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1. Resumo

Os fatores de transcricio bZIP ligam-se como dimeros a seqiéncias de DNA especificas
presentes nas regides promotoras, atuando como moduladores da expressio de varios genes em
eucariotos. O conjunto completo e ndo redundante dos fatores de transcricdo bZIP de
Arabidopsis thaliana foi agrupado em 13 sub-familias filogenéticas. Essa classificagio permitiu
organizar 85 clusters de cana-de-agtcar que codificam bZIPs, obtidos no projeto SUCEST. As
sub-familias IV ¢ XIII de A. thaliana ndo foram encontradas em cana de aglicar, provavelmente

devido ao baixo nivel de expressio destas sub-familias em cana-de-actcar.

As analises filogenéticas com as bZIPs da sub-familia Opaco? suportam um modelo de evolugio
que envolve a duplicagiio de dois genes homélogos antes da separagdo das monocotileddneas e
dicotiledoneas. Expansdes posteriores resultaram em  irés duplicagbes génicas nas
monocotiledéneas e uma nas plantas dicotiledéneas. Assim, a proteina Opaco2 provavelmente ¢
o resultado de uma duplica¢do especifica das plantas monocotiledoneas e representa uma
especializacdo restrita a essas plantas.

Uma proteina bZIP de cana-de-agucar, SChZIP1, foi clonada e caracterizada bioquimicamente.
Ensaios de mobilidade eletroforética mostraram que a proteina SChZIP1 liga-se fortemente a
sondas de DNA do tipo G-box, C-box ¢ Hex. A fosforilagio por CKII reduz sua afinidade pelo
DNA. SCbZIP1 foi capaz de produzir homodimeros e também heterodimeros com duas formas
truncadas de Opaco2. G gene ¢ ativo nos estigios iniciais do desenvolvimento de plantulas,
sendo expresso nas gemas laterais e também nas flores.

O perfil de expressdo dos 85 genes que codificam as bZIPs de cana-de-actcar foi avaliado com
macroarranjos de DNA. Sete genes foram diferencialmente expressos durante o desenvolvimento

de plantulas e outros oito foram modulados pelos horménios cido abscisico ou metil jasmonato.




1.1. Abstract

bZIP transcriptional factors bind as dimers to specific DNA targets present in the promoter
regions of their target genes and act as modulators of gene expression in eukaryotes. The
complete set of Arabidopsis thaliana bZIPs was grouped in thirteen phylogenetic sub-families.
This classification allowed the organization and identification of 85 sugarcane clusters from
SUCEST project. Sub-families IV and XI1I were not found in sugarcane, probably due to the low
level of expression of these sub-families.

Phylogenetic analysis of the Opaque2 subfamily support a model of evolution that nvolves a
duplication of two homologues before the separation of monocot and dicot plants. Subsequent
expansions resulted in three gene duplications in monocots and one in dicots, Opaque? is
probably the result of one specific duplication of monocots and represents a restrict
specialization in these plants.

A sugarcane bZIP, SCbZIP1 was cloned and biochemically characterized. Electrophoretic
mobility shift assays showed that SCbZIP1 binds tightly to G- and C-boxes, Hex motifs, and
phosphorylation of SCbZIP1 by CKIH decreases its DNA affinity. SCbZIP1 underwent
homodimerization and heterodimerization with truncated Opaque 2 from Coix. SCbZIP1 mRNA
is expressed in early stages of development and in lateral buds and flowers.

The pattern of expressioﬂ of 85 sugarcane bZIP genes was evaluated by ¢cDNA arrays. Seven

genes were differentially expressed during plantlet development and eight were modulated by

Abscisic acid or Methyl-jasmonate.
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2. Introducio

2.1. Regulaciio da expressiio génica em eucariotos

O controle da expressio génica ¢ essencial para a maioria dos fendmenos biologicos, tais como a
diferenciagfio celular, desenvolvimento e respostas a estimulos ambientais. Além disso, a
alteracdo na expressdo génica também esta emergindo como causa de diversidade por tras da

evolugiio morfoldgica dos organismos (Riechmann, 2002).
O controle da expressido génica acontece basicamente em trés niveis distintos:

I - Regulacio da transcri¢do, que compreende a regulago da taxa de transcrigdio do gene,

incluindo seu processamento;

Il - Regulagio pds transcricional, que regula a edicdo ¢ tradugfio do RNA mensageiro ja

formado;

[l - Regulagio traducional, que abrange a regulagdo da tradugio do RNAm nas proteinas.

Dentre esses trés niveis, o mecanismo predominante no controle da atividade de um gene € a

regulagiio da transcri¢o ou sintese do RNA mensageiro (RNAm) (Kublemeier, 1992; Kormberg,
1999),

2.2. A RNA polimerase II ¢ os promotores dos genes eucarioticos

Organismos eucariontes possuem trés enzimas responsaveis pela sintese de moléculas de RNA:
as RNA polimerases 1, II ¢ ITI. A RNA polimerase I esté envolvida com a transcrigdo dos genes
de RNA ribossomal (RNAr) enquanto que a RNA polimerase I atua na transcrigio de RNAs
transportadores (RNAf), RNA ribossomal 58 e alguns outros pequenos RNAs nucleares

(Komberg, 1999; Lee e Young, 2000; Riechmann, 2002).

A RNA polimerase 11 ¢é responsivel pela transcricdo de genes que codificam proteinas,
sintetizando assim os denominados RNAs mensageiros (RNAm). Apesar de ser essencial para o
processo de transcrigdo, essa enzima ndo é capaz de atuar sozinha. Fla depende de virias
proteinas que interagem com o DNA e entre si, os chamados fatores gerais da transcrigio,

formando grandes complexos protéicos responsiveis pela regulacio da sintese do RNAm, além



de outras proteinas que interagem com a propria RNA polimerase I formando um complexo
protéico denominado holoenzima. Algumas dessas proteinas, denominadas fatores gerais sdo
necessarios para a transcrigdo de qualquer tipo de gene. Qutras, denominadas reguladores
(ativadores e repressores) modulam a taxa de transcricdo de grupos de genes ou até mesmo de

um unico gene (Lee e Young, 2000).

Apenas a holoenzima tem capacidade de iniciar a transcrigdo e responder a ativadores, pois ela
contém o complexo mediador da transcricio, formado por varias subunidades protéicas
regulatorias (Hengartner et al., 1995: Komberger, 1999). A composicdo da holoenzima e do
complexo mediador pode ser remodelada de acordo com as necessidades celulares o que permite
um controle coordenado de determinado conjunto de genes (Holstege et al,, 1998). Os
componentes do mediador apresentam funcdes importantes na regulagdo da transcrigio provendo

alvos para os ativadores e sinais regulatérios para a RNA polimerase Il e outros componentes do

complexo de iniciagdo (Lee e Young, 2000).

A sintese dos RNAm inicia-se em regides especificas do genoma, mais precisamente na regifio
flanqueadora 5' dos genes que codificam proteinas. Essas regides siio também conhecidas como
promotores, Estas regides promotoras apresentam pelo menos trés sitios alvos de ligacdo
comuns: o sitio de inicio da transcricfio, um sitio de ligagdo para a proteina TATA Box binding,
conhecido como TATA box e seqiéncias de ligacdo especificas para outros fatores de

transcrigdo (Lee e Young, 2000).

As seqliéncias especificas que sio identificadas pelos fatores de transcriciio sdo: seqgiiéncias
ativadoras e ou repressoras “upstream”, “enhancers”, regides controladoras de locus (LCRs, que
sdo similares aos enhancers), seqiiéncias de reconhecimento de TFIIB (BRE), elementos
“downstream” e silenciadores (Figura 1) (Lee e Young, 2000). Os fatores de transcri¢io ligam-se
a esses elementos presentes nos promotores estimulando ou reprimindo a transcricdo dos genes

pela interacdo com outros fatores presente na holoenzima (Kormeberg, 1999: Lee e Young,
2000).
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Figura 1 - Composi¢do de um tipico promoter eucariotico. O diagrama mostra alguns dos elementos gle
contribuem para a transcricdo basal, Cada um destes motivos de DNA é encontrado em alguns promotores. Um
promotor particular pode conter todos ou alguns destes efementos, O TATA box pode funcionar na auséncia de

BRE, Inr e DPE. Em contraste, DPE requer a presenca de Inr. BRE se localiza upstream de TATA. Fonte: Smale
and Kadonaga. 2003,

Em muitos promotores da RNA polimerase Il foi identificada uma seqliéncia conservada,
localizada a - 25 ou 30 pares de base (pb) do local do inicio da transcrigdo. Esta seqiiéncia,
formada pelo consenso TATAa/tAa/t, foi chamada TATA box (Figura 1). Apesar de varios
promotores de genes apresentarem claramente o elemento TATA-box, a maioria nio o faz, sendo
que alguns genes possuem sucessdes A+T-ricas que parecem funcionar como TATA-box.
Embora, a regifio TATA box seja bem caracterizada, as TPBs (TATA binding proteins ou
proteinas ligantes a TATA) ligam-se a uma ampla gama de seqiiéncias derivadas de TATA box,

0 que pode explicar a variagio encontrada neste sitio alvo, embora estas sejam as proteinas mais

conservadas entre os eucariotos (Smale e Kadonaga, 2003).

Uma outra seqiiéncia rica em pirimidinas e de consenso YYANYaYY foi localizada préxima a
matoria dos locais de inicio da transcriciio (Figura 1), sendo chamada de elemento iniciador
(Inr). Varios fatores de transcrigio podem ligar-se a Inr e recrutar a maquinaria de transcricio
(Lee e Young, 2000; Smale ¢ Kadonaga, 2003). As sequeéncias Inr funcionam de maneira similar
a TATA box, pois alguns estudos demonstraram que ambos funcionam de forma sinérgica
quando separados por 25-30 pb e atuam individualmente se separados por mais de 30 pb
(O’Shea-Greenfield e Smale, 1992). H4 evidéncias de que TETID reconhece e liga-se ao Inr,
recrutando a RNA polimerase 11 durante a formagdo do complexo de pré-iniciaciio (Smale e

Kadonaga, 2000). A RNA polimerase II, 0 TAFIIA ¢ o TBP também se ligam ao Inr, formando



complexos estiveis em promotores mesmo sem a presenga de TATA box (Weis e Reinberg,
1997).

O elemento promotor “downstream”, DPE (Figura 1} ¢ um motivo que é requerido para a ligacio
do fator geral de transcricio, TFIID, geralmente em promotores que nio apresentam TATA box.
DPE atua somente em conjunto com Inr mas nio atua de forma independente como no caso do
TATA box e do Inr (Smale ¢ Kadonaga, 2003). Uma analise de 205 genes de Drosophila
mostrou uma estimativa sobre a composicio dos motivos presentes em promotores, onde 29%
contem TATA box sem DPE, 26% possuem DPE sem TATA box, 14% contém ambos e 31%
parecia ndo conter nenhum dos dois motivos (Kutach e Kadonaga, 2000). Esse estudo ainda

mostrou que DPE  também apresenta ligeiras variacdes nas suas seqiiéncias funcionais. Tanto

DPE como TATA box sio reconhecidas e ligadas por TFID, mas apenas TATA box pode atuar

independente de Inr. A principal diferenca entre ambos ¢ que TATA box é reprimida pelo

complexo protéico NC2/Drl-Drap! e o mesmo ativa a transcri¢do em DPE (Smale e Kadonaga,
2003).

Outra seqiiéncia que estd presente em varios promotores de genes ¢ o eclemento de
reconhecimento de TFIIB (BRE) que esta localizada “upstream” de TATA box (Figura 1). Ao
contraric de outros elementos encontrados em promotores de eucariotos, BRE nio foi
caractertzado, pelo menos ainda, em plantas e leveduras. Em humanos BRE interage com TFIIB
e estimula a RNA polimerase 1l durante a transcricdo, mas parece reprimir a transcricio em

alguns promotores (Smale ¢ Kadonaga, 2003).

Embora os sitios alvos comuns presentes nos promotores sejam conservados, a composicio € o
contexto funcional dos mesmos nos diferentes promotores variam (Lee e Young, 2000:;
Riechamann, 2002). Seqiiéncias auxiliares 3 essas chamadas seqiiéncias “core” sio encontradas
nos promotores e sio alvos para fatores de transcrigdo especificos que auxiliam na regulacio da
transcrigdo. A variagio da composicio dos promotores eucarioticos leva a hipétese da regulacio
génica combinatéria, onde o limitado nimero de fatores de transerigio de um organismo pode
regular uma enorme variedade de padrdes diferentes de eXpressdo génica se a regulagio da

transcricdo dos mesmos requerer a aglo de multiplos reguladores (Lee e Young, 2000:;
Riechmann, 2002).
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2.3. A transcri¢iio e a cromatina

Em eucariotos a compactagio do DNA na cromatina é importante para a organizacio do mesmo
dentro dos limites do nficleo e na propria regulagio génica {Lee e Young, 2000; Myers ¢
Kornberg, 2000; Riechmann, 2002). A combinaglio do DNA com as histonas na formagdo do
nucleossomo ¢ a organizagdo destes na cromatina parece restringir o acesso das proteinas que
participam da transcri¢do. Dessa forma, a modificacio da estrutura da cromatina e dos
nucleossomos facilita a ligagio dos ativadores transcricionais e do resto da maquinaria
transcricional. Geralmente. a modificagio da cromatina ocorre pela acetilacio, deacetilacio e
outras modificagdes das histonas que desestruturam a cromatina (Kornberg, 1999; Lee e Young,
2000; Myers e Kormberg, 2000). A diminuigdo da densidade dos nucleossomos altera a
expressdo de vérios genes em levedura (Lee e Young, 2000). O sinergismo entre a interagio de
multiplos fatores de transcricio leva a ativagdo do promotor do virus de tumor mamério
favorecida pelo posicionamento correto nas regides regulatérias dos nucleossomos (Chaves e
Beato, 1997). A ativagdo do promotor de vitelogenina de Xenopus € potencializada pela geracio
de um “loop” dependente de nucleossomo ¢ o ativador transcricional Hnf3 liga-se estavelmente
na sua segiiéncia alvo somente quando o DNA estd empacotado nos nucleossomos (Cirillo e
Zaret, 1999). Juntos esses resultados sugerem que o empacotamento do DNA na cromatina
fornece um contexto fisico para diferentes promotores, aumentando a viabilidade de uma

regulagdo mais especifica para os genes dentro das células (Lee e Young, 2000).

