semente F. B AC Wang 2t 4/, 2008
Fhaseolus vulgaris CALGRSRI | 7.98 BA7 | 417507 B/4 Folha Nd np
- nd nd nd nd Semente FMITR Ye e Ng, 2001
nd 820 | 47/544 8/4 Semente F Bao e7a/, 2000
nd nd nd nd Semente F. AC Wang e Ng, 2007
nd 172 | 417347 8/4 Semente F.B°ITR.IST. | Wong &t 4/, 2006
AC. M
nd nd nd nd Semente FAC ISTITR | Waong e Ng, 2003h
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Tabela | (Continuada)

Classe | Familia Espécie Aquisigio | Peptiden | Peptideo maduro Tecido Atividade Referéncias
ou TG sinalpl | pl nR/kDa | nC/pD bioldgica
Fisum sativum 81323 nd 173 | 46/0.20 | B/4 Semente F Almeida & 4/, 2000
P8I930 nd 802 | 47/540 | B/4 Semente F
ACIIa746 478 173 | 46/5.20 | 8/4 nd nd np
AANBD443 | 3.80 642 | 40/445 | B/3 Vagem, Folha F Lay &t 4/, 2002
Q01784 8.3 aBy | 94/608 | 8/4 Vagem nd Chiang e Hadwiger,
1991
AMATSIIB .33 aBy | 54/608 | B/4 Vagem nd
CAASB4TS | B.35 aby | 94/608 | B/4 Vagem nd
01783 478 821 | 45/5.02 | B/4 Vagem nd
AMATAINT 478 B2 | 45/5.02 | B/4 Vagem nd
CAASB4TA | 478 821 | 45/5.02 | B/4 Semente nd
AAG43285 | &I 822 | 46/2.09 | B/4 nd nd np
Tephrosia villosa AAXBE393 | 4.78 820 | 47/447 | B/4 Folha F,ICR Vijyan & &/, 2008
Trigonefla foemum- | AAP4BST2 | 478 803 | 477044 | B/4 Falha F Olli e Kirti, 2006
graecum
AADT2632 | 478 803 | 47/044 | B/4 nd nd np
Vigia faba PRl4aR nd 912 | 41/522 | B/4 Semente BB, Thang e Lewis, 1997
P8l4a7 nd 912 | 4717520 | B/4 Semente BB
Fabaceae Vigia faba ACIDZ087 | 5.84 912 | 41/524 | B/4 Semente nd Np
ACIDZ058 | 478 702 | 467817 | B/4 Semente nd Np
ACIDZ003 | 478 B2 | 467043 | B/4 Semente nd Np
ACIDZ060 | 478 821 | 46/543 | B/4 Semente nd Np
ACIDZ061 | 478 702 | 467817 | B/4 Semente nd Np
ACIDZ062 | 478 173 | 467817 | B/4 Semente nd Np
Vigna angularis - nd nd nd nd Semente F M. TR Ye e Ng, 2001
- 487 920 | 467220 | B/4 Semente F, AIS. IST Chen &t 4/, 2005
Vigna nakashimae AAX9BET3 | 4.87 820 | 47/535 | B/4 nd nd Np
AAX38R72 | 487 906 | 467412 | B/4 nd nd Np
Vigna radiata AG422T | 487 906 | 467512 | B/4 Semente F, AIS. IST Chen &t 4, 2004;
Chen et a/, 2002a;
Chen &t 4/, 2002b
ACN22750 | 487 906 | 467502 | B/4 nd nd Np
AARDBSIZ | 487 906 | 467502 | B/4 Semente AIS Chen &t &/, 2004
CAASATRD | 478 172 | 41/544 | B/4 Cotilédone nd Ishibashi ¢ #/, 1930
BABB2453 | 4.78 8ol | 477550 | B/4 Semente nd Np
Vigna sesquipedalis PRABER nd nd nd nd Semente F.B" B ALCITR Wong e NG, 2005a
Vigna umbellata - nd nd nd/a.00 | B/4 Semente F, M ITR, IST Ye e NG, 2002
Vigna unguiculata ACJOBS3RB | nd 172 | 417340 | 8/4 Semente FA Carvalho ¢ 4/, 2001;
Carvalho &t 4., 2008;
Pelegrini ¢ 4/, 2008
ACN33800 | &.73 917 | 59/B)2 | B/4 Raiz, Folha nd Padovan &7/, 200
Pg4a20 nd 920 | 46/5.24 | B/4 Semente, Folha | B+ B- Franco &t 4/, 2006
PB3399 nd 887 | 417811 | B/4 Cotilédone IP Melo &/, 2002
PI8646 478 172 | 417544 | 8/4 Cotilédone Ishibashi &t 4/, 1930
Linderniaceae Torenig fournieri BAHZ3762 | B.A49 816 | 47/al4 | B/4 Ovulo nd Okuda ¢ 2/, 2003
Nelumbonaceae Nelumbo nucifera ABN4B379 | 589 B75 | 4174l B/4 nd Np
(leaceae [llea europea ABS72000 | nd BA3 | 56/BIB | B/4 nd Np
Plantaginaceae Plantago major CAHBR740 | 875 912 | 41752 | B/4 Tecido nd Np
vascular
Pentadiplandraceae | Aentadiplnadra brazzeana | PaBAa2 nd 972 | 54/86.a0 | B/4 Fruto Sabor Ming e Hellekant, 1334
adocicado
Rosaceae Frunus pérsica AALRS4B0 | 540 917 | 41/523 | B/4 Stiber F Wisniewski 27 2/, 2003
Fyrus pyrifolia BABG4323 | 4.53 953 | B4/B.93 | B/4 Pélen Ihou gt /, 2002
BABR4330 | 5.0 906 | B4/698 | B/4 Pélen
BABR433I | 3.80 922 | 97/B.34 | B/4 Palen
Ranunculaceae Aguilegia brevistyla ABABRSRR | 4.03 BA7 | 487047 | R/4 nd nd Whittall 274/, 2006
Aguilegia chrysantha ABABESBT | 5.72 B.74 | 43/043 | B/4 nd nd
Aguilegia formasa ABABIRIE | 4.83 BA2 | 43/047 | B/4 nd nd
ABABESBE | 4.53 882 | 48/547 | B/4 nd nd
Aguilegia olympica ABABBSAD | 4.83 BA2 | 43/047 | B/4 nd nd
Aguilegia pyrenaica ABABBSRY | 4.83 897 | 48/047 | B/4 nd nd
Sapindaceae Aesculus hippocastanum AAB34370 | nd 773 | a0/5.86 | B/4 Semente F (shorn gt 4/, 1395
Saxifragaceae Heuchera sanguinea AAR34374 | nd B4 | 54/085 | B/4 Semente F (shorn gt 4/, 1395
Solanaceae Lapsicum anmuum AAL35366 | Rl 937 | 47/538 | B/4 Falha nd Do &t 4/, 2004
CAABSD4S | 437 802 | 487018 | B/4 Fruto F Meyer 7 a/, 1996
143413 437 802 | 487018 | B/4 Fruto F Meyer et 4/, 1996
CAABSD4R | 5.75 9.37 | 477538 | B/4 Fruto, Flor F Meyer 7 a/, 1996
AARGDB45 | 8.92 802 | 58/6.44 | B/4 nd nd Np
AAFIR4I3 B.34 B4l | 59/6.70 | 8/3 Fruto F Oh &t 4/, 1993
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Tabela | (continuada)