A ultra-estruturagio da cromatina envolve contato entre os nucleossomos que € mediado pelo
menos em parte. pelas regides N-terminais das histonas. As histonas sdo alvo de diferentes tipos
de modificagdes tais como, acetilagio, fostorilagio, metilacio e ubiguitinizagio, o que pode
levar a uma alteraciio estrutural da organizagio da cromatina. Sendo que existe uma forte
correlagdo entre a acetilagdo da cauda das histonas, a remodelagem da cromatina e a atividade

transcricional (Lee e Young, 2000; Myers e Kornberg, 2000; Riechmann, 2002).

A hiperacetilagio das histonas estd associada com dominios transcricionalmente ativos e
acessiveis da estrutura da cromatina, ocorrendo o oposto em regides com histonas hipoacetiladas
(Hebbes et al., 1994). Provavelmente, isso reflete a remodelagem da cromatina, o que leva a um
acesso maior as regides de ligagdo da maquinaria transcricional e seus ativadores ou repressores

(Garcia-Ramirez et al., 1995; Lee e Young, 2000, Riechmann, 2002).



As primeiras evidéncias da impottancia da acetilagio na transcrigio foram obtidas em
Tetrahymena, com a proteina p55, que apresentou atividade de histona acetilase (HAT) e que foi
relacionada funcionalmente 4 proteina GCNS de levedura (Brownell e Allis, 1996). GenS é um
fator transcricional ¢ a regido promotora onde Gen5 se liga mostrou alta acetilaco das histonas
(Lee e Young, 2000). Outros fatores de transcricdo, CREB, p33 e receptores hormonais

nucleares, Jigam-se a um conjunto de co-ativadores, p300/CBP, sendo que este apresenta

atividade de acetilar as histonas (Lee e Young, 2000).

A regulagio da expressdo génica geralmente envolve um balango entre a agfio de ativadores e
repressores que se ligam as regides promotoras dos genes. Os ativadores estimulam a atividade
da maquinaria transcricional e geralmente um ativador pode ser utilizado na ativacio de varios
£ETIES 1O genoma, 0 que promove um mecanismo coordenado no controle dos mesmos. Outros
genes podem necessitar a atuagdo de multiplos ativadores, o que permite um mecanismo de
controle combinatério para a célula (Lee e Young, 2000). Os ativadores ligam-se geralmente de
forma cooperativa nas regides promotoras e mesmo em baixas concentragdes podem ativar de
uma forma ampla a transcrigio. Assim, o arranjo dos ativadores em um complexo fnico

promove a imtegracio de varios inputs regulatdrios em um tnico output (Lee e Young, 2000).

Uma outra caracteristica importante desses ativadores da transcrigdo ¢ a capacidade dos mesmos
de recrutar os complexos responsaveis pela modificacio da cromatina. Evidéncias dessa funcdo
dos ativadores vieram através dos estudos de ativagdo do gene HO em levedura. O fator de
transericdo SwiS recruta o complexo modificador de cromatina Swi/Snf que acettla as histonas

antes da associacdo do segundo ativador, SBF, que entdo recruta o resto da maquinaria de

transcricdo para a regido promotora (Cosma et al., 1999).

O conjunto de acetilases, p300/CBP ¢ alvo para diferentes ativadores da transcricdo incluindo, c-
jun, Pit-1 ¢ CREB e ¢ sugerido que p300/CBP sirva de plataforma para o recrutamento de

cofatores adicionais (Lee e Young, 2000).

Elp3 ¢ uma acetiliransferase (HAT) que faz parte do complexo de elongamento em levedura que
estd fortemente associado a RNA polimerase 1I. Essa ligagio fisica entre uma acetilase e a RNA
polimerase II pode prover meios de modificar o estado de acetilacdo dos nucleossomos nas
regides {ranscricionais na cromatina (Lee e Young, 2000). Além das histonas, as

acetiltransferases podem exercer suas atividades de acetilago em outras protefnas do complexo



de transcrigdo incluindo os fatores de transcri¢io tais como. TFIIF, o que produz efeitos
positivos ¢ negativos na transcrigio dependendo do gene (Imhof et al., 1997). A acetilacio de
p33 por CBP/p300 ¢ PCAF aumenta a atividade de ligagdo ao DNA deste fator de transcrigio
humano. Esse resultado sugere que a acio das acetiltransferases também pode ser critica na

regulacdo de p53 (Lee e Young, 2000).

A a¢do antagdnica das deacetilases também ¢ importante durante a regulacio da transcrigiio, pois
estas enzimas tem sido identificadas como componentes comuns de complexos co-repressores
recrutados por diversos dos reguladores da transcricdo, indicando que sua funcdo esteja
relacionada & repressdo génica. Sin3 é um complexo repressor de levedura, caracterizado pela
presenga da proteina Sin3 e as deacetilases envolvidas na formagdo deste complexo sdo
importantes para a fungdo repressora do mesmo (Alland et al., 1997). O complexo Sin3 é capaz
de interagir com varios reguladores da transcrigdo, refletindo os diversos mecanismos
empregados para a deacetilagio em promotores especificos ou em um conjunto de promotores
(Ayer. 1999). Todos esses complexos que remodelam a cromatina contém ATPases essenciais
para tal remodelamento ¢ ainda outras subunidades que afetam a regulacdo, especificidade, e a

eficiéneia da transcrigio (Lee e Young, 2000).

2.4. A RNA polimerase II; a holoenzima

A RNA polimerase II e o complexo para iniciagdo da transcricdo sdo recrutados para ligarem-se
ao promotor dos genes pelos fatores de transcri¢do. O complexo contém a RNA polimerase II, os
fatores gerais da transcrigdo e os complexos chamados de co-ativadores ou mediadores
(Komberg, 1999: Lee e Young, 2000). Todo esse aparato protéico ¢ denominado holoenzima,
sendo que a holoenzima melhor caracterizada ¢ a de levedura, contendo a RNA polimerase I, os
fatores de transcri¢io e o complexo mediador Srb (Cramer et al., 2000). O complexo mediador
Stb integra sinais entre os fatores de lranscri¢do nos promotores e sua composicio pode ser
remodelada dependendo das condicdes encontradas pelas células, o que permite um controle
especifico para um dado grupo de genes. Virios co-ativadores, homélogos ao complexo Srb.

foram isolados em mamiferos capazes de ativar a transcrigdo de diferentes genes (Lee e Young,
2000).

G



Uma RNA polimerase 1l tipica apresenta de 10 a 12 subunidades e ¢ capaz de transcrever o RNA
in vitro, mas incapaz de reconhecer promotores especificos na auséncia de fatores de transcrigao

adicionais. Em levedura todas as 12 subunidades da RNA polimerase 1l sio imprescindiveis para

o crescimento e desenvolvimento.

A maior subunidade da RNA polimerase Il contém urm dominio repetitivo na cauda C-terminal
(Tyr-Ser-Pro-Thr-Ser-Pro-Ser), chamado CTD (Figura 2), que ¢ altamente conservado entre
cucariotos, variando apenas o numero das repeticdes (Lee e Young, 2000). A funcfio deste
dominio parece estar envolvida com o estado de fosforilagdio. RNA polimerases 11 sem estarem
fosforiladas no dominio CTD sio encontradas nos complexos de iniciagdo (Chesnut et al., 1992),
enquanto fosforiladas estio na fase de elongamento (Lee e Young, 2000). A fosforilacio do
dominio CTD ocorre durante a transicdo do estado de iniciacio para o de elongamento ¢ esta
transicdo leva uma troca de cofatores pela holoenzima. O complexo mediador Srb ¢ associado
com as RNA polimerases Il com CTD ndo fosforilado em contraste, o complexo de elongagio e

varios outros fatores de processamento de RNA se associam com a RNA polimerase II

fosforilada (Lee e Young, 2000).

Além da transcri¢do a RNA polimerase Il auxilia na protegdo do RNAm, uma vez que o dominio
CTD fosforilado interage com a enzima de “capping”, além de afetar a atividade de outros
componentes do aparato de capping do RNAm (Cho et al., 1997 e 1998). O dominio CTD ¢
essencial para a clivagem do RNAm na regido de poliadenilagio. Desta forma, a RNA
polimerase Il com sey dominio CTD parece ser importante também, para a estimulacdo ¢
recrutamento dos fatores de poliadenilacio e assim, produzir uma maquinaria eficiente e
coordenada para a formagdo da extremidade 3’ e para a terminagdo dos transcritos (Bentley,

1999). Algumas evidéncias sugerem que o spliceossoma pode estar fisica e funcionalmente

ligado ao dominio CTD da RNA polimerase II (Lec e Young, 2000).

Duas quinases que fosforitam o dominio CTD foram caracterizadas e devido a sua forte
associagdo com o aparato de iniciacio sugere que tenham fungdes na regulacio deste Processo.
A Cdk7 uma subunidade do fator geral de transcricdo TFIIH tem atividade de quinase do
dominio CTD e é critica na transi¢do para que o complexo de elongamento seja estavel (Feaver

et al., 1991). A quinase Srb10/CdkS8 ¢ um componente do complexo mediador Srb de levedura



que também fosforila 0 dominio CTD e Srb10 atua como um regulador negativo da transcrigio

em condi¢des 6timas de crescimento (Holstege et al., 1997).

A estrutura cristalografica da RNA polimerase H de levedura revelou caracteristicas
interessantes dessa enzima (Figura 2) (ver Cramer et al., 2000 para maiores detalhes). As duas
maiores subunidades (Rpb1 e Rpb2), formam uma fenda que contém o sitio ativo e a posigiio
deste em relagdo a proje¢io do DNA na fenda sugere que o DNA nfio segue um caminho direto
por entre a enzima. Dois canais foram identificados por onde sai 0 RNA mensageiro nascente.
Foram identificados dois orificios na base da fenda que podem ser para a entrada ou saida de
nucleotideos, do RNA ou ainda de fatores que afetam a clivagem 3’-5’do RNA durante a
correcio de erros (Cramer et al,, 2000). Enquanto a RNA polimerase II tipica é considerada uma
unidade funcional, suas subunidades apresentam diversas fungdes e isso pode sugerir que exista

uma multiplicidade de formas de RNA polimerase Il nas células (Lee e Young, 2000).
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Figure 2 - Estrutura tridimensional da RNA polimerase II. Em A ¢ mostrado uma visio superior. O DNA ¢
mosirado como um cilindro. A subunidade Rbp9 envolvida no reconhecimento e seleciio do sitio de infcio de
transcrigho € mostrada em laranja. Em amarelo sdo mostrados sitios importantes para a seleciio do sitio de miciagfio.
O circulo ponteado mostra o local do posicionamento do fator geral de transcrigiio TFIIB durante a formacio do
complexo de miciagdo. Em B € mostrado uma visfio frontal da RNA polimerase IL Fonte: Cramer et al., 2001.

As atividades mais comuns das subunidades caracterizadas foram: selecdo do sitio de
iniciag&o, elongagac da transcricdo e interagcdo com ativadores (Lee e Young, 2000).



Ppb5, Rpbl e Rph9 formam estruturas que posicionam o DNA “downstream”. J4 Rpbl, Rpb2 e
Rpb6 ajudam na estabilidade do complexo de transcricio (Cramer et al., 2000). Rpb4 ¢ Rpb7
formam um complexo dissocidvel que est4 implicado na resposta a estresse e na iniciagdo da
transcrigdo (Edward set al., 1991: Choder e Young, 1993) ¢ outros estudos mostram que Rpb4 ¢

Rpb7 estdo envolvidos na interagio do DNA e o sitio ativo da RNA polimerase I1 (Asturias et
al., 1997).

21.5. Os fatores basais e a inicia¢iio da transcri¢iio

O conjunto basal ou geral de fatores de transcricio (GTF) requeridos para o reconhecimento
especifico dos promotores pela RNA polimerase 11 in vitro incluem TFIIA, TFIIB, TFID,
TFHE, TFIF e TFHH (Lee e Young, 2000). Nio é clara a funcdo de cada um destes GTFs e
possivelmente outros componentes do aparato de transcrigdo possam ser generalizados como
GTFs.

A ordem de ligagio para estes GTFs no processo de transcricdo in vitro, de acordo com vérios
estudos realizados, comega com a ligacdo de TFIID ou TBP (TATA binding protein), seguido de
TFIIA, TFIIB, um complexo de RNA polimerase I, TFIIF, TFIE e por fim TFIH (Lee ¢
Young, 2000; Riechmann, 2000). Apos a montagem do aparato de inicio de transcricdo, o TFITH
abre 0 DNA em aproximadamente 12-15 pb ¢ ha entdo, a formagfo das primeiras ligacdes
fosfodiéster. Normalmente, as RNA polimerases repetem esse ciclo de iniciacio da franscricio
liberando pequenos RNAs, um processo chamado de iniciagdo abortiva (Lee e Young, 2000).
Eventualmente, 2 RNA polimerase 11 escapa das iniciagdes abortivas e produz um RNA mais
longo, mas a RNA polimerase tende a pausar entre 25-30 pares de bases do sitio de infcio em
muitos promotores (Lee ¢ Young, 2000). Estes complexos de elongamento precisam sofrer uma
transi¢do critica para um complexo de elongamento mais habil para escapar do promotor
(Conaway et al., 1998),

O primeiro passo para a formacdo do complexo de pré-iniciacdo nos promotores apresentando
TATA box ¢ a interagio de um pequeno fator basal denominado TBP (TATA binding protein)
com TATA-box. TBP teve sua estrutura definida por cristalografia ¢ os resultados mostraram
que TBP parece uma cela que se apéia no DNA contatando o sulco menor na regido de TATA
box (Figura 3) e induz uma dobra acompanhada da abertura do mesmo que parece ser importante

para os eventos de iniciac@io da transcrigdo (Lee e Young, 2000).