Classe Familia Espécie Aquisigio Peptiden | Peptiden maduro Tecido Atividade Referéncias
ou 10 sinalpl | pl nR/kDa | nC/pD Bioldgica
Solanaceae | Lapsicum ammum ARYBRI53 8.34 022 | BB/T48 | 9/4 nd nd Np
ACB303E3 8.a0 841 | 99/670 | 9/3 nd Np
AAFIBA36 B.34 841 | 99/670 | 9/3 Folha Lee g 2/, 2000
Lapsicum chinensis ABWS3037 nd B.74 | 53/088 | 8/4 Folha Np
AADZ1200 .00 BR7 | B2/8.26 | 8/4 nd nd Np
Lapsicum frutescens AAD21200 8.0 687 | 82/8.26 | 8/4 Folha nd Np
Nicatians alata [BGTMD a.7a 908 | 47/5.30 | 8/4 Botdo floral F Lay et 4/, 2003aeb
Nicotiana attenuata AASI3434 nd 940 | 52/583 | 8/4 Tricoma nd Lou Y, Baldwin IT,
2004
AASI3436 a.7a 646 | BI/9.06 | 8/4 Tricoma nd
Nicatiana benthamiana ABUBZ704 nd 496 | 93/587 | nd/nd | Flor nd Np
Nicotiana excelsior BAAZING nd a.36 | 79/878 | B8/4 nd nd Np
BAAZINI4 431 670 | 80/888 | 8/4 Folha nd Yamada ¢ 4/, 1337
Nicotiana megalosjphon | ACRABRAT 414 8al | 45/013 | 8/4 nd F Portieles ¢ a1,
2010.
Nicotiana paniculata 024115 a.7a 644 | BI/BA2 | B/4 Folha nd Yamada &t 4/, 1997
Nicatiana tabacum BAA9SRAT a.7a 878 | 53/6.05 | 8/4 nd nd Np
32026 a7a 670 | B0/B83 | 8/4 Flor nd Gu & &/, 1994
ABU4D03B4 a.7a 670 | 80/890 | 8/4 Flor nd Np
BAADBI49 795 910 | BO/TIE | 8/4 Cultura celular nd Ezaki £t 4/, 1393
deficiente  em
fastoro
Petunia hybrida [18HGOI 437 840 | 47/a52 10/3 Petala F Lay ¢4/, 2003a
(8HEOD 403 876 | 49/040 | 8/4 Petala F
Petunia integrifalia 040901 9.30 879 | 99/612 | 8/4 Pistilo nd Karunanandaa et 4/,
1994
Solanum chacoense ACR32234 9.a0 876 | 53/a81 | 8/4 Flor nd np
Solanum lycopersicum ABO3BE37 9.a0 876 | 93/087 | 8/4 Fruto Variagao Xiao ef 2/, 2008.
morfolagica
ABD3BE3S a.7a 899 | 47/529 | 8/4 Fruto Variagdo
morfoldgica
ABD3B638 0.38 899 | 47/526 | 8/4 Fruto Variagdo
morfoldgica
AAABD49R 453 768 | 80/9.00 | 8/4 Pistilo nd Milligan e Gasser,
1993
CAB42006 950 876 | 93/087 | 8/4 Antera nd Van Den Heuvel &¢
4/, 2001
Solanum pimpinellifalum | ABO3BBA4! 9.50 874 | 53/085 | 8/4 Fruto Variagao Xiao et 2/, 2008
morfoldgica
ABD36B643 950 895 | o8/6.54 | 8/4 Fruto Variagdo
morfoldgica
ABD3664D a.7a 899 | 47/529 | 8/4 Fruto Variagdo
morfoldgica
ABD36642 5.38 899 | 47/526 | 8/4 Fruto Variagdo
morfoldgica
Solamum tuberosum P20346 950 914 | 98/6.50 | 8/4 Tubérculo nd Stiekema &t /.
1988
ACJZE760 9.00 876 | o8/6.50 | 8/4 nd nd np
AAB3I3aI nd nd nd/5.00 | nd/nd | Flor, Tubérculo, F. B+ B-, Moreno &7 a/, 1994
Caule, Folha
Vitaceae Vitis vinifera 1063032 ad0 937 | 47/535 | 8/4 Bago F Beer e Vivier, 2008
CRIZ4167 nd 9.00 | 95/6.39 | 8/4 nd nd np
CBIZ7688 478 894 | 477522 | 8/4 nd nd np
CRIZ7a07 290 937 | 47/535 | 8/4 nd nd np
XP 002272813 | 5.80 894 | 47/522 | 8/4 nd nd np
XP 002263380 | G.I0 947 | 477554 | B/4 nd nd np
XP 002281183 | 8.25 872 | 97/638 | 8/4 nd nd np
XP 002274353 | 2.80 937 | 47/535 | 8/4 nd nd np
CANBSS75 403 894 | 47/522 | 8/4 nd nd np
CANB4aaB 8.20 872 | 07/638 | 8/4 nd nd np
Coniferopsida | Pinaceae Ficea abies AANADRBR 4B 922 | 50/544 | B/4 Semente, Acicula | nd np
CAABZTBI 4B8 906 | a0/5.37 | 8/4 Raiz nd Sharma e
Linneborg, 1396
Pinaceae Ficea glauca AARB4B43 468 906 | a0/5.37 | 8/4 Semente F Pervieux &t 4l
2004
Fices sitchensis ABK23062 432 906 | 50/5.37 | 8/4 Lider nd np
ABKZ3404 458 906 | a0/5.37 | 8/4 Lider, Saber nd np
Cycadopsida | Cycadaceae | Lycas revoluta - nd BAT | 44/458 | 8/nd Semente F, B+ B- Yokoyama &t 4/,
2008
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Tabela | (continuada)