Figura 3 - Estrutura tridimensional da proteina TBP humana ligada a DNA. Os residuos de aminodcido que
interagem com o sulco menor do DNA sfio mostrados em vermelho e os residuos que inferagem com o esqueleto
agiecar/fosfato sfio mostrados em verde. As o-hélices (¢ pregas beta sfo mostradas ao longo da proteina no sentido
N-C terminal. Fonte: Ni#r et al.| 2001,

TBP e seus fatores associados (TAFs) formam o complexo TFIID (Figura 4) e o numero de

TAFs associados a TBP nestes complexos varia entre as diferentes espécies de eucariotos.

Os TAFs sdo necessarios para a ativagio da transcrigio por uma série de ativadores, mas nio
para a transcrigio basal, sugerindo que os ativadores podem utilizar diferentes TAFs como
adaptadores para recrutar TFIID nos diferentes promotores {Lee ¢ Young, 2000). Os TAFs
auxiliam na estabilidade da higacdo de TFIID ao promotor fazendo intera¢des especificas com as
seqiiéncias miciadoras (INR) e elementos promotores “downstream” (DPE), que estio
localizadas perto do sitio de micio da transcrigdo de uma ampla variedade de promotores
(Figura 1) (Burke e Kadonaga, 1996 e 1997). A forte afinidade de TFIID pelo promotor
conferida pelos TAFs é necessaria para permitir altos niveis de atividade transcricional no
ambiente restritivo da cromatina (Nadr et al, 2001). Varios estudos demonstraram que as
subunidades TAF150 e TAF250 (Figura 4) de TFIID ligam-se a Inr e parecem ser importantes
para a funglo deste (Lee e Young, 2000). A TAF250 apresenta uma série de fungdes que
auxiliam TFIID na ativagdo transcricional entre elas, a de histona acetiltransferase (HAT) e

proteina quinase (Imhof et al, 1997; Lee e Young, 2000). Foi demonstrado recentemente que



TAF250 participa da conjugacio da ubiquitina, sendo que esta € requerida para a ativagio da
transcricdo em determinados promotores em embrides de Drosophila (Pham e Sauer, 2000)
(Figura 2). TAF250 apresenta dois Bromo-dominios, que sio modulos estruturais encontrados

em muitos co-ativadores e fatores remodeladores de cromatina (Nair et al, 2000)

TFID

Figura 4 — Modelo das funcdes associadas com TFIID e suas subunidades. O recriutamento do ativador ¢ iniciado
por TAF130 gue interage com o transativador Spl. Virias subunidades de TFIHD foram implicadas com ligagio ao
DNA, mclundo TBP que liga ao TATA box. TAF150 mnterage com o elemento imciador (INR). TAF70 e TAF31
mteragem com wm elemento promotor “downstreany” (DPE). O sub-moédulo de TAFs mostrados em vermelho
interagem com ouiros complexos ativadores. TAF250 parece exercer varias atividades tais como, de quinase,
acetilase de histonas (HAT), de higacio a ubiquitina ¢ na interag@o com histonas pelo seu Bromodominio (2x
Bromo). Ac: acetil, H1: histona 1, Ub: ubiquitina. TFHD forma o complexo de pré-iniciagfio, recrutando a RNA
polimerase 71 (RNA pol II) e outros fatores gerais de transerigiio (GTFs). Aqui as subunidades representam as
proteinas humanas, embora algumas fungBes tepham sido identificadas em Drosophila sp. TAFs: fatores associados
3 TPB. Fomnte: Naar et al., 2001, Ubiquitin: ubiquitina; confugation: conjugagio e Kinase: Quinase.

A préxima etapa de formacdo do complexo de pré-iniciagio € a associagio de TFIIA, um fator
adicional que interage de maneira estavel ao complexo, através de contatos diretos com TBP e
com a seqiiéncia de DNA na regifio 5' do promotor (Lee e Young, 2000). A presenca de TFIIA é
importante para o processo de transcrigio basal quando é necessario estabilizar a interagio de
TBP com o DNA durante a expressdo de alguns genes. TFIIA interage com outros ativadores,
além de funcionar como antagonista de repressores da transcrigdo, impedindo fisicamente a
interacio destes com o complexo TFID (Auble et al, 1994; Ge e Roeder, 1994) e esse

mecanismo poderia explicar a variagdo da necessidade de TFAIID para os diferentes promotores
(L.ee e Young, 2000).
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O fator TFIIB interage com o complexo através de interacdes diretas com TBP e com a
seqliéneia de DNA na regido 3" do promotor. Uma das principais fungdes de TFIB ¢ a selegio
do sitio de inicto da transcriglo. possivelmente, peio ajuste das distancias entre os promotores €
o sitio de inicio da transcricdo. Estudos estruturais demonstraram que a distincia entre TFIIB e o
sitio catalitico da RNA polimerase 1I ¢ de 32 pb, que representa a distancia entre TATA box e o
sitio de inicio da transcri¢do (Lee ¢ Young, 2000). Assim como TFIIA, TFIIB ajuda a estabilizar
as interagoes de TBP-TATA box.

A préxima etapa incluei a interagio de TFIIF com a RNA polimerase Il e provavelmente
interagdes com TFIF ¢ TBP. TFIF tem caracteristicas semelhantes ao do fator bacteriano
sigma, pois, ele se liga a RNA polimerase II suprimindo interagdes inespecificas com o DNA ¢
ajuda a estabilizar o complexo de pré-iniciagdo (Lee ¢ Young, 2000). TFIIF afeta também a
topologia do DNA, sendo que TFIF ¢ critico para que as interacdes com o DNA sejam fortes
facilitando assim, com uma tor¢do no DNA, a abertura do mesmo na regido do promotor. TFIIF
também estimula as taxas de elongamento da RNA polimerase Il pela supressdo das pausas
transientes durante a transcrigdo, talvez interagindo com fatores de elongamento ou devido a sua

atividade de quinase (Lee e Young, 2000).

Em seguida ocorre a interagdo de TFIIE com o complexo e sua fungio parece estar envolvida na
manutengio da abertura do DNA no promotor, pois TFIIE liga a DNA simples fita. E sugerido
que a exigéncia de TFIHE no complexo de transcrigio seja promotor especifica, pois hé genes

que ndo necessitam a presenca do mesmo, tanto in vive como in vitro (Holstege et al., 1998).

A formacdo do complexo de pré-iniciacio € completada pela interacdo de TFUH. As
subunidades que compde esse fator geral apresentam trés atividades, a de ATPase dependente de
DNA, helicase ATP dependente ¢ CTD quinase (Lee e Young, 2000). O Muiagdes nas
subunidades que apresentam a atividade de helicase sio responsaveis por varios tipos de doencas
genéticas em humanos, incluindo Xeroderma pigmentosum, sindrome de Cocakayne ¢
tricodiodistrofia (Com e Egly, 1998). TFIIH apresenta atividade de quinase que fosforila a RNA
polimerase Il na regizo CTD que permite o processo de transigdo para a fase de elongamento do

RNA.

Para que a holoenzima RNA polimerase Il produza os seus transcritos deve haver a troca e

interacao de cofatores associados ao processo de elongamento e como discutido anteriormente, a



fosforilacdo do motivo CTD facilita todo este processo (Lee e Young, 2000). Além disso, o CTD
quando fosforilado recruta a enzima que faz o “cap” do RNAm nascente e auxilia na liberaciio

do promotor (Cho et al., 1997).

Varios fatores estdo envolvidos nos processos de liberagio do promotor, no escape e na
eficiéncia do elongamento do RNA. O escape do promotor ¢ um passo importante dentro da
regulacdo do inicio da transeri¢io, havendo um balango entre fatores regulatdrios que favorecem
ou desfavorecem o mesmo (Lee e Young, 2000). Os fatores DRB e DSIF ¢ NELF em conjunto
intbem da sintese de RNAm e a fosforilacio do dominio CTD da RNA polimerase [I (Dubois et
al., 1994). Ja alguns fatores de transcricdo contribuem para o processo de elongamento sdo eles,
TFUF, TFIIH e P-TEFb. Este ultimo antagoniza as agbes de NELF e DSIF, pois foi isolado em
Drosophila como um fator de elongamento ¢ que fosforila CTD (Lee e Young, 2000). Um fator
humano similar foi descrito ¢ caracterizado como uma quinase que estimula a transcrigio da
proteina Tat de HIV (Gold et al., 1998). TFIIF diminui a freqiiéncia das iniciacdes abortivas e
previne paradas do complexo de transcricio durante os passos miciais do elongamento. O
mecanismo de a¢do de TFIIH néo é claro, mas é sabido que ele auxilia no enrolamento do DNA

a RNA polimerase II, além de associar-se com fatores de elongamento e helicases (Lee e Young,
2000).

Outro fator de transcrigo isolado por sua propriedade de auxiliar a RNA polimerase 1l a
sintetizar os longos RNAs, foi TFIIS. TFIIS auxilia a RNA polimerase II a suplantar varios
impedimentos durante a transcricio tais como, sitios de pausa intrinsecos. TFIIS estimula a RNA
polimerase fazendo com que esta ative a sua fungdo de endoribonuclease, fazendo com que a

RNA polimerase clive o RNAm nascente, o que auxilia o0 escape para a fase de elongamento
{Lee e Young, 2000).

2.6. Regulagiio da expressdo génica em plantas

As plantas durante os processos de desenvolvimento e diferenciagdo, resposta a mudangas
ambientais, estresse e defesa precisam integrar uma ampla variedade de sinais para regular seus

complexos padrdes de expressio génica.

Em Arabidopsis thaliana cerca de 3.000 genes sio envolvidos na regulagdo da transcricdio

génica, sendo que muitos deles sdo ativadores ou repressores franscricionais, outros sio



moduladores da estrutura da cromatina ou contribuem para o aparato transcricional (Finnegan,
2001).

Como demonstrado em outros eucariotos, as plantas também utilizam fatores transcricionais que
recrutam os complexos de remodelamento de cromatina para as regiGes promotoras dos genes
codificadores de proteinas. Um exemplo seria a regulagdo do gene da B-phaseolina (phs) em
feijao (Li et al. 200la). Esse gene ¢ silenciado nos tecidos vegetativos devido ao
posicionamento de um nucleossomo sobre o motivo TATA-box do seu promotor, tornando
nacessivel o TATA box para a proteina TBP. Quando ocorre a modificacio da cromatina ¢ o
nucleossomo ¢ deslocado o gene é altamente expresso durante o desenvolvimento da semente (Li
et al., 1998). Essa modificacio é resultante da presenca do fator de transcricio semente

especifico, PvALF, que é membro da familia ABI3/VP1 (Lietal., 1999),

Foram compilados no genoma de Arabidopsis (http://chromdb.biosci.arizona.edw/) 220
diferentes genes envolvidos na modelagem ou envolvidos com a cromatina, incluindo 22
homologos do complexo remodelador de cromatina SWI2/SNF2, 12 histonas acetilases (HATs)
entre outros, assim fica evidente que o remodelamento da cromatina também & importante no

controle da expressdo génica em plantas (Riechmann, 2002).

Existe elevada conservac;'ﬁo entre genes ortdlogos nos eucariotos, além da conservacdo dos
mecanismo moleculares de remodelagem da cromatina ¢ da regulacdo génica. A histona acetilase
de milho do tipo RPD3 foi utilizada na complementacio de um mutante homélogo em levedura
(Rossi et al,, 1998). O gene BUSHI (BSH) de Arabidopsis complementa parcialmente um
mutante do gene snf5 componente do complexo modelador de cromatina SWI/ SNF de levedura
(Brzeski et al., 1999). Homélogos em Arabidopsis do complexo CBP/p300 foram capazes de
ativar a transcrigio em cultura de células de mamiferos (Bordoli et al., 2001), além de outros

genes tipo acetilases (Eshed et al., 1999; Ogas et al,, 1999), remodeladores de cromatina

dependentes de ATP (Ahringer, 2000).

Além destas similaridades, parece que novas caracteristicas na regulagdo da expressdo génica
mediada pela cromatina foram desenvolvidas nas planias. Algumas histonas acetilases (classe
HD?2) parecem ser encontradas apenas em plantas (Dangl et al.,, 2001). Outros genes envolvidos

na modelagem de cromatina também néo foram detectados em genomas de outros eucariotos.
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Este ¢ o caso de MOM1, uma proteina relacionada ao complexo SWI/SNF (Amedeo et al..
2000).

As proteinas envolvidas na regulacio da expressdo gémica podem apresentar diferencas
estruturais nos diferentes eucariotos, sendo algumas destas especificas de plantas, sendo este um
exemplo de inovagdo evolucioniria originada por exon “shuffling”, dele¢des ¢ insergdes (Patthy,
2003; International Human Genome Sequencing Consortium, 2001). Em Arabidopsis por

exemplo, proteinas tipo CBP/p300 nio apresentam o bromodominio ¢ a regifo de ligagdo a

CREB altamente conservadas em animais {(Bordoli et al., 2001).

Outros genes de Arabidopsis envolvidos com cromatina t8m sido funcional ou geneticamente
caracterizados € mostraram toda importincia do controle transcricional que a cromatina exerce
nas plantas. A redugdo da atividade do gene AtHDI (uma histona deacetilase de Arabidopsis,
HDAC) por RNA anti-senso causou alteracdes pleitrépicas no desenvolvimento, sugerindo um
papel regulador global para este gene durante o desenvolvimento {Wu et al., 2000a). Outro gene
de Arabidopsis tipo SWI/SNF2, Decrease in DNA Methylation] (DDMI), ¢ requerido para

manter os niveis de metilacdo do DNA ¢ estabilizar o comportamento dos transposons (Singer et
al.. 2001).

Embora plantas e outros eucariotos apresentem um conteado similar de genes de fatores de
transcrigdo, a organizacdo das segiiéncias de DNA sobre as quais esses atuam podem ser
diferentes. Geralmente, em animais as seqiiéncias que regulam a expressio temporal e espacial
s¢ extendem por varios Kilobases (kb). ja em plantas estas sio curtas e se espalham por 1 kb em
média. As compactas seqiiéncias 5’ promotoras de plantas, principalmente em Arabidopsis,
repetem o mesmo padrdo de expressdo génica nativa quando ensaiadas em plantas transgénicas.
Mas nem sempre isto ocorre, pois muitas seqiiéncias regulatorias podem ser encontradas em
regides “downstream” do sitio de imiciacdo da transcricio (Deyholos e Sieburth, 2000; Yu et al.,
2001). Por exemplo, o segundo intron do gene AGAMOUS {AG), um MAD-box envolvido no
desenvolvimento das flores, contém dois sitios de ligacdo para reguladores da sua transcri¢io,

LFY ¢ WUSCHEL (Deyholos e Sichurth, 2000; Lohmann et al., 2001).

Apesar de algumas diferencas estruturais nas regides promotoras de eucariotos, a regulacio da
expressao génica nos mesmos ¢ decorrente de maltiplos inputs, tendo como vantagem a natureza

combinatorial dos mecanismos eucarioticos de transcricdo (Riechmann, 2002). Os estimulos
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convergem atraves de diferentes clementos no promotor ¢ que regula de forma coordenada 2
expressdo do gene. Geralmente, os clementos regulatérios dos promotores sio organizados de
forma modular que podem ser particionadas nos diferentes e discretos sub-elementos que contém
os diferentes sitos de ligacio dos fatores transcricionais (Riechmann, 2001). Nas plantas a
regulaciio da expressdo génica pelos sistemas de modulos e a agao sinérgica dos mesmos foi
caracterizada com o promotor CaMV 35S (promotor do virus mosaico de couve-flor). Esse
promotor viral € ativo em praticamente todos os tecidos em plantas transgénicas, e pode ser

dissecado em sub-dominios que conferem expressao tecido-especifica (Benfey et al., 1990a e
1990b).

Essa fungdo combinatoria e sinérgica dos elementos do promotor eucariotico € acompanhada
pelo modo combinatorio de acdo dos fatores de transcri¢do que se ligam aos diferentes elementos
do promotor ¢ permitem um mecanismo regulatorio diversificado mesmo com um nimero
limitado de fatores de transcricio e sitios alvos nos promotores (Riechmann, 2002). A presenca
dos diferentes elementos do promotor de forma adjacente ¢ uma necessidade devido as
interagOes entre os diferentes fatores de transcricio entre si e também, com o proprio aparato
transcrictonal  (Riechmann, 2002). Essas interacdes permitem o aumento no repertdrio
regulatorio e o aumento da especificidade dos mesmos. Desta forma um dado fator de
transcri¢do poderia, ter um papel importante nas respostas a diferentes sinais. A proteina EmBP1
parece fazer parte de um complexo multiprotéico que inclui VP1 ¢ GF14 que participa na
resposta ao horménio ABA (Shultz et al., 1998}, VPI ilustra um bom exemplo do controle
combinado onde esta proteina pode apresentar fungdes de ativador ou repressor da transcri¢ao
dependendo do contexto apresentado pelo promotor. VP| atua como um ativador da transcricio
do gene £m em trigo (Shultz et al., 1998), enquanto que atua como repressor da expressio da a-

amilase num promotor com contexto diferente (Hoecker et al., 1995).

2.7. Os reguladores de transcriciio em eucariotos

Um regulador de transcrigo tipico & constituido por trés moduios: um dominio de
multimerizagdio, um dominio de ligacio a0 DNA ¢ um dominio de ativagfo. Isso permite que um

conjunto relativamente pequeno de modulos gere reguladores de transcricdo altamente

especializados (Tjian e Maniatis, 1994),



O dominio de multimerizagdo ¢ responsavel pela formagdo de dimeros, tetrimeros ou outros
multimeros. Muitos reguladores sdo ativos somente na forma multimérica, como, por exemplo,

alguns tipos de bZIP, como AP-1, C-Jun e C-Fos (Wagner e Green, 1994).

Os dominios de interagdo com DNA e de ativagio permitem aos reguladores de transcrigdo

reconhecer seqiiéncias alvo no DNA e interagir com os fatores basais do complexo de pré-

iniciagdo, respectivamente (Riechmann, 2002).

A interagdo dos reguladores com fatores basais de transcri¢io pode resultar na estabilizagdo ou

desestabilizagio do complexo de pré-iniciaciio ou ainda alterar sua taxa de formacdo (Latchman,
1997).

Diferentes fatores, tais como o tipo celular, o meio ambiente ¢ a fase do desenvolvimento

2
podem levar & sintese de um regulador ou gerar modificagdes pos-traducionais em um regulador
pre-existente de modo a alterar sua atividade. Dessa maneira, os reguladores coordenam a

expressio de diferentes genes em reposta aos diversos estimulos impostos (Gilmartin et al.,
1990).

A fosforilagdo ¢ uma das principais formas de modificagio de um regulador de transcricdo
(Hunter e Karin, 1992; Hill e Treisman, 1995; Hunter, 1995). Ela pode modular a atividade de
um regulador, alterando sua capacidade de interagir com o sitio alvo no DNA ou com o
complexo de pré-iniciagdo, ou ainda regular sua localizacio nos diferentes compartimentos

celulares (Gille et al., 1992; Gonzales e Montminy, 1989; Shua et al., 1993).

Um regulador de transcrigdo especifico pode apresentar afinidades diferentes para diversos sitios
no DNA, interagir com o DNA de maneira cooperativa com outros fatores ou ainda competir
com outros fatores pelo sitio de ligagdo. Essa competicio ocorre quando diferentes reguladores
reconhecem o mesmo sitio, ou porque seus sitios se sobrepdem ou estio suficientemente

proximos, impedindo a interagiio simultanea dos fatores com o DNA.

Os reguladores de transcricio podem ser agrupados em diferentes classes ou familias cujos
membros apresentam estruturas relacionadas. As classes estruturais de reguladores de transcricio
melhor caracterizadas em plantas so: bZIP (basic-leucine zipper), bHLH (basic helix-loop-
helix), MYB, proteinas contendo homeodominio (HDs). MADS box e Zinc Finger (Kerstetter
et al. 1994; Ramachandran ¢t al, 1994; Takatsuii er al, 1994; Meshi e Iwabushi, 1995;
Purugganan et af., 1995).



2.8. Os reguladores do tipe bZIP

Os reguladores do tipo bZIP sdo caracterizados pela presenga da regido bZIP. Tal regido
apresenta usualmente 60 a 80 residuos, sendo subdividida em dois dominios. O primeiro,
denominado ziper de leucinas, ¢ caracterizado por repetigbes de residuos de leucina a cada sete
aminoacidos numa extensdo de 30 a 40 residuos, sendo responsavel por interagdes entre bZIPs,
promovendo assim dimerizagdes. O segundo, adjacente ao ziper de leucinas é denominado
dominio basico, sendo constituido por aproximadamente 30 residuos dos quais a maioria deles
apresenta carater basico. Tal dominio é responsavel pela interagio com o sitio-alvo do DNA

(Figura 5).

€ Ziper de leucinas

Dominio basico

DNA

Figura 5 - Estrutura do dimero de GCN4 ligado ao DNA. A dimerizagio ocorre através do ziper de leucinas e a
ligagfio ao sulco maior do DNA pelo dominic bésico. Em vermetho esta representado o ziper de leucinas, seguido
pelo dominio basico em laranja. A posigfio amino-terminal estd representada em amarelo ¢ as posigdes das leucinas
em verde. O DNA estd representado em azul (Ellenberger e af. 1992}

As propriedades estruturais das proteinas do tipo bZIP foram verificadas através estudos
cristalograficos realizados inicialmente com GCN4, um ativador transcricional de fungos que
pertence a essa classe de proteinas (O’Shea et al., 1991; Keller et al., 1995). Esses estudos

demonstraram que os mondmeros protéicos formam o-hélices continuas (Figura 5). No dominio

=]



ziper de leucinas, as hélices s8o torcidas, produzindo uma estrutura do tipo “coiled-coil” ou

superespiraladas.

As estruturas primarias das regides protéicas que formam “coiled-coil " sio caracterizadas pela
repetigiio de sequéncias de sete residuos de aminoacidos correspondendo a duas volias na o-

[P £C %

hélice. Tais residuos sdo descritos de “a” a “g” de acordo com sua posiciio na hélice (Figura 6).

ponte salina’

Figara 6 - Representacio esquemdtica das a-hélices referentes ao ziper de leucinas do regulador GCN4. Os

LI

residuos das posigles "a” estfio representados em verde, "d" em azul, "¢” emn vermelhe € "g" em rosa. Em A as a-
hélices estlio representadas na forma de estrelas de sete pontas, ressaltando a posigiio de cada residuo. As atragdes
eletrostdticas do tipo ponte salina estdio representadas pelas linhas em azul. Em B as a-hélices estdo representadas
por barras e as posi¢des das cadeias laterais de cada residuo estio representadas por esferas.

[Ty

Os residuos presentes nas posigdes “e” e “g” sio geralmente formados por aminoacidos
carregados capazes de formar interag3es do tipo ponte salina entre duas subunidades de a-hélice.
Os residuos das posigdes “a” e “d” por sua vez s3o quase sempre aminoicidos apolares que

formam intera¢des hidrofobicas entre as a-hélices. (Sodek eral., 1972).

[P €0 93

As interagbes do tipo ponte salina entre os residuos “e” e “g” possuem grande raio de acio,
porém ndo promovem o correto direcionamento das moléculas. As interagdes hidrofobicas entre

os residuos “a” e “d” possuem rato de aco bern menor gue as pontes salinas, porém sio capazes
E

osest




de orientar corretamente as o-hélices, determinando também a especificidade da associacdo de

subunidades iguais ou diferentes (Lupas, 1996).

Assim, a dimerizagio entre bZIPs pode ocorrer entre subunidades idénticas. formando
homodimeros, ou subunidades diferentes, formando heterodimeros (O'Shea er al., 1992).
Algumas b-ZIPs podem formar apenas homodimeros (GCN4), enquanto outras formam apenas
heterodimeros (FOS). ‘Existem, porém b-ZIPs que apresentam capacidade de formar tanto

homodimeros quanto heterodimeros (J UN) (Smeal ef al., 1989; Kouzarides & Ziff, 1989).

A formagio de homo ou heterodimeros pode constituir-se em um mecanismo de controle de

expressiao génica (Chiu ef af., 1989; Schutte ef al., 1989).

Apesar dos reguladores do tipo bZIP apresentarem um dominio relativamente simples de ligacio
com o DNA, eles sdo capazes de reconhecer um grande nlimero de seqiiéneias de DNA
discriminando-as suficientemente a fim de regular a transcrigdo de diversos genes com

diferentes promotores (Riechmann, 2002).

2.9. bZIPs em plantas

Em Arabidopsis as bZIPs representam uma das trés maiores familias de fatores de transcrigdo,
juntamente com os fatores de transcricio MYBs e MADS (Riechamann e Ratcliff, 2000).

As bZIPs de plantas participam de uma ampla gama de processos, tais como desenvolvimento de
semente (Cicert et al., 2000), fotomorfogénese (Osterlund et al., 2000), defesa contra patdgenos
(Niggeweg et al., 2000), desenvolvimento de orgdos (Chuang et al., 1999), sinalizagdo de
sacarose (Rook et al., 1998), resposta a horménios (Choi et al., 2000; Filkelstein and Lynch,
2000; Uno et al., 2000: Niggeweg et al., 2000) e alongamento celular (Yin et al., 1997).

Até 1998 cerca de 50 bZIPs de plantas haviam sido identificadas e classificadas de acordo com
similaridade da regifio bZIP em 5 diferentes familias (Vettore et al, 1998). Posteriormente o
sequenciamento do genoma de Arabidopsis permitiu o acesso ao conjunto completo de genes

que codificam bZIPs nessa planta, com o qual elaboramos uma classificagdio mais abrangente

destes fatores através de andlise filogenética (Vincentz er al., 2001).

As bZIPs de plantas mostram afinidade para seqliéneias de DNA com um core ACGT (Foster et

al., 1994; Izawa et al., 1994), Trés tipos principais destes elementos foram caracterizados, os G -,



C - e A - boxes (Izawa et al., 1994). Os G-box (ACGTG) foram mais caracterizados porque
fazem parte do contexto de promotores de varios genes de plantas (Williams et al., 1992). Varios
estudos mostraram que as bZIPs apresentam preferéncias em relacio as bases que flanqueiam o
core ACGT e estas definem a afinidade e especificidade da interagdio das bZIPs ¢ o DNA
(Williams et al., 1992; Foster et al., 1994; Izawa et al.. [994),

Existem muitas evidéncias de que os fatores de transerigdo bZIPs participam dos processos de
regulagdo da expressdo génica em plantas interagindo com fatores basais da eXpressdo ¢ outros
tipos de fatores de transcrigdo (Singh, 1998; Fan e Dong, 2002). Zhu e colaboradores, (2002),
demonstraram a interagio entre TBP (TATA Binding Protein) e a bZIP RF2a em arroz. Fssa
interagdo levou a um aumento na transcri¢iio promovida pelo promotor do virus do arroz, Tungro
bacilliform. Outro exemplo de regulacio combinada ¢ a interagdo dos fatores de transerigio Dof
com bZIPs que estimula a ligagdo das bZIPs nos promotores (Chen et al., 1996). No promotor do
gene da glutationa-S-transferase 6 (GST6) existem varios sitios de ligacdo das proteinas Dof que
estdo perto dos elementos ocs, que sdo sitios de ligagio de bZIPs, Ha evidéncias de gue bZIPs e
Dof participam da regulagdo da expressio dos genes das proteinas de reserva das sementes de
milho (Vicente-Carbajosa et al., 1997). A bZIP TGA2 participa da resposta mediada por 4cido
sahicilico e interage com o fator NPR1 (nonexpresser PR gene) na regulacdo da expressdo dos

genes PR (pathogenesis related genes) (Fan e Dong, 2002).