Classe Familia Espécie Aquisigio Peptideo Peptiden maduro Tecido Atividade Referéncias
o TC sinal pl pl nR/kDa nC/pD Bioldgica
Cycadopsida [ycadaceae Lycas revaluta | - nd B4T | 447437 8/nd Semente F, B+ B- Yokoyama &t a1,
2008
Binkopsida Ginkgoaceae | Zinfkgo biloha | AAUID4BSY all/a9.68 8/4 Raiz, Folha, nd Shen &t a/, 2005

Peso molécula (kDa) e ponto isoelétrico (pl) foram calculados com o programa Jvirgel. As pontes dissulfidicas foram previstas com o programa Disulfind. Nos casos em que as sequencias néo
foram depositadas em repositdrios online tais informagaoes foram obtidas diretamente do artigo, quando disponivel. Atividades bioldgicas: (A) inibicio de a-amilase; (AC) anticancerigena; (B")

inibigAo de bactérias Gram-positivas; (B) inibigo de bactérias Gram-negativas; (DHAR) dehidroascorbato redutase; (F) fungistatica; (TMP) tolerancia a metais pesados; (BCI) blogueador de
canais idnicos; (IP) inibigao de protease; (ICR) inibigdo do crescimento radicular; (AIS) anti-insetos; (M) mitogénico; (IPP) inibigéo do crescimento radicular de plantas parasitas; (IST) inibigdo do
sistema de tradugdo; (ITR) inibigao da transcriptase reversa do HIV; (VS) variagdo somaclonal; (Al) auto-incopatibilidade; (nd) ndo determinado. (np) nenhuma publicagao referente. (-) sequéncia
ndo depositada em repositdrios online. (nd) ndo determinado.
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Anexo B - Instrucdes para submisséo de trabalhos na revista Protein & Peptide Letters
ISSN: 0929-8665 - Volume 17, 12 Issues, 2010

Instructions for Authors

Regular manuscripts may be submitted directly to the Editorial Office.

ONLINE MANUSCRIPT SUBMISSION: An online submission and tracking service via Internet
facilitates a speedy and cost-effective submission of manuscripts. The full manuscript has to be
submitted online via Bentham's Content Management System (CMS) at http://www.bentham-
editorial.org/ (View Instructions)

Manuscripts must be submitted by one of the authors of the manuscript, and should not be
submitted by anyone on their behalf. The principal/corresponding author will be required to submit
a Covering Letter along with the manuscript, on behalf of all the co-authors (if any). The author(s)
will confirm that the manuscript (or any part of it) has not been published previously or is not under
consideration for publication elsewhere. Furthermore, any illustration, structure or table that has
been published elsewhere must be reported, and copyright permission for reproduction must be
obtained.

For all online submissions, please provide soft copies of all the materials (main text in MS Word or
Tex/LaTeX), figures / illustrations in TIFF, PDF or JPEG, and chemical structures drawn in
ChemDraw (CDX) / ISISDraw (TGF) as separate files, while a PDF version of the entire
manuscript must also be included, embedded with all the figures / illustrations / tables / chemical
structures etc.

It is imperative that before submission, authors should carefully proofread the files for special
characters, mathematical symbols, Greek letters, equations, tables, references and images, to ensure
that they appear in proper format.

References, figures, tables, chemical structures etc. should be referred to in the text at the
appropriate place where they have been first discussed. Figure legends/captions should also be
provided.

A successful electronic submission of a manuscript will be followed by a system-generated
acknowledgement to the principal/corresponding author. Any queries therein should be addressed to
sarwat(@benthamscience.org

MANUSCRIPTS PUBLISHED: The Journal accepts mini-reviews, letters, research papers and
crystallization reports written in English. Single topic/thematic issues may also be considered for
publication.

Single Topic Issues: These issues may either contain invited review articles or a mixture of
research, letter and review articles. A Single Topic Special Editor will offer a short Perspective and
co-ordinate the solicitation of manuscripts between 3-5 (for a mini-hot topic) to 6-10 (for full-
length hot topic) from leading scientists. Authors interested in editing a single topic issue in an
emerging topic of proteins and peptide sciences may submit their proposal to the Editor-in-Chief at
ppl@benthamscience.org for his consideration. Visit http://www.bentham.org/ppl/Special-
Issues.htm for viewing forthcoming issues.
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MANUSCRIPT LENGTH:

Mini-Reviews: The maximum page length for a mini review article is twenty five journal pages.
Each journal page is on average 900 words.

Letters Length: The maximum total page length for Letter type articles published in the journal is
nine journal pages. Each journal page is on average 900 words.

Research Articles: The maximum total page length for Research articles is ten journal pages, and
the maximum thirty pages. Each journal page is on average 900 words.

Crystallization Reports: Crystallization reports are no longer routinely published by the journal.
Only reports on the first crystallization of proteins of substantial interest or reports on new
crystallization techniques of wide application will be considered. Crystallization reports should
include data describing the source of the protein, composition, pH and concentrations of
precipitants and buffers etc., the method employed, crystal size and morphology, and time of growth
etc. Unit cell dimensions, space-group assignments, resolution limit, specific volume and
asymmetric unit contents must also be provided. The maximum page length for Crystallization
Reports is ten journal pages. Each journal page is on average 900 words.

There is no restriction on the number of figures, tables or additional files e.g. video clips, animation
and datasets, that can be included with each article online. Authors should include all relevant
supporting data with each article (Refer to Supplementary Material section).

MANUSCRIPT PREPARATION:

The manuscript should be written in English in a clear, direct and active style. All pages must be
numbered sequentially, facilitating in the reviewing and editing of the manuscript.

For further convenience, the customer support team available at Bentham Publishing Services
(www.benthampublishingservices.com) can provide assistance to authors for the preparation of
manuscripts.

MANUSCRIPT SECTIONS FOR PAPERS: Manuscripts for review articles submitted to the
journal may be divided into the following sections:

Covering letter

Title

Title page

Abstract

Keywords

Text organization

List of abbreviations (if any)
Conlflict of interest (if any)
Acknowledgements (if any)
References

Appendices
Figures/illustrations (if any)
Chemical structures (if any)
Tables and captions (if any)
Supportive/supplementary material (if any)
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Covering Letter: It is mandatory that a signed covering letter also be submitted along with the
manuscript by the author to whom correspondence is to be addressed, delineating the scope of the
submitted article declaring the potential competing interests, acknowledging contributions from
authors and funding agencies, and certifying that the paper is prepared according to the 'Instructions
for Authors'. All inconsistencies in the text and in the reference section and any typographical errors
must be carefully checked and corrected before the submission of the manuscript. The article
contains no such material or information that may be unlawful, defamatory, fabricated, plagiarized,
or which would, if published, in any way whatsoever, violate the terms and conditions as laid down
in the copyright agreement. The authors acknowledge that the publishers have the legal right to take
appropriate action against the authors for any such violation of the terms and conditions as laid
down in the copy right agreement. DOWNLOAD COVERING LETTER.

Title: The title of the article should be precise and brief and must not be more than 120 characters.
Authors should avoid the use of non-standard abbreviations. The title must be written in title case
except for articles, conjunctions and prepositions.

Authors should also provide a short ‘running title’. Title, running title, byline, correspondent,
footnote and key words should be written as presented in original manuscripts.

Title Page: Title page should include paper title, author(s) full name and affiliation, corresponding
author(s) names complete affiliation/address, along with phone, fax and email.

Abstract: The abstract should not exceed 250 words for review and research papers and should be
limited to only 150 words for letters, summarizing the essential features of the article. The use of
abbreviations should be reduced to a minimum and the references should not be cited in the
abstract.

Key Words: Provide 6 to 8 key words in alphabetical order.

Text Organization: The main text should begin on a separate page and should be divided into
separate sections. The manuscript should be divided into title page, abstract and the main text. The
text may be subdivided further according to the areas to be discussed, which should be followed by
the Acknowledgement (if any) and Reference sections. For Letter/Research Articles, the manuscript
should begin with the title page and abstract followed by the main text, which must be structured
into separate sections as Introduction, Materials and Methods, Results, Discussion, Conclusion,
Acknowledgements and References. The review article should mention any previous important
recent and old reviews in the field and contain a comprehensive discussion starting with the general
background of the field. It should then go on to discuss the salient features of recent developments.
The authors should avoid presenting material which has already been published in a previous
review. The authors are advised to present and discuss their observations in brief. The manuscript
style must be uniform throughout the text and 10 pt Times New Roman fonts should be used. The
full term for an abbreviation should precede its first appearance in the text unless it is a standard
unit of measurement. The reference numbers should be given in square brackets in the text. Italics
should be used for Binomial names of organisms (Genus and Species), for emphasis and for
unfamiliar words or phrases. Non-assimilated words from Latin or other languages should also be
italicized e.g. per se, et al. etc.

Greek Symbols and Special Characters: Greek symbols and special characters often undergo
formatting changes and get corrupted or lost during preparation of manuscript for publication. To
ensure that all special characters used are embedded in the text, these special characters should be
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inserted as a symbol but should not be a result of any format styling (Symbol font face) otherwise
they will be lost during conversion to PDF/XML.2

Authors are encouraged to consult reporting guidelines. These guidelines provide a set of
recommendations comprising a list of items relevant to their specific research design. Chemical
equations, chemical names, mathematical usage, unit of measurements, chemical and physical
quantity & units must conform to SI and Chemical Abstracts or [UPAC.

All kinds of measurements should be reported only in International System of Units (SI).

List of Abbreviations: If abbreviations are used in the text either they should be defined in the text
where first used, or a list of abbreviations can be provided.

Conflict of Interest: Financial contributions to the work being reported should be clearly
acknowledged, as should any potential conflict of interest.

Acknowlegements: Please acknowledge anyone (individual/company/institution) who has
contributed to the study by making substantial contributions to conception, design, acquisition of
data, or analysis and interpretation of data, or who was involved in drafting the manuscript or
revising it critically for important intellectual content. Please list the source(s) of funding for the
study, for each author, and for the manuscript preparation in the acknowledgements section.

This journal complies with the International Committee of Medical Journal Editors' Uniform
Requirements for Manuscripts Submitted to Biomedical Journals http://www.icmje.org and the
FDA's Good Reprint Practices for the Distribution of Medical Journal Articles and Medical or
Scientific Reference Publications on Unapproved New Uses of Approved Drugs and Approved or
Cleared Medical Devices http://www.fda.gov/oc/op/goodreprint.html

References: References must be listed in the ACS Style only. All references should be numbered
sequentially [in square brackets] in the text and listed in the same numerical order in the reference
section. The reference numbers must be finalized and the bibliography must be fully formatted
before submission.

See below few examples of references listed in the ACS Style:

Journal Reference:
[1] Bard, M.; Woods, R.A.; Barton, D.H.; Corrie, J.E.; Widdowson, D.A. Sterol mutants of
Saccharomyces cerevisiae: chromatographic analyses. Lipids, 1977, 12(8), 645-654.

[2] Zhang, W.; Brombosz, S.M.; Mendoza, J.L.; Moore, J.S. A high-yield, one-step synthesis of o-
phenylene ethynylene cyclic trimer via precipitation-driven alkyne metathesis. J. Org. Chem., 2005,
70, 10198-10201.

Book Reference:
[3] Crabtree, R.H. The Organometallic Chemistry of the Transition Metals, 3rd ed.; Wiley & Sons:
New York, 2001.

Book Chapter Reference:

[4] Wheeler, D.M.S.; Wheeler, M.M. In: Studies in Natural Products Chemistry; Atta-ur-Rahman,
Ed.; Elsevier Science B. V: Amsterdam, 1994; Vol. 14, pp. 3-46.
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Conference Proceedings:

[5] Jakeman, D.L.; Withers, S.G.E. In: Carbohydrate Bioengineering: Interdisciplinary Approaches,
Proceedings of the 4th Carbohydrate Bioengineering Meeting, Stockholm, Sweden, June 10-13,
2001; Teeri, T.T.; Svensson, B.; Gilbert, H.J.; Feizi, T., Eds.; Royal Society of Chemistry:
Cambridge, UK, 2002; pp. 3-8.