Esses estudos demonstram que as bZIPs, uma das majores familias de fatores de transcricio

presentes nos genomas das plantas tem papel fundamental nos mais variados processos

fisioldgicos.



3. Apresentacio dos artigos

Esta tese ¢ constituida de dois artigos publicados, um artigo aceito para publicacio e outro em
preparacdo. No primeiro artigo publicado propdem-se uma classificaciio filogenética para os
fatores de transcrigio bZIPs de Arabidopsis e discute-se como esta classificagio ajudou na
identificacdo e organizacio dos ¢DNAs de cana-de-aclicar codificando bZIPs que foram
seqlienciados no projeto SUCEST.

O segundo artigo publicado versa a evolugio da familia de proteinas homoélogas a Opaco 2 de
milho, bem como discute a conservago de motivos estruturais tmportantes dos membros desta
familia, e a formacdio dos grupos de ortélogos entre as plantas dicotiledoneas e
monocotileddneas.

O artigo 3 aceito para publicacio na revista Plant Science relata sobre a clonagem ¢
caracterizagdo de um cDNA de cana-de-agticar codificando uma bZIP,

O manuscrito em preparacao mostra como as bZIPs de cana-de-acticar sdo expressas nos
diferentes estdgios de desenvolvimento e quando as plantas de cana-de-acticar foram tratadas

com os hormdnios acido abscisico e metil-jasmonato.
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Phylogenetic relationships between Arabidopsis and sugarcane bZIP transcriptional

regulatory factors

Michkel Vincent: "% Paulo §. Sch!dgl", Luis Gustavo G. Corréa’, Fabiana Kiihne' and Adilson Leite’

Abstract

We built a complete and non-redundant database of hZiP transcriptional regulatory factors from the 4rabidopsis reference gepome.
These Arabidopsis bZ1P factors were ordered into thirteen families of evolutionary related proteins and this classification was used o

identify and organize sugarcane cDNAs encoding bZIP proteins. We

also show how this classification should help in defining putative

clusters of orthologous groups of higher plant bZ1P regulators and briefly discuss the expected benefits of this procedure to efficiently

characterize sugarcane bZIP transcriptional regulators.

INTRODUCTION

Growth and development of all organisms largely re-
lies on appropriate regulation of gene expression. Differen-
tial gene expression mainly occurs through the control of
transcription initiation rates by transcriptional regulatory
factors. These factors are usually defined as sequen-
ce-specific DNA binding proteins that recognize regulatory
sequences in the promoter of a gene and are capable of
modulating transcription (Holstege and Young, 1999:
Komberg, 1999 and Singh, 1998). Transcriptional regula-
tors can be grouped into familics (or super families) of re-
lated proteins according to the structural or prithary
sequence similarities of their DNA binding domain
{Riechmann et af., 2000; Wingender et al., 2000).

The basic leucine zipper (bZIP) transcriptional regu-
latory factors have been described in all eukaryotes. Their
DINA binding domain consists of a region rich in basic
amino acids that binds to DNA and a so-called leucine zip-
per that consists of several heptad repeats of hydrophobic
residues and which causes dimerization. The X-ray struc-
ture of the yeast GCN4 bZIP domain complexed o DNA
target sites has shown that the bZIP is completely o-helical
in structure. The two leucine zippers are packed in a
coiled-coil structure for dimerization, while the basic re-
gions of the dimer fits into the major groove of the halfsites
of the target DNA (Hurst, 1995).

Genetic, molecular and biochemical studies indicate
that the bZIP factors of higher plants are important regula-
tors of plant specific processes such as fotomorphogenesis
(Osterlund et al , 2000); organ development (Walsh et ol ,
1997; Chuang et al., 1999); cell elongation and morpho-
genesis (Yin et al, 1997; Fukazawa et al., 2000); control of
nitrogen to carbon balance during seed development (Cice-

ri et al, 1999); defense mechanisms (Niggeweg et al.,
2000; Zhang et al., 1999): sucrose signalling (Rook ef al.,
1998} and the response to hormones (Choi et al., 2000:
Finkelstein et Lynch, 2000; Uno ef al., 2000; Niggewe g et
ai., 2000) and light (Schindler er al., 1992; Wellmer er al.,
1999y

With the sequencing of the Arahidopsis thaliana
{Arabidopsis) genome, a possible complete higher plant
gene index was described (The Arabidopsis Genome Initia-
tive, 2000). This repertoire of genes is likely to be represen-
tative of all higher plant genes that carry out essential
functions and it therefore constitutes a invaluable reference
data set which will help to better understand the evolution
of cellular and developmental processes of higher plants.

Within this context, we initiated a comprehensive
characterization of higher plant bZIP factors and we de-
scribe here, the generation of a probable complete and non
redundant sct of 72 bZIP factors encoded by the reference
Arabidopsis genome (see also Riechmann er al., 2000). A
phylogenetic classification of this set of factors was estab-
lished using conditions that were used previously to assess
the phylogenetic relationships of 50 higher plant bZIP fac-
tors (Vettore ef al., 1998). We show how this classification
has aflowed us to efficiently characterize sugarcane ex-
pressed sequence tags (ESTs) encoding bZIP proteins and
illustrate how this classification can be used to identify pu-
tative clusters of orthologous groups of higher plant bZIP
factors including sugarcane bZIP genes. It is expected that
defining such clusters should be usefill in rationalizing the
systematic characterization of higher plant bZIP proteins
and more specifically sugarcane bZIPs.

‘Centro de Binlogia Molecular ¢ Engenharia Genética, Hniversidade Estadual de Campinas, 13081-97) Campings, 5P, Brazil.
zDeparramenm de Genética e Evolucio, 1B, Eriversidade Estadual de Campinas, I13081-970 Campinas, SP. Brazil,
Send correspondence to Mickel Vincentz. E-muil: mgavince@ohelix. unicamp br.
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RESULTS AND DISCUSSION

Phylogenetic classification of Arabidopsis bZIP
transcriptional regulatory factors

A complete and non-redundant sot of Arabidopsis
bZIP factors was built frorn the NCBI GenBank and protein
databases and MIPS MATDB accessions. The amino acid
sequences of the bZIP domain of four accessions were fur-
ther edited based on amino acids sequences alignments
(BABO2051; AAD23721; T06089 and AAF67360) and
one new putative bZIP protein not yet annotated at
MATDB or GeneBank was identified (At2gBZN), Three
proteins with a truncated basic region or leucine zipper
were not included in our database, the total number of pro-
teins in our database being 72.

The evolutionary relationships between the members
of our Arabidopsis bZIP proteins collection was evaluated
by phylogenetic analysis of the aligned amino acids se-
quences of their bZIP domain (Figure 1). The unrooted tree
inferred from neighbor-joining analysis of the bZIP domain
data set is shown in Figure 2. Based on the branching pat-
tern, the tree was resolved into thirteen families. Most of
the families show moderate to strong bootsérap support.
Concerning families VI and VIL, which are poorly resolved,
we noticed that all members of these two familics, as well
as the genes of families IV and V, form a group of bZIP
genes without introns. We also noticed that all members of
several families share partially identical exon-intron gene
organization {data not shown), supporting the pattern of
clustering defined here. Finally, the bZIP protein
AAG51519 does pot it into any of the Familie, although
we included it into Family X based on its blastp best hit
with proteins of Family X,

Index of sugarcane bZIP factors

The ordered set of Arabidopsis bZIP regulators was
used 1o efficiently detect and classify sugarcane contigs en-
coding bZIP transcriptional regulators. In a first step, one or
two query sequences consisting of full-length protein se-
quence of each of the 13 Arabidopsis bZIP families (Figure
2) were utilized to screen the SUCEST database, candidate
sugarcane contigs being selected based on the presence of
at least one conserved protein motif among several mem-
bers of each drabidopsis bZIP family. In a second step, se-
lected sugarcane contigs were included into one of the
Arabidopsis families according to their blastp best hit. Our
strategy allowed us to identify 121 sugarcane contigs en-
coding candidate bZIP transcription factors. The pattern of

Basic Region Leucine Zipper

KROKRKQSNRESARRSRLRKQAECEQLOQRVESLSNENGSLRDE

Figure 1 - Aminc acid sequence of the bZ1P domain used in the phytogen-
etic analysis of drabidppsic bZIP factors. The sequence i¢ from the
Arabidopsis GBF1 regufator. Leucines of the leucine zipper are under-
lined.

Vineentz et al.

distribution of the sugarcane contigs among the 13
Arabidopsis families is shown in Figure 3. No sugarcane
contig related to Famities TV and XIII were detected. The
interpretation of this pattern is not straightforward but we
suggest that it may reflect the nuraber of genes incinded in
cach Arabidopsis family and/or the expression level of sug-
arcane genes related to each of these families.

Putative clusters of orthologous groups of monocot and
dicot bZIP factors

To further characierize the sugarcane bZIP factors we
initiated a comparative analysis to identify Putative
Clusters of Orthologous Groups (PCOG) of higher plants
bZIP factors. A Cluster of Orthologous Group (COG) con-
sists of individual orthologous genes or orthologous groups
of paralogs from several completely sequenced genomes
(Tatusov ef al., 1997). The term ortholog refers to homolo-
gous genes that have been created by a speciation event, i.e.
are versions of the same gene in different organisms, and
paralogs are homologous genes that result from a duplica-
tiont event within a genome (Tatusov ef al., 1997 and Thorn-
ton and DeSalle, 2000). Orthologs usually retain the same
function, whereas paralogs can explore new fimctions. An
important consequence of defining COGs is that it allows to
predict with some confidence the structure and function of
uncharacterized members of the COG.

To detect PCOGs of bZIP factors of higher plants, we
built & data set consisting of all monocot and dicot bZIP
protein sequences avalaible in GenBank plus the reference
database formed by the 13 Arabidopsis bZIP families (Fig-
ure 2. The neighbor-joining distance method (Saitou and
Nei, 1987} was used to identify the PCOGs. Several of the
situations we encountered are illustrated in Figure 4. A sim-
ple PCOG consisting of individual putative orthologs
which includes the maize regulator Liguleless? is shown in
Figure 4A. The simplest interpretation of this PCOG is that
the Arabidopsis AAF22906 and the sugarcane 1.8 proteins
are functionalty related to the maize regulator Lignidelecs?
involved in maize ieaf development {Walsh et al., 1997).

Several PCOGs with more complex relationships be-
tween members are shown in Figures 4B and 4C. For in-
stance, PCOG 1 of family X1I (Figure 4C) can be described
as an orthologous group of two 4rabidopsis and two sugar-
cane paralogs. Cluster 1 of family VI (Figure 4B) is even
more complex. It consists of a putative group of
Arahidapsis /monocot orthologs (Arabidopsis AAF6T360,
maize OHP1, rice REB, barley BLZ1 and the sugarcane
VIIL4 proteins) and one group of monocot orthologs
{maize, Coix and Sorghum Opaque2 regulators).

We noticed that some Arabidopsis bZIP factots are
encoded by genes that are part of two co-linear genomic se-
quences formed by several highly similar genes. Such pro-
teins are therefore likely to be paralogs that originated with
the large-scale chromosomal duplications that formed the
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Figure 2 - Phylogenetic relationships of the comaplete set of, Arabidopsis bZIP transeription factors. Unzooted tree of the Arabidopsis bZIP factors inferred
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corresponds to 0.} estimated amino acid substitution per site.

Arabidopsis genome (The Arabidopsis Genome Initiative,

2000; Vision ef al., 2001).

For instance, POSFZ! and

AAFS0130 in PCOG 3 of Family X1I (Figure 4C), are en-

coded by genes that are part of two co-tinear segments of at
least six genes on chromosome H and I, respectively (Re-
sult not shown). These two Arabidopsis bZIPs paralogs are
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closely related to the rice RF2A that scems to be important
for differentiation of leaf cells (Yin ef al., 1997). F remains
to be shown whether or not that they are functionally re-
lated to RF2A and also to what extent they are redundant.

The polyploid origin of the sugarcane genome
(Daniels and Roach, 1987) may prevent us distinguishing
sugarcane patalogs from allelic forms of the same locus.
However, this complexity should not hamper our ability to
reach reasonable conclusions about the clustering pattemn
and functional inference. For example, it is difficult to infer
whether ornot the two sugarcane contigs X114 and XI1.6 in
PCOG 2 (Figure 4C) are two alleles of the same gene or not,
while contig XI1.7 could be a corresponding paralog (Fig-
ure 4C). However, a clear orthologous relationships be-
tween these three sugarcane bZIP proteins and the
Arabidopsis protein VIPI can be proposed (Figure 4C).

Based on the strategy described in this paper, we are
now organizing all higher plant bZIP factors into PCOGs
and hope to use this information to further characterize sug-
arcane hZIP transcriptional regulators.

MATERIALS AND METHODS

The non redundant data set of Arabidopsis bZ1P fac-
tors was obtained through iterated searches of the GenBank
and protein database at the National Center for Biotechnol-
ogy Information (bttp///www.ncbinlmunih.gov/) and the
Munich information center for protein sequences (MIPS)
Arabidopsis thaliana database {MATDB,
hitp://www . mips.biochem.mpg.de/proj/thal’) using differ-
ent known bZIP query sequences and the blastp and thlastn
programs {Altschul & al, 1990) at the NCBI
(http://www ncbinlm nih.gov/BLAST/) and the MIPS
(http://mips.gs{.de/ proj/thal/db/search/search frame htm})
servers, Additionally, with the recent publication of the
Arabidopsis genome (The Arabidopsis Genome Initiative,
2000), a key word search was also performed at MATDB
(v211200}.