URL(WebPage):
[6] National Library of Medicine. Specialized Information Services: Toxicology and Environmental
Health. http://sis.nlm.nih.gov/Tox/ToxMain.html (Accessed May 23, 2004).

Patent:
[7] Hoch, J.A.; Huang, S. Screening methods for the identification of novel antibiotics. U.S. Patent
6,043,045, March 28, 2000.

Thesis:
[8] Mackel, H. Capturing the Spectra of Silicon Solar Cells. PhD Thesis, The Australian National
University: Canberra, December 2004.

E-citations:

[9] Citations for articles/material published exclusively online or in open access (free-to-view) ,
must contain the exact Web addresses (URLs) at the end of the reference(s), except those posted on
an author’s Web site unless editorially essential, e.g. ‘Reference: Available from: URL’.

Some important points to remember:

* All references must be complete and accurate.

* All authors must be cited and there should be no use of the phrase et al.

* Online citations should include the date of access.

* Journal abbreviations should follow the Index Medicus/MEDLINE.

» Take special care of the punctuation convention as described in the above-mentioned examples.

* Superscript in the in-text citations and reference section should be avoided.

* Abstracts, unpublished data and personal communications (which can only be included if prior
permission has been obtained) should not be given in the reference section but they may be
mentioned in the text and details provided as footnotes.

* The authors are encouraged to use a recent version of EndNote (version 5 and above) or Reference
Manager (version 10) when formatting their reference list, as this allows references to be
automatically extracted.

Appendices: In case there is a need to present lengthy, but essential methodological details, use
appendices, which can be a part of the article. An appendix must not exceed three pages (Times
New Roman, 12 point fonts, 900 max. words per page).The information should be provided in a
condensed form, ruling out the need of full sentences. A single appendix should be titled
APPENDIX, while more than one can be titled APPENDIX A, APPENDIX B, and so on.

Figures / Illustrations:
All authors must strictly follow the guidelines below for preparing illustrations for publication in
Protein & Peptide Letters. If the figures are found to be sub-standard, then the manuscripts will be

rejected/ and the authors offered the option of figure improvement professionally by Bentham
Publishing Services. The costs for such improvement will be charged to the authors.
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The authors should provide the illustrations as separate files, as well as embedded in the text file,
numbered consecutively in the order of their appearance. Each figure should include a single
illustration. Each figure should be closely cropped to minimize the amount of white space
surrounding the illustration.

If a figure consists of separate parts, it is important that a single composite illustration file be
submitted, containing all parts of the figure.

Photographs should be provided with a scale bar if appropriate, as well as high-resolution
component files.

Scaling/Resolution

For Line Art image type, which is generally an image based on lines and text and does not contain
tonal or shaded areas, the preferred file format is TIFF or EPS, with colour mode being
Monochrome 1-bit or RGB, in a resolution of 900-1200 dpi.

For Halftone image type, which is generally a continuous tone photograph and contains no text, the
preferred file format is TIFF, with colour mode being or RGB or Grayscale, in a resolution of 300
dpi.

For Combination image type, which is generally an image containing halftone in addition to text or
line art elements, the preferred file format is TIFF, with colour mode being or RGB or Grayscale, in
a resolution of 500-900 dpi.

Formats
For illustrations, the following file formats are acceptable:

* [llustrator

* EPS (preferred format for diagrams)

* PDF (also especially suitable for diagrams)

* PNG (preferred format for photos or images)

* Microsoft Word (version 5 and above; figures must be a single page)
» PowerPoint (figures must be a single page)

* TIFF

* JPEG (conversion should be done using the original file)
* BMP

* CDX (ChemDraw)

* TGF (ISISDraw)

Bentham Science does not process figures submitted in GIF format.

If the large size of TIFF or EPS figures acts as an obstacle to online submission, authors may find
that conversion to JPEG format before submission results in significantly reduced file size and
upload time, while retaining acceptable quality. JPEG is a 'lossy' format, however. In order to
maintain acceptable image quality, it is recommended that JPEG files are saved at High or
Maximum quality.

Files should not be compressed with tools such as Zipit or Stuffit prior to submission as these tools

154



will in any case produce negligible file-size savings for JPEGs and TIFFs, which are already
compressed.

Please do not:

1. Supply embedded graphics in your word processor (spreadsheet, presentation) document;

2. Supply files that are optimized for screen use (like GIF, BMP, PICT, WPG); the resolution is too
low;

3. Supply files that are too low in resolution;

4. Submit graphics that are disproportionately large for the content.

Image Conversion Tools:

There are many software packages, many of them freeware or shareware, capable of converting to
and from different graphics formats, including PNG.

Good general tools for image conversion include GraphicConverter on the Macintosh, PaintShop
Pro, for Windows, and ImageMagick, which is available on Macintosh, Windows and UNIX
platforms.

Note that bitmap images (e.g. screenshots) should not be converted to EPS, since this will result in a
much larger file size than the equivalent JPEG, TIFF, PNG or BMP, with no increase in quality. EPS
should only be used for images produced by vector-drawing applications such as Adobe Illustrator
or CorelDraw. Most vector-drawing applications can be saved in, or exported as, EPS format. In
case the images have been originally prepared in an Office application, such as Word or
PowerPoint, then the original Office files should be directly uploaded to the site, instead of being
converted to JPEG or another format that may be of low quality.

Color Figures / Illustrations:

* The cost for the first published page of color figures is US$ 893; the second additional page will
be for US$ 652 and each subsequent page for USS 441.

* Color figures should be supplied in CMYK not RGB colors.