Sugarcane contigs (a contig or cluster is a consensus
sequence derived from several overlapping and highly sim-
ilar ESTs sequences) coding for bZIP proteins were de-
tected by using Adrabidopsis full-length bZIP protein
sequence as query sequences to screen the SUCEST (sugar-

4A (F )
FaMAr
RARL 1424
24 - AAFZI906A PCOG
20 <
5 L4Zm
0.1

4B (F VIIDh
s

O ATETTERZA:

BAOZHLY

PCOG 1
C2Fm A32CY AOI5B
BY oo OHPIZm AOHPIm

Vi L

BrOZHLA

RITALGS

RIBBZ3)s
8

PCOG2
AC (F X
5 DIIGEITA
TGRS
£
24
70
YiP LAy
PCOG2
- REZACS PCOG3
89[
1 LATEGI L,

Figure 4 - Identification of Putative Clusters of Ornthologous Groups of
monocot and dicot bZIP factors (PCOG). Aligned amine acid sequence
data ser of monocot and dicot bZIP proteins belonging to the reference
Arabidopsis Family IE(F II; 4A), Faraily VI (F VI, 4B) and X1 (F X,
4C) were built and the corresponding unrooted trees inferred from a neigh-
bor-joining aralysis of these data sets are shows. Only part of the tree cor-
responding to Family 1T is shown (4A). Arabidopsis proteins are shown
blue, monoecot proteins are shown in red and sugarcane proteins are shown
in green. Accession aumbers are given in Materials and Metheds. Species
abbreviations are: A¢, Arabidopsis thaliana; Clj, Coix lacryma-jobi; Hv,
Hordeum vulgare, Os, Ovyza sativa, Sh, Sorghum bicolor; Ssp,
Saccharum sp. and Zm, Zea mais. Boolstrap support is indicated as per-
centage of 1000 replicates. The scale bar corresponds to 0.1 estimated
aminoe acid substitution per site.
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cane EST genome project) database (http://www .sucest.
Ibi.dee) with the locally available thiastn program. Sugar-
cane contigs consists of on¢ to several overlapping and
highly similar EST reads assembled with the PHRAP pro-
gram  (P.Green, hippi//bozeman.mbt.washington.edu/
phrap.docs/phrap.himl; -penalty -15 -bandwidth 14
-minscore 100 -shatter_greedy, Meidanis personnal com-
mumnication).

Protein sequences were aligned withthe CLUSTALX
program (Thompson et al, 1997). Amino acid sequence
data was analyzed by the neighbor-joining method {Saitou
and Nei, 1987) using the NEIGHBOR program (PHYLIP,
Phylogeny Inference Package version 3.57c; Felsenstein,
1993) and PAM distances (Dayhoff ef ol , 1978), obtained
with the PRODIST program (PHYLIP). Bootstrap assess-
ment of tree topology in neighbor-joining analysis was per-
formed with the SEQBOOT program (PHYLIP). Trees
were displayed with the TREEVIEW program (Page,
1996). DNA sequence analysis was carried out with the
DNASIS program (Pharmacia). Motifs conserved among
members of cach drabidopsis BZIP family {Figure 2) were
. detected with the help of the MEME program (Bailey and

Elkan, 1994; http://meme.sdsc.edu/meme/website/).

The accession numbers of the Arabidopsis bZIP pro-
teins shown in Figure 2 are: Family I: PAN, AAD49979:
OBF4, CAA49524; HBP1b, BAB11154; TGA3, 546523,
Family HI: ABF4 (AREB2), AAF27182; ARBF3,
AAF27181;  ABF1, AAF27179; ABF2 (AREBI),
AAF27180, ARERB3, BAB12406;, GBF4, P42777; ABIS,

"AAD21438.  Family VI:  GBFS, AAG17474;
ATB2,T05279. Family VI BZO2H1, AAG25727:
BZO2ZHZ, AAG25728. Family 1X: GBFI, P42774: GBF2,
P42775; GBF3, PA42776. Family X: HYS, BAA21I116.
Family XII: VIP1, AAF37279; POSF21, AAD26486. The
accession numbers of bZIP factors shown in Figure 4 are:
LG22m (liguleless2), AAC39351; RF2AQs, AAC49832;
O2CY, $42493; 025h, CAAS0642; O272m, A34R00;
OHPLZm, JQ2147; OHP2Zm, JQ2148; REBO:,
BAA36492; BLZ1Hv, T0447T; RITALOs, TO3990. The
accession numbers for RISBZ40s and RISBZ5(s se-
guences are not yef available but can be found in Onodera er
al. (2001). The accession numbers at SUCEST for the Sug-
arcane contigs {clusiers) shown in Figure 4 are: 1.8,
SCCCCL3001H09.¢; VIILL, SCVPRZ3030A04.g; VIIL3,
SCCCCLA005C0%.g; VIILA4, SCQSRT1036D12.g; XH.2,
SCCCRT2002D06.g; X113, SCIFRZ2034D03.g; X114,
SCAGHRI1016H08 g; X115, SCSFLR2016F09.g; XII.6,
SCACRZ3034F03.g; X11.7, SCILAM1064H01.g.
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NOTE ADDED IN PROOF

Since we submitted this article for publication the
protein ALZgBZN in Figure [ was annotated as A12g04038
at MATDB.

RESUMO

Construimos um banco de referéncia ndo redundante
de fatores de regulacio da transerigHo do tipo bZIP a partir
de dados do gendéma de Arabidopsis thaliana. Os fatores
bZIP de Arabidapsis foram ordenados em treze familias de
proteinas evolutivamente relacionadas e essa classificaciio
foi usada para organizar os cDNAs de cana de acticar que
codificam proteinas bZIP. Além disso, mostramos que essa
classificacdo podera ser (til para definir “Putative Clusters
of Orthologous Groups™ de reguladores bZIP de plantas
superiores,
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Abstract. Opaque2 (02) is a bZIP transcriptional
regulatory factor involved in the control of seed
storage proteins synthesis as well as carbon and ni-
trogen metabolism during maize seed development.
Phylogenetic analysis of a possible complete and
nonredundant collection of angiosperm bZIP factors
resulted in the identification of 20 angiosperm O2-
homologues that defined what we call the 02 gene
family. Members of the family share a highly con-
served bZIP DNA binding domain and several other
motifs which define important functional features.
The O2 family was enriched by the identification of
25 new putative angiosperm 02 homologous genes in
EST databases and in the rice genome. Based on
parsimony analysis, the collection of (2 homologues
was organized into one eudicot-monocot and three
monocot groups of orthologous genes and two
groups of eudicot genes. These resulis support a
model of the evolution of the O2 family that involves
two (2 homologous gene duplications before the
separation of monocots and eudicots. Further ex-
pansion of 02 homologues resuited in at least three
and one gene duplications in the monocot and eudi-
cot lineages, respectively. 02 appears to have been
the result of a monocot-specific gene duplication
event, and the possibility that O2 represents a func-

Corvespondence to: Michel Vincentz; email: mgavince@ obelix_upj-
camp.br

tional specialization restricted to monocots is sug-
gested.

Key words: Angiosperm - Arabidopsis thaliana
-— bZIP factors — Opaque2 — Phylogeny

Introduction

Transcriptional regulatory factors of the basic leucine
zipper (bZIP) class have been described in all euk-
aryotes (Wingender et al. 2000). These factors hind
DNA as dimers through a conserved DNA binding
domain. This domain is formed by a region rich in
basic amino acids that interact with the DNA target
site and by a zipper of leucines that consists of several
heptad repeats of hydrophobic residues that promote
dimerization (Hurst 1995). In angiosperms (flowering
plants), Opaque2 (O2) is one of the best-characterized
bZIP transcriptional regulators. (2 is an important
regulatory locus of seed endosperm development of
the monocot species Zea mays (maize) {Schmidt
1993). 02 specificaily accumulates in the developing
endosperm, where it activates the expression of o-
and B-prolamin storage protein genes (Schmidt et al.
1992; Vicente-Carbajosa et al. 1997: Cord Neto et al.
1995), the b-32 albumin genes (Lohmer et al. 1991),
and the genme for the cytoplasmic pyruvate ortho-
phosphate dikinase (Gallusci et al. 1996). G2 is also
involved in the control of lysine accumulation
(Kemper et al. 1999) and threonine metabolism
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(Damerval and Le Guilloux 1998). Overall, these re-
sults point to a role for 02 in the coordinated Tegu-
lation of storage protein synthesis as well as carbon
and nitrogen metabolism during seed development.
The recent suggestion that the diurnal modulation of
02 DNA binding activity by phosphorylation/de-
phosphorylation is regulated by diurnal metabolic
fluxes is in line with the latter view (Ciceri et al. 19993,

Identifying O2-related bZIP factors among angio-
sperms and understanding their evolution are of in-
terest for two reasonms: first, because 02 plays an
important role in seed development and, second, be-
cause O2 has been extensively studied. A phylogenetic
analysis using the amino acid sequences of the highly
conserved bZIP domain of 50 angiosperm hZIP pro-
teins identified a cluster of 8 monocot and eudicot O2-
related proteins, which may form a gene family
{Vettore et al. 1998). Although the probable 02 or-
thologues from the close relatives of maize, sorghum
and Coix, are known, the orthologous/paralogons
relationships among afl the O2-related proteins which
are included in this putative family are unclear. More
_precisely, the existence of 02 orthologues in eudicot-
yledonous plants has not been established.

The purpose of this work is to get a detailed picture
of the evolution of O2-related proteins in angio-
sperms, with the additional objective of defining the
conditions for a broader analysis of the evolutionary
history of angiosperm bZIP factors. To this end, we
characterized four cDNAs that represent the complete
set of 02 homologues in the model endicot plant
Arabidopsis thaliana (Arabidopsis). Additionally, we
identified a set of 41 higher-plant 02 homologous
genes, 24 of which were detected in EST databases,
This set of genes defines what we call the Q2 gene
family. Phylogenetic analysis revealed that the
evolution of the 02 family could be explained by
monocot- and eudicot-specific gene duplication events
from three ancestral genes. The possibility that 02 is
restricted to monocot species is also discussed.

Materials and Methods

Cloning of hZIP ¢cDNAs by 3 Amplification of
¢DNA Ends, cDNA Library Screening, and DN A
Sequencing

The 3’ ends of bZIP cDNAs were amplified in two steps using two
pairs of nested degenerated primers and the M 13 reverse primer as
a -anchor in the cloning vector 4 ZAP TL. The first pair of nested
primers is based on the sequence SNRESARRS, which is conserved
in the basic domain of several plant bZIP proteins. The primers are
BCS (- TCHAAYMGDGARTCWGC-3), which cortesponds to
the peptide SNRESA, and BC6 {5-aagpaaticGARTCWGCHA-
GRAGGTC-3"), which corresponds to the peptide ESARRS. The
second pair of nested primers is based on the sequence (V/
AJKVEM (A/GYE(D/E), which is conserved in the feucine zZipper
of OZ-related proteins. The degenerated primers are ZC3.1 (-

GYNAAGGTRAAGATGG-3), which corresponds to the peptide

TAYKVEM {A/G), and 7C3.2 (¥-aageaattcGTRAAGATGGSN
GARG-Y), which corresponds to the peptide KVKM (A/GHE(D/
E). EeoRI sites were included in primers BC6 and 7C3.2 1o facil-
itate subsequent cloning.

A cDNA library from Arabidopsis thafiane (ecotype Columbia)
green siliques, which was constructed in 4 ZAP I1 (Giraudat et al.
1992}, was used as the template for the first round of amphfication.
Approximately 3 - 10° phages were amplified with 10 pmol of M13
reverss primer and 130 pmol of either BCS or ZC3.1 in a 100-ul
reaction mixture containing 1.5 maf MgCly, 200 pf deoxvaucle-
otide triphosphate, and 3 U of Tag DNA polymerase in the buffer
supphied by the manufacturer (BRL). Amplification conditions
were 94°C for 4 min followed by 35 cycles (94°C 1 min, 42°C for 2
min, and 72°C for 2 min} and an extension step of 14 min at 72°C.
The PCR products were then purified on a QIAguick PCR puri-
fication kit {Quiagen) to eliminate unincorporated primers and
aucleotides. An aliquot of 3 ul of the purified product was then
used in the second round of amplification, which also included 10
pmol of M13 reverse primer and 75 prel of either primer BC6 or
primer ZC3.2. The total reaction volume was 50 pl containing 1.5
mM MgCly, 200 uM deoxynuclectide triphosphate, and 3 U of Tug
DNA polymerase (BRL). Ar initial denaturation step at 94°C for 4
min was followed by 36 cydes: 94°C for 1 min, S0°C (frst three
cyclesy and 56°C (the remaining 33 cycles for 2 min, 72°C for 2
min, and an extension step of H) min at 72°C. FCR products larger
than 200 bp were gel purified, digested with EeeR1L and cloned inte
pBiuescript SK™ (Stratagene) for sequencing, which was done by
the dideoxy dye terminator method (Perkin Fimer).