Chemical Structures:

Chemical structures MUST be prepared in ChemDraw (CDX) file and provided as separate file.
Structure Drawing Preferences:

[as according to the ACS style sheet]

Drawing Settings:

Chain angle 120°

Bond spacing  18% of width

Fixed length ~ 14.4 pt (0.500cm, 0.2in)
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Bold width 2.0 pt (0.071cm, 0.0278in)
Line width 0.6 pt (0.021cm, 0.00841n)
Margin width 1.6 pt (0.096cm)

Harsh spacing 2.5 pt (0.088cm, 0.0347in)
Text settings:

Font Times New Roman

Size 12pt

Under the Preference Choose:

Units points

Tolerances 3 pixels

Under Page Setup Use:

Paper US letter
Scale 100%
Tables:

* Data Tables should be submitted in Microsoft Word table format.

 Each table should include a title/caption being explanatory in itself with respect to the details
discussed in the table. Detailed legends may then follow.

* Table number in bold font i.e. Table 1, should follow a title. The title should be in small case with
the first letter in caps. A full stop should be placed at the end of the title.

* Tables should be embedded in the text exactly according to their appropriate placement in the
submitted manuscript.

* Columns and rows of data should be made visibly distinct by ensuring that the borders of each cell
are displayed as black lines.

* Tables should be numbered in Arabic numerals sequentially in order of their citation in the body of
the text.

« If a reference is cited in both the table and text, please insert a lettered footnote in the table to refer
to the numbered reference in the text.

* Tabular data provided as additional files can be submitted as an Excel spreadsheet.

Supportive/Supplementary Material: We do encourage to append supportive material, for example a
PowerPoint file containing a talk about the study, a PowerPoint file containing additional
screenshots, a Word, RTF, or PDF document showing the original instrument(s) used, a video, or the
original data (SAS/SPSS files, Excel files, Access Db files etc.) provided it is inevitable or endorsed
by the journal's Editor.

Published/reproduced material should not be included unless you have obtained written permission
from the copyright holder, which must be forwarded to the Editorial Office in case of acceptance of
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your article for publication.

Supportive/Supplementary material intended for publication must be numbered and referred to in
the manuscript but should not be a part of the submitted paper. In-text citations as well as a section
with the heading "Supportive/Supplementary Material" before the "References" section should be
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Authors must clearly indicate if these files are not for publication but meant for the
reviewers'/editors' perusal only.
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Anexo C - Instrucdes para a submissdo de trabalhos na revista Current Protein &
Peptide Science
ISSN: 1389-2037 - Volume 10, 6 Issues, 2009

Instructions for Authors

Manuscripts should be submitted openly to the Editor-in-Chief without prior invitation at the
following address:

Prof. Ben M. Dunn

Editor-in-Chief

Current Protein and Peptide Science

Department of Biochemistry and Molecular Biology
University of Florida, College of Medicine

P.O. Box 100245, Gainesville

Florida 32610-0245

USA

Fax: +1 352 846 0412

E-Mail: bdunn@ufl.edu

For full review articles, the manuscript, written in English, should not exceed 70 pages in
length (ca. 30 printed pages) and for mini-reviews a maximum of 40 pages in length (ca. 15
printed pages). The manuscript, written in English, should be typed in double spacing. All
pages should be numbered. Abbreviations should be defined the first time that they are used in
the manuscript and a list of abbreviations used should be provided.

Manuscript Organisation: The manuscript should be divided as: Title page, abstract and the
main text. The text may be subdivided further according to the areas to be discussed. This
should be followed by the Acknowledgement (if any) and Reference sections. The first page
should contain the title, the authors names (initials and surname only), with an asterisk in
front of the name of the principal author.

COVERING LETTER: It is a mandatory requirement that a signed covering letter also be
submitted along with the manuscript by the author to whom correspondence is to be
addressed, delineating the scope of the submitted article declaring the potential competing
interests, acknowledging contributions from authors and funding agencies, and certifying that
the paper is prepared according to the 'Instructions for Authors'. All inconsistencies in the text
and in the reference section, and any typographical errors must be carefully checked and
corrected before the submission of the manuscript. The article contains no such material or
information that may be unlawful, defamatory, fabricated, plagiarized, or which would, if
published, in any way whatsoever, violate the terms and conditions as laid down in the
agreement. The authors acknowledge that the publishers have the legal right to take
appropriate action against the authors for any such violation of the terms and conditions as
laid down in the agreement. Download the Covering letter

Conflict of Interest: Financial contributions to the work being reported should be clearly
acknowledged, as should any potential conflict of interest.

ACKNOWLEDGEMENTS: Please acknowledge anyone (individual/company/institution)
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160



acquisition of data, or analysis and interpretation of data, or who was involved in drafting the
manuscript or revising it critically for important intellectual content. Please list the source(s)
of funding for the study, for each author, and for the manuscript preparation in the
acknowledgements section.

This journal complies with the International Committee of Medical Journal Editors' Uniform
Requirements for Manuscripts Submitted to Biomedical Journals http://www.icmje.org and
the FDA's Good Reprint Practices for the Distribution of Medical Journal Articles and
Medical or Scientific Reference Publications on Unapproved New Uses of Approved Drugs
and Approved or Cleared Medical Devices http://www.fda.gov/oc/op/goodreprint.html

Abstract: The abstract should not exceed 250 words and it should condense the essential
features of the review article, with the focus on the major advances in the field.

Key Words: Authors must supply up to eight key words along with their manuscript.

Text: The main text should begin on a separate page and it may be subdivided into separate
sections. The review article should mention any previous important reviews in the field and
contain a comprehensive discussion starting with the general background of the field. It
should then go on to discuss the salient features of recent developments. The authors should
avoid presenting material which has already been published in a previous review. The
reference numbers should be given in square brackets in the text. Acknowledgements should
be kept to a minimum.

Tables:

Data Tables should be submitted in Microsoft Excel or in Microsoft Word table format.

Each table should include a title/caption explaining what the table shows. Detailed legends
may then follow.

Tables should be given on separate pages with indications on the left hand margin to the text,
as to the appropriate placement of the tables.

Tables should not contain vertical rules.

Columns and rows of data should be made visibly distinct by ensuring the borders of each cell
display as black lines.

Tables should be numbered consecutively in order of their citation in the body of the text,
with Arabic numerals.

If a reference is cited in both the table and text, insert a lettered footnote in the table to refer to
the numbered reference in the text.

Tabular data provided as additional files can be submitted as an Excel spreadsheet.
Figures/Illustrations: All authors must strictly follow the guidelines below for preparing
illustrations for publication in Current Protein & Peptide Science. If the figures are found to
be sub-standard, then the manuscripts will be rejected/ and the authors offered the option of
figure improvement professionally by Bentham Publishing Services. The costs for such
improvement will be charged to the authors.