Amplification products encoding polypeptides similar to known
bZIP proteins were used as probe to isolate the corresponding full-
length cDNAs from the seed cDNA library using standard proto-
cols (Sambrook et al. 1989) and starting with § - 10° recombinant
phages. After four plaque purification steps, positive phages were
converted to pBluescript SK™ phagemid clones by in vivo excision
using the R408 helper phage according io the manutacturer’s in-
structions (Stratagene} except that the last growth step was at 42°C.
The complete sequence of the full-length 820251 and BZO2H¢
(EST T22360; Table 1) cDNAs required the subcloning of an in-
ternal HindIll/BamHtl fragment of 700 bp (in pBluescript SK™3
and an EcoRI fragment of 900 bp (in pUCLS), respectively, Stan-
dard protocols were used for cloning (Sambrock et al, 19893,

Construction of a Nonredundant Data Set of
Angiosperm bZIP Factors and Identification of
Tentative Unique Genes from EST Collections

Construction of a nonredundant set of Arabidopsis bZIP (Vincentz
et al. 2001) and of other angiosperm bZIP proteins was achigved
through iterated searches of GenBank protein databases at the
Nationat Center for Biotechnology Information (NCRI; http://
www.nebinlm.nihgov) and the MAtDB (Munich Information
Center for Protein sequences drabidepsis thatiana Database; hitp://
www.mips.biochem.mpg.de/projfthal/, v211200) using different
known and distantly related bZIP a5 query sequences and the
blastp and thlastn programs (Altschul et al. 1990) at the NCBI
(Bttp://www nchi.nlmunih.gov/BLAST/} and MA(DE  servers
{http://mips. gsf.de/proj/thal/db/search/search_frame.hunl). Addi-
tionally, key word scarches were also performed at the WCBI and
MAIDB. Editing of exon sequences encoding some of the bZIP
domains involved modifications of exon/introns junctions that
were guided by amino acid sequence alignments and by the pres-
ence of donor (GT} and acceptor (AG) intron sphice sites. BSTs
rolated to 02 and its homologous sequences were selected from the
GenBank dbEST (http://www.nebinimonib.gov/) using thlastn
prograin and protein sequences of 02 homologues (Table 1} as
query sequences at the NCBI blast server. Selected ESTs were
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Table 1. Opaque2 homologous proteins
Accession No.
Protein Protein Genomic cDMNA
Eudicot
BZO2HT 4¢ (INY AACT8255 CRM IV AF3 10222
(M) Atdg02640  ACO02330
BZO2H2 A4¢ (M} At5g24800 CRM YV AF3 10223
AF069716
BZO2H3 Ar (NY AAFST60 CRM V AF310224
(M} At5g28770  AF262041 AABL2606
BZO2H4 41 {NY CAB77582 CRM I1 AYOS7309
(M} A3gd54620  AL13R656 TZ2560
B7L-1 Nt AAL27150 — AX0OR1648
CPRF2 Fc Q99090 — X58577
Monocot
2 Cl 842493 X78287 X78286
BLZ1 Hy TH4477 X 86068 —
BLZ2 Hv CAAT71795 e Yi0834
REB Os BAA36492 ABQO2Z1736 -
RISBZ1 Os BAB39173 ABOS34TS ABQ33472
RISBZ4 Os BAB39174 AAAAIGDSE  ABOS534T73
68"
RISBZS 05 BAB39175 OSINBbO0BS AB(S53474
N4t
RITAL Os T03950 AJO01267 1.34551
AAAADIDBD
4257
02 8h CAAS0642 X71636 —
SPA Ta TO6767 e Y09013
02 Zm AAA3ZI4ERY X15544 M29411
OHP1 Zm 3Qz147 — Lo0623
OHP1b Zm AAC49333 — U35663
OHFP2 Zm Q2148 e 106478

Note. (M} MADB Arabidopsis database (http:/feww.mips.bio-
chem.mpg de/proj/thal/), (N) NCBI (hitp: /fwww.ncbinlm.nih.gov/).
The underlined accession numbers are from the ESTs we refer to in
the fext. BZO2H1, -H2, and -H3 and the ¢DNA accession nunbers
arc our own submissions. Species abbreviations: Ar, Arabidopsis
thatianea;, Cl, Coix lacryma-jebi, Hv, Hordewn vulgare; Nt, NI-
cotigna tabacur, Os, Oryza sativa; Pe, Petroselinum crispun, Sk,
Sorghwm bicolor: Ta, Triticum aestivam;, Zm, Zea mavs.

* Oryza sativa ssp. indica (NCRI).

® Oryza sativa ssp. japonica (MATDR},

compared pairwise with the blastn program using default param-
eters, and overlapping sequences that share at least 98% identity
over 130 nucleotides or 100% identity over 100 nucleotides were
assembled into a consensus sequence (CS) that defines tentative
unigque genes (TUGs). Care was taken to avoid probable unspliced
variants. A second dbEST search was performed with the TUGs
CS to complete our analysis. Finally, an additional assembly step
was performed using the PHRAP program (Green 1994), To build
a final TUG C8, the CS detived from PHRAP was compared with
Clustal X (Thompson et al. 1997) to the FUGs CS obtained with
blastn. Rice genomic sequences (ssp. indica and japonicum) were
scarched for O2 homologues at the NCBI and MATDR biast
servers.

Phylogentic Analysis, Compuier Programs,
and Web Servers

Comparison of protein sequences with the blastp program (Altse-
hut et al 1990) was done using defanlt parameters but without
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filtering. Standard unweighted mazimumn parsimony analysis was
performed on nucleotide sequences by heuristic search using the
branch swapping nearest-neighbaor interchanges algorithm (search
level, 2: initial tree search by random addition option with 100
replications) implemented in the Molecular Evolutionary Genetic
Analysis (MEGA) package v 2.1 (Kumar et al. 2000}, Neighbor-
joining analyses of nucleotide sequence data were performed using
different methods of distance estimation that are provided in the
program MEGA package v 2.1 (Kumar et al, 2600). Mazimum
parsisnony analysis of amino acid sequences was conducted with
the PROTPAR program [PHYLIP, Phylogeny Inference Package
version 3.57¢ (Felsenstein 1993)] and distance method analyses of
amino ackl sequences data were done with the NEIGHBOR pro-
gram [PHYLIP, Phylogeny Inference Package version 3.57c (Fel-
senstein 1993} using PAM distances {Dayhoff et al, 1978), which
were obtained with the PROTDIST program (PHYLIP). The
rumber of synonymous differences per synonymous site {d,} and
the number of nonsynonymous differences per nonsynenymous site
(d;) were calculated based on the method of PamiloBiancho-Li
{Pamilo and Bianchi 1993; Li 1993) as implemented in MEGA v
2.1. Relative rate test analysis was conducted by the method of
Tajima (1993} as implemented in MEGA v 2.1 and using Arabid-
apsis BZO2H3 as an outgroup. DNA sequence analysis was carried
out with the DNASIS program (Pharmacia). Sequences were
aligned with Clustal X (Thompson et al 1997). Prediction of
protein secondary structure was obtained through the predictpro-
tein server (http:/fwww.emblheidelberg.de/predictprotein/) [Rost
1996). Identification of conserved protein motifs was performed
with the motif discovering tool MEME (Bailey and Flkan 1994;
http://meme.sdsc.edu/meme fwebsite/).

Results

Definition of the Angiosperm O2 Family and of
the Modular Protein Structure of Its Members

We identified four Arabidopsis cDNAs whose pre-
dicted polypeptides were found to be highly similar to
O2 based on blastp comparisons. These Arabidopsis
O2-related proteins were named BZO2H1, BZO2H2,
BZO2H3, and BZO2H4 (basic leucine zipper 02 ho-
mologous) (Table 1). BZO2H! and BZO2H? full-
length cDNAs were isolated from a sced cDNA li-
brary (see Materials and methods). The fuli-length
cDNA sequence of BZO2H3 was reconstructed by
joining a partial cDNA that we had isolated from a
seed ¢cDNA library and covers the 5-end mRNA
sequence with the overlapping sequence of an EST
(accession No. AA042666) that covers the 3 end of
the mRNA sequence. The full-length cDNA sequence
of BZO2H4 was obtained from an EST (accession
No. T225060). To define the group of monocot and
eudicot O2 homologues we performed a phylogenetic
analysis of a pessibly complete and nonredundant
repertoire of 168 angiosperm bZIP factors (ABZ data
set) that we constructed from sequences available in
public databases. From the complete sequence of the
Arabidopsis genome (The Arabidopsis Genome Ini-
tiative 2000), it was possible to include in the ABZ
data set a possible complete and nonredundant set of
76 Arabidopsis bZIP proteins. This set of Arabidopsis
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Subgroup O2.A

Subgroup 02-B
2 M3 TSA
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M3 SIAVIVIVGID[PSIVEYNA[MILKIRGSIKLIED]
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TSA: Low complaxity sequence rich in
threonine, sering and acidic amine acids




bZIP factors was obtained by the integration of our
own data (Vincentz et al. 2001) and those of The
bZIP Research Group (Jakoby et al. 2002) and is
slightly smaller than the set of 81 bZIP proteins de-
scribed earlier (Riechmann et al. 2000).

In agreement with previous results (Veltore et al.
1998), significant amino acid sequence similarity
among all these angiosperm bZIP protwins was found
to be restricted to the minimum bZIP DNA binding
domain, which consists of the basic motif and three
leucine repeats (of 44 amino acids, which correspond
to positions 228 to 271 in the maize O2 sequence: Fig.
2). A neighbor-joining analysis of the minimum bZIP
domain (amino acid sequences) of the ABZ data set
revealed the existence of two large clusters of proteins
with significant bootstrap support (results not
shown). These two clusters include all Arabidopsis
bZIP factors of family HlI/group A (51% bootstrap
support) and family II/group D (98% bootstrap
support} of Vincentz et al. (2001) and Jakoby et al.
(2002), respectively. As these two clusters did not
contain O2 and were found to be responsible for the
phylogenetic analysis of the ABZ data set being re-
stricted to the minimal bZIP domain, their members
were excluded from the ABZ collection to create a
subset of the ABZ coliection (SABZ data set) that
includes 122 bZIP proteins. The length of the se-
quences that could be aligned from the SABZ data set
was increased by two leucine repeats (16 amino acids)
compared to the minimal bZIP domain. This, in turn,
allowed an improvement in the resolution of the
evolutionary relationships among the SABZ set of
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proteins. The unrooted tree inferred from a neighbor-
joining analysis of the bZIP domain amino acid se-
quences of the SABZ data set is shown in Fig. 1A.
This tree identifies a well-supported group of pro-
teins, which most likely are O2 homologues, and was
defined as the O2 family (Fig. 1A). This family is
formed by 6 eudicot (including the complete set of
Arabidopsis O2 homologues BZO2H1, BZO2H2,
BZO2H3, and BZO2H4) and 14 monocot proteins
(Table 1). The gene structure of 13 members of the
02 family is available and was compared. For all of
them, 78% of the bZIP domain is encoded by exons 4
and 5, whose size and positions are conserved (Fig.
2). Furthermore, this feature appears to be specific to
members of the O2 family as judged by the analysis of
the complete set of Arabidopsis genes encoding bZIP
factors {data not shown). These results indicate that
this set of 13 genes of the O2 family are homologous
and sapport the notion that the set of 20 angiosperm
bZIP factors that are included in the O2 family are
indeed O2 homologous proteins.

The proteins of the O2 family share a highly
conserved bZIP domain which has the double func-
tion of DNA binding and nuclear localization
(Varagona and Raikel 1994). Prediction of coiled-coil
structures by the Coil program (Lupas 1996) indi-
cated that up to nine leucine (hydrophobic residues)
heptad repeats may be involved in the leucine zipper
dimerization domain of the O2-refated proteins (Fig.
2). Additionally, a set of conserved motifs which may
define important functional sequences was identified
(Fig. 1B). Motifs M1, M2, and TSA participate in

Fig. 1. A Phylogenetic tree defiming the O2 family. The unrooted
tree was inferred by the neighbor-joining method using PAM dis-
tances of bZIP-domain amino acid sequences (basic motif plus five
leucines of the leucine zipper; positions 228 to 287 of the maize Q2
protein in Fig. 2} of approximately two-thirds of the complete and
nonredundant set of angiosperm bZIP factors that are availabie in
databases. Bootstrap values of 300 replicates are indicated as per-
centages along the branches. The O2 family is boxed in gray. Known
gene structures of members of the O2 family are marked with an
asterisk. Arabidopsis, other eudicot, and monocot proteins are
shown in biue, green, and red; respectively, The bZIP-domain amino
acid sequences of proteins marked with an o were edited (see Ma-
terials and Methods). AtbZIPT76 {accession No. AAGS0693) and
AtbZIP77 (accession No. NP_564460) are putative new Arabidopsis
proteins. AtbZIP73 (MATDB accession No. At2g13130) presents a
stop codon in the lencine zipper coding part and was therefore not
included in our data set. The classification of Arabidopsis bZIPs
established by The bZIP Research Group (Jakoby et al. 2002} is
indicated in parentheses {8, C, E, F, G, H, 1, and §). The two arrows
point to the outgroup vsed in the parsimony analysis in Fig. 3.
Species abbreviations and accession numbers for the O2 family
members are as in Table 1. Accession numbers of drabidopsis
proteins are those of The bZIP Rescarch Group {(Jakoby et al
2002). Other accession numbers for eudicot proteins are as follows:
rdLIP Rs, BAA34938; TBZF Nt BABITIY; CPRFEG6 Pe.
CACO0657; CPRFT Pe, CACD0658; TBZ17 Nt, BAA22204; GRF1
Cr, AAD42937, GBF2 Cr, AADA42938; PvZIP2 Pr, AAK 20130