Editorial Requirements:

The quality of the illustrations printed in the journal largely depends on the quality of the
figures/illustration provided by the author. The acceptance of a manuscript for publication is
subject to the figures being up to the highest standards in terms of clarity and resolution. In
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case the figures supplied are not up to the standards required, then the manuscripts will be
rejected, and the authors given the option to either return the manuscripts within one week
with appropriate drawings/figures or they may opt to have these professionally prepared
through the paid professional service available from Bentham Publishing Services.

Submit the original artwork or a photographic print of the original for publication.

Do not submit photocopies. (Hardcopy submission requirement).

[lustrations should be provided as separate files, not embedded in the text. (Hardcopy
submission requirement).

Remove all color from graphics except for those illustrations (Greyscale), which are intended
to be printed in color.

Good quality of hardcopy originals are a requirement.

Figures should be referred to as “Fig. (1)”, “Fig. (2)” etc. in the text with figure numbers in
bold within round bracket.

Revised manuscripts should contain a complete set of artwork and photographs.

Technical Details:

Figures should be provided on high quality, white, smooth opaque paper. (Hardcopy
requirement).
Format & Resolution:

The following file formats can be accepted. (Preference in order of appearance): PDF, TIFF,
JPEG, GIF.

[lustrations must fit a single or double column format on the journal page, according to the
following guideline below:

HEIGHT

WIDTH

SINGLE COLUMN

24 cm (max)

8.5 cm (max)

DOUBLE COLUMN

24 cm (max)

18 cm (max)

Whenever possible, submit graphics that do not have to be reduced to fit the standard figure
size.

Use the best resolution available (hardcopy submission requirement). For online submission
the maximum resolution is 300 dpi.

Avoid textures and shadings giving a three-dimensional effect to the illustration.

Symbols and lettering in the illustration should be of similar size.

Smaller lettering is used.

Font: Times New Roman or Helvetica is preferable. Font size: 10pt (maximum).

Line drawings should have clear and sharp lines and should be of uniform density. Moreover,
lines should be continuous without any breaks.

Do not use lines thinner than 1 point.

Color Figures/Illustrations:

The cost for the first published page of color figures is US $850; the second additional page
will be US $621; and each subsequent page, US $420.
Color figures should be supplied in CMYK not RGB colors.
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Required resolution for online submission is 300 dpi. In case of hardcopy submission, please
use the maximum resolution available. In case the figure(s) are of an inferior quality they will
need to be improved either by the author or by the publisher on a charged basis.

Photographs: Submit high-contrast prints that are of single- or double-column width so that
they will not have to be reduced when printed. Negatives are not acceptable. However, in case
of hardcopy submission, color illustrations and plates can be published from 35 mm color
slides.

Chemical Structures: Chemical structures must be prepared according to the guidelines below.

Structures should be prepared using a suitable drawing program e.g. ChemDraw and provided
as separate file, submitted both on disk and in printed formats.

Numbers in bold should identify all chemical structure. If a name is also used to describe the
compound, the associated number in bold should be in parenthesis, e.g. “compound (1)”.

Structure Drawing Preferences:

[As according to the ACS style sheet]
Drawing Settings:

Chain angle 120°

Bond spacing  18% of width

Fixed length 14.4 pt (0.500cm, 0.2in)
Bold width 2.0 pt (0.071cm, 0.0278in)
Line width 0.6 pt (0.021cm, 0.00841n)
Margin width 1.6 pt (0.096cm)

Harsh spacing 2.5 pt (0.088cm, 0.0347in)
Text settings:

Font Times New Roman / Helvetica
Size 10pt

Under the Preference Choose:

Units points

Tolerances 3 pixels

Under Page Setup Use:
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Paper US letter
Scale 100%

References: References must be listed in the ACS Style only. All references should be
numbered sequentially [in square brackets] in the text and listed in the same numerical order
in the reference section. The reference numbers must be finalized and the bibliography must
be fully formatted before submission. Titles of journals are abbreviated according to Chemical
Abstract Service Source Index.

See below few examples of references listed in the ACS Style:
Examples:

Journal Reference:

[1] Banner, D.W.; Harvary, P. Crystallographic analysis at 3.0-A resolution of the binding to
human thrombin of four active site-directed inhibitors. J. Biol. Chem., 1991, 266, 20085-
20093

Book Reference:
[2] Crabtree, R.H. The Organometallic Chemistry of the Transition Metals, 3rd ed.; Wiley &
Sons: New York, 2001.

Book Chapter Reference:
[3] Wheeler, D.M.S.; Wheeler, M.M. In Studies in Natural Products Chemistry; Atta-ur-
Rahman, Ed.; Elsevier Science B. V: Amsterdam, 1994; Vol. 14, pp. 3-46.

Conference Proceedings:

[4] Jakeman, D.L.; Withers, S.G. E. In Carbohydrate Bioengineering: Interdisciplinary
Approaches, Proceedings of the 4th Carbohydrate Bioengineering Meeting, Stockholm,
Sweden, June 10-13, 2001; Teeri, T.T.; Svensson, B.; Gilbert, H.J.; Feizi, T., Eds.; Royal
Society of Chemistry: Cambridge, UK, 2002; pp. 3-8.

URL(Web Page):
[5] National Library of Medicine. Specialized Information Services: Toxicology and
Environmental Health. http://sis.nlm.nih.gov/Tox/ToxMain.html (accessed May 23, 2004).

Patent:
[6] Hoch, J.A.; Huang, S. Screening methods for the identification of novel antibiotics. U.S.
Patent 6,043,045, March 28, 2000.

Thesis:
[7] Kirby, C.W. Thesis, University of Waterloo, 2000.

Some important points to remember:

* All references must be complete and accurate.

*All authors must be cited and there should be no use of the phrase et al (the term “et al.”
should be in italics).

*Online citations should include the date of access.
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*Journal abbreviations should follow the Index Medicus/MEDLINE.

*Take special care of the punctuation convention as described in the above-mentioned
examples.

* Avoid using superscript in the in-text citations and reference section.

* Abstracts, unpublished data and personal communications (which can only be included if
prior permission has been obtained) should not be given in the reference section but they may
be mentioned in the text and details provided as footnotes.