PvZIp3 Pv, AAK3913L; CPRFS Pe, CACO0656;, GBF1 Gm,
AABOMSG; G-box2A Sa, TIG472; GBF-1A Bn, CAAS8774; GRF:
Bn, AABGIITS; GBE-2A Bn, CAASSTTZ; ROM2 Pv, AACA9474;
ROM1 Pv, AABISS14; CPRF3 Pe, CAA41452, GBF4 Je,
CAAS52896; CPRF4a Pe, CAATITER, CPRF4b Pe, CAATITTO
TAF-2 N, CAA88492; TAF-3 Ni, CAAR8493; THYS [e.
CAB57979, STF1 Gim, AACO3017; RSG Nt, BAAS7100; PKSFi pk,
AACO4862; VSF-1 Le, CAA(5898. For monocot proteins accession
numbers are as follows: mLIPIS Zm, BAAOSII7; Lipld Os,
CAA40596; OCSBF-1 Zm, CAAMGOT, OBF1 Zm, 1QO984; HBP-
ia Ta, BAAO2304; HALF-1 Ta, BAA10928;, EMBP-1 Ta,
AAAGR428; GBF1A Os, T03241; QSBZR 05, AAB4I291: OSZIP2a
Os, AACAD55T; OSZIP2b (s, AACA9558: GBFI Zm, AAAS0169;
EMBP-la Zm, CAB62402; THYS Os, BABA2558: RE2: Os.
AAC49832, Species abbreviations not listed in Table 1 are as fol-
lows: Am, Antirrhinum mafus, Bn, Brassica napus, Ce, Capsicum
chirense; Cr. Catharanthus roseus; Gm, Glyeine max; Le, Lycopers-
icon esculentum; Po, Phaseolws acutifolius, Pk, Paulownia kawaka-
mii; Py, Phaseolis vulgaris, Rs, Raphanus sativus, Sa, Sinapsis alba:
So, Spinacia cleracea; ¥f, Vicia faba. The scale bar corresponds to
0.1 estimated amino acid substitution per site. B Modular organi-
zation of 02 homologous proteins. The distribution of the con-
served motifs M1, M2, M3, and TSA along the protein sequence is
schematized. These motifs were defined with the help of the MEME
tool (Bailey and Elkan 1994). bZIP, basic leucine zipper DNA
binding domain shown in Fig. 2. C Multilevel consensus sequences
(as defined by MEMTE) of the conserved motifs shown in B.
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Fig. 2. Alignment of bZIP amino acid sequences of angiosperm
02 homologous proteins. The basic region includes a nuclear lo-
calization signat {NLS). The position of the amino acids in each
heptad repeat of the leucine zipper is indicated {a to g) and the
position (d) of leucines (hydrophobic residues) is shown in bold
Jface, Identical and conserved amino acids are boxed in gray when

trapscriptional activation (Schmitz et al. 1997, Vin-
cente-Carbajosa et al. 1998; Onodera et al. 2001), and
the control of nucleocytoplasmic distribution partly
involves the TSA and M3 motifs (Varagona and
Raikhel 1994; Kircher et al. 1999).

These motifs can be considered as informative
shared derived characters that were used to classify
members of the O2 family further into the two sub-
groups (clades) 02-A and 0O2-B, which are distin-
guished by the presence/absence of motifs M2 and
M3 (Fig. iB). This classification is consistent with the
phylogenetic analysis where members of subgroup
02-A form a well-supported cluster of proteins {Fig.
1A}

Evolution of the Q02 Gene Family

Our main objective in initiating a detailed analysis of
the evolution of the 02 family was to establish
orthologous relationships among members of the
family through the identification of groups of
orthologous genes (GO). A GO consists of individual
orthologous genes or orthologous groups of
paralogues from several lineages (Tatusov et al. 1997).
Orthologous and paralogous genes are homologous
genes that result from a speciation event and from a
duplication event within a lineage, respectively
(Tatusov et al. 1997; Fitch 2000; Thornton and DeS-
alle 2000). An important aspect of defining GOs is
that it should facilitate the identification of ancestral
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present in at least 0% of the proteins. Strictly conserved residues
are highlighted in black. Proteins whose gene structures are known
are underiined and the positions of introns 3, 4, and 3 are shown.
Species abbreviations and accession numbers are as in Table 1. The
sequence of OHP1b is $7% identical to OHP! and was therefore
not included.

genes and should be useful to rationalize the system-
atic analysis of yet uncharacterized proteins {Thorn-
ton and DeSalle 2000).

In the first step, to improve the phylogenetic
analysis of the angiosperm O2 family, we searched
for new 02 homologues that would be represented
in plant EST databases. ESTs selected through it-
crated searches in the GenBank plant dbEST were
assembled to form a consensus sequence (CS) that
represents tentative unigue genes (TUGs). The
polypeptides corresponding to each TUG were
confirmed to belong to the O2 family if they had the
best blastp match with one of the 02 homologues
defined here (Table 1). Based on the 96.5% amino
acid identity that was observed between the coding
sequences of the two maize recent paralogues, OHP1
and OHPIb (Pysh and Schmidt, 1996), only those
CSs whose deduced amino acid sequence showed
less than 97% identity over their full-length sequence
with one of the O2 homologues were considered to
represent new genes. Our scheme resulted in the
identification of 11 monocot and 13 eudicot putative
new 02 homologous genes. We noticed, however,
that in some cases, nonoverlapping CSs whose de-
duced polypeptides show a higher similarity to the
same O2 homologue might actually identify the
same gene. Additionally, we identified in the recently
published rice genome (Yu et al. 2002) a new 02
homologous gene (RBZO2H). This new 2 homo-
logous rice gene and nine of the TUGs which
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Fig. 3. Phylogeny of the 02 homologous genes. A representative
maximun parsimony rooted tree is shown. Parsimony analysis of
bZIP-domain (positions 228 to 313 of maize O2; Fig. 2) DNA
sequences of 02 homologoes was obtained by the nearest-neighbor
interchange (branch swapping) algorithm included in the MEGA 2
package v 2.1 (Kumar et al. 2000). Bootstrap suppert over 30%
obtained from an analysis including all three sites of each codon (a)
or obtained from ar analysis including the first two nucleotides of
cach codon (b} are shown along the branches. For the analysis with
three sites, the number of informative sites was 204/258; the tree
length, 1241; the informative site consistency index, 0.36; the in-
formative site retention index, 0.6; and the informative site rescaled
consistency index, 0.22. For the analysis with two sites, the number
of informative sites was 119/172; the tree length, 477; the infor-
mative site consistency index, (.49; the informative site retention
index, 0.72; and the informative site rescaled consistency index,
(L.35. Arabidopsis, other eudicot, and monocot proteins are shown

encoded a complete bZIP domain were included in
the phylogenetic analysis of the O2 family presented
hereafter.

The evolutionary history of the O2 family was
estimated from the bZIP DNA binding domain,
which is the wunique well-defined structural and
functional domain present in all O2 homeologues. The
phylogeny of the O2 family was evaluated by a
maximum parsimony analysis of nucleotide se-
guences of the bZIP domain shown in Fig. 2. This
analysis included a pair of outgroup sequences
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MGO2
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02-8
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EMGO1
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EMGO3

in blue, green, and red, respectively. The GenBank accession
number of the genomic sequence {Oryza sativa ssp. imdicay encod-
ing RBZOZH is AAAAGH05225. Tentative unique genes (TUGSs)
that were not included in the phylogenetic analysis point to their
closest related O2 homologue in the tree (grrow). Highest similarity
of the TUGs that were not included in the parsimony analysis to
one of the O2 homologues was defined by protein distances that
were measured with the PRODIST program (PHYLIP) on aligned
amino acid sequences that were obtained with Clustal X using
default parameters. MoG, monophyketic group of proteins; MGO,
monocot group of orthologues; EG, eudicot group of genes;
EMGO, eudicot-monocot group of orthologues. 02-A and O2-B
refer to the two subgroups defined in Fig. 1. Species abbreviations
are as in the legend to Fig. 1, and Ssp. stands for Saccharim sp.
The scale bar represents 20 substitutions {obtained from an analysis
including the three nucleotides of codons).

formed by the monocot RF2a gene from rice and by
the POSF21 gene from drabidopsis (Fig. 1}. These
sequences were chosen as outgroups based on the
shared position of an intron in the bZIP domain with
02 homologues, indicating that these outgroups and
the O2 family most likely derive from a common
ancestor (result not shown). The rooted tree inferred
from the parsimony analysis is shown in Fig. 3.
Parsimony analysis of bZIP domain amino acid se-
quences as well as distance methods (neighbor join-
ing) applied to nucleotide and amino acids sequences
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of the bZIP domain data set gave essentially the same
results {(data not shown).

To interpret the tree shown in Fig. 3, we consid-
ered the following three criteria. First, bootstrap
support over 50% was retained for the branching
pattern. Second, assuming that the complete set of
Arabidopsis and rice 02 homologues was identified
and no selective gene loss occurred, each group of
endicot orthologues should include at least one Ara-
bidopsis gene, each group of monocot orthologues
should include at least one rice gene, and each group
of eudicot-monocot orthologues should include at
least one Arabidopsis and one rice gene. Third, the
inferred gene phylogeny should be consistent with the
known species phylogeny. Accordingly, the tree in
Fig. 3 was organized into two main monophyletic
groups, MoG1 and MoG2. The consistency between
the composition of these two monophyletic groups
and the composition of the two subgroups 02-A and
0O2-B, which were defined by different means (Fig. 1),
provides additional support for the definition of
MoGO1 and MoG2. MoG1 was further divided into
MoG3, which is formed by the two monocot groups
of orthologous genes MGOI! (includes O2) and
MGOZ2, the endicot group of proteins EG1, and the
eudicot-monocot group of orthologues EMGO1
(Fig. 3). MoG2 was resolved into the eudicot group
of genes EG2 and the monocot group of orthologues
MGO3 (Fig. 3). This general organization was sup-
ported by the observation that the polypeptides en-
coded by the six monocot and six eundicot TUGS,
which were not included in our phylogenetic analysis
because they do not cover a complete bZIP domain,
are more closely related to the monocot and eudicot
02 homologues, respectively (Fig. 3). The relation-
ships among the eudicot genes in EG1 and EG2 (Fig.
3) could not be resolved clearly, essentially because
the two Arabidopsis genes BZO2H3 (BEG1) and
BZ0O2H2 (EG2) do not cluster significantly with any
of the other eudicot genes of these groups. However,
considering that EGI and EG2 fulfill the second and
third criteria used earlier to interpret our iree (see
above), they are likely to represent eudicot groups of
orthologues. We also noticed that the two Arabid-
opsis genes in EMGO1, BZ0O2H! on chromosome IV
and BZO2H4 on chromosome 111, are part of two
conserved and collinear segments formed by two
matching genes (result not shown). These data indi-
cate that BZOZH1 and BZO2H4 are two paralogues
that probably arose with one of the larpe-scale du-
plications that formed the Arabidopsis genome (Vi-
sion el al. 2001). Finally, the orthologous relationship
among members of MGO1, which includes 02 (Fig.
3), was further supported by their shared seed-specific
expression, which is a characteristic resiricted to this
group of genes (Schmidt et al. 1992; Albani et al.
1897, Yunes et al. 1998; Ofate et al. 1999; Onodera

Table 2. 4, and d, among members of the monocot group of
orthologues MGO! and monecot group of orthologues MGO?2

4 {+SE) d, {£SE)

MGOIL: 02 Zm-02 Sb 0.408 (0. 108)  0.049 ¢0.017)
MGOZ: OHP1 Zm-TUG2 S5 0086 (0.039) 0

Note. d; and d, were estimated over 234 nucleotides that encods
9% of the bZIP domain (positions 236 to 313 for the matze 02
factor: Fig, 2). Species abbreviations are as in Table 1, Note.

et al. 2001; our unpublished data). Together these
data suggest that the O2 family can be organized into
three eudicot-monocot groups of orthologous genes
(EMGOL, -2, and -3; Fig. 3).

Our phylogenetic analysis also indicates that the
monocot MGO1 and MGO2 emerged as the result of
a gene duplication that must have occurred after the
separation of monocots and eudicots and some time
before the radiation of grasses (Fig. 3). To charac-
terize this duplication event further, we decided to
define d; and d, for pairs of orthologues in each of
these two MGOs. To obtain reliable estimations for
d; (d;<0.5), we used the maize and sorghum 2 se-
quences in MGO! and their corresponding para-
logues, the maize OHPI and the sorghum TUG!
sequences in MGO2 (Fig. 3). We also verified the
homogeneity of substitution rates among these two
groups of orthologues by applying Tajima’s (1993)
relative rate test. No rate heterogeneity was observed
among the maize and the soerghum 02 (MGO1) or
among the maize OHP! and the sorghum TUG2 or-
thologues (MGO?2). However, these two pairs of or-
thologues evolved at a significantly different rate
(result not shown). Estimations of & and d,, were then
calculated for 91% of the bZIP sequence, which is the
limit imposed by the sorghum TUG2. As shown in
Table 2, d;, and d, were higher in MGO1 than in
MGO2. The same trend was observed for the rice
RISBZ1 and the barley BLZ?2 genes (MGO1) and the
corresponding paralogues in MGO?2, the rice RER
and the barley BLZI genes (result not shown). Our
data suggest that genes in MGO1 (02 orthologues)
evolved more rapidly than their corresponding par-
alogues in MGO2.

Discussion

As the first step toward a broad analysis of bZIP
factor evolution in angiosperms, we choose to focus
our analysis on the origin of the maize 02 regulatory
locus, which is one of the best-characterized bHZIP
proteins (see Introduction). Additionally, our interest
was to identify 02 ortholognes in cudicot species. To
this end, we developed a two-step phylogenetic ap-
proach. First, from the analysis of the possible
complete and ponredundant set of known angio-
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sperm bZIP proteins (ABZ data set), we defined a
subset of bZIP factors (SABZ data set) that allowed
us, in the secotid step, to identify a group of 20 02
homologous proteins (the 02 family; Fig. 1). Our
analysis also allowed us to identify several other
clusters of proteins with significant bootstrap support
(Fig. 1) and this grouping was found to be consistent
with classification schemes described earlier for the
Arabidopsis bZIP proteins (Vincentz et al. 2001 Ja-
koby et al. 2002). Taken together, our results indicate
that the ABZ and SABZ data scts should be useful to
improve our knowledge about the evolution of an-
glosperm bZIP factors.

We further characterized the Q2 homologous
genes by determining the modular structure of the
corresponding proteins. The functionally essential
bZIP DNA binding domain is highly conserved and
includes a leucine zipper that is possibly formed by
nine leucines (hydrophobic residues). Conserved
motifs involved in the control of nuclear transloca-
tion or transcriptional activation were also identified
(Fig. 1B). Such functional motifs can be considered as
shared