*The authors are encouraged to use a recent version of EndNote (version 5 and above) or
Reference Manager (version 10) when formatting the reference list, as this allows references
to be automatically extracted.

SUPPORTIVE/SUPPLEMENTARY MATERIAL: We do encourage to append supportive
material, for example a PowerPoint file containing a talk about the study, a PowerPoint file
containing additional screenshots, a Word, RTF, or PDF document showing the original
instrument(s) used, a video, or the original data (SAS/SPSS files, Excel files, Access Db files
etc.) provided it is inevitable or endorsed by the journal's Editor.

Published/reproduced material should not be included unless you have obtained written
permission from the copyright holder, which must be forwarded to the Editorial Office in case
of acceptance of your article for publication.

Supportive/Supplementary material intended for publication must be numbered and referred
to in the manuscript but should not be a part of the submitted paper. In-text citations as well as
a section with the heading "Supportive/Supplementary Material" before the "References"
section should be provided. Here, list all Supportive/Supplementary Material and include a
brief caption line for each file describing its contents.

Any additional files will be linked into the final published article in the form supplied by the
author, but will not be displayed within the paper. They will be made available in exactly the
same form as originally provided only on our Web site. Please also make sure that each
additional file is a single table, figure or movie (please do not upload linked worksheets or
PDF files larger than one sheet). Supportive/ Supplementary material must be provided in a
single zipped file not larger than 4 MB.

Authors must clearly indicate if these files are not for publication but meant for the
reviewers'/editors' perusal only.

Online Manuscript Submission: An online submission and tracking service via Internet
facilitates a speedy and cost-effective submission of manuscripts.1 The full manuscript has to
be submitted online via Bentham's Content Management System (CMS) at
http://www.bentham-editorial.org/ View Instructions

Alternatively, you may also submit your full manuscript by e-mail to
cpps@benthamscience.org

Manuscripts must be submitted by one of the authors of the manuscript, and should not be
submitted by anyone on their behalf. The principal/corresponding author will be required to
submit a Covering Letter along with the manuscript, on behalf of all the co-authors (if any).
The author(s) will confirm that the manuscript (or any part of it) has not been published
previously or is not under consideration for publication elsewhere. Furthermore, any
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illustration, structure or table that has been published elsewhere must be reported, and
copyright permission for reproduction must be obtained.

For all online submissions, please provide your complete manuscript in the form of a single
zipped folder containing soft copies of all the materials (main text in MS Word or
Tex/LaTeX), figures / illustrations in TIFF, PDF or JPEG, and chemical structures drawn in
ChemDraw (CDX) / ISISDraw (TGF) as separate files, while a PDF version of the entire
manuscript must also be included, embedded with all the figures / illustrations / tables /
chemical structures etc.

A successful electronic submission of a manuscript will be followed by a system-generated
acknowledgement to the principal/corresponding author within 72 hours of the dispatch of the
manuscript. Any queries therein should be addressed to mahmood@bentham.org and copied
to Jalil@bentham.org

Page Charges: No page charges will be levied to authors.

Language Editing: Manuscripts submitted containing many English typographical errors will
not be published. Authors from non-English language countries are advised to use the services
of our professional language editing department prior to submitting their manuscript to the
Journal. Please contact Bentham Publishing Services www.benthampublishingservices.com
for a language editing quote at e-mail: info@benthampublishingservices.com stating the total
number of words of the article to be edited.

Proofs: Authors are sent page proofs. To avoid delays in publication, proofs should be
checked immediately for typographical errors and returned within 48 hours. Authors will be
charged for excessive changes made at the page proof stage.

Reprints: Each first-named (corresponding) author will receive electronically a certain
number of free reprints. Reprints may be ordered from the Publisher prior to publication of
the article. First named authors may also order a personal print and online subscription of the
journal at 50% off the normal subscription rate by contacting the subscription department at e-
mail: subscriptions@bentham.org

Open Access Plus: Accepted articles can be published online for free open access for all to
view. Open access publishing provides the maximum dissemination of the article to the largest
audience. Authors must pay for this service. All corresponding authors will be asked to
indicate whether or not they wish to pay to have their paper made freely available on
publication. If authors do not select the Open Access option, then their article will be
published with standard subscription-based access at no charge.

Bentham Science offers authors the choice of open access publication of their articles at a fee
of USD 2,800 per published article which allows indefinite free-to-view online publication
with Bentham Science.

For more information please contact us at e-mail: openaccess@bentham.org

Reviewing and Promptness of Publication: All papers submitted for publication will be
immediately subjected to editorial scrutiny, usually in consultation with members of the
Editorial Advisory Board. Every effort will be made to assess the papers quickly. The papers
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will be typeset and the proofs dispatched to the authors normally within 4 weeks of their
acceptance.

Copyright: Authors who publish in Bentham print & online journals will transfer copyright to
their work to Bentham Science Publishers. Submission of a manuscript to the respective
journals implies that all authors have read and agreed to the content of the Covering Letter or
the Terms and Conditions. It is a condition of publication that manuscripts submitted to this
journal have not been published and will not be simultaneously submitted or published
elsewhere. Plagiarism is strictly forbidden, and by submitting the article for publication the
authors agree that the publishers have the legal right to take appropriate action against the
authors, if plagiarism or fabricated information is discovered. By submitting a manuscript the
authors agree that the copyright of their article is transferred to the publishers if and when the
article is accepted for publication. Once submitted to the journal, the author will not withdraw
their manuscript at any stage prior to publication.

E-Pub Ahead of Schedule: Bentham Science Publishers are pleased to offer electronic
publication of accepted papers prior to scheduled publication. These peer-reviewed papers can
be cited using the date of access and the unique DOI number. Any final changes in
manuscripts will be made at the time of print publication and will be reflected in the final
electronic version of the issue.

Disclaimer: Articles appearing in E-Pub Ahead-of-Schedule sections have been peer-reviewed
and accepted for publication in this journal and posted online before scheduled publication.
Articles appearing here may contain statements, opinions, and information that have errors in
facts, figures, or interpretation. Accordingly, Bentham Science Publishers, the editors and
authors and their respective employees are not responsible or liable for the use of any such
inaccurate or misleading data, opinion or information contained of articles in the E-Pub
Ahead-of-Schedule.
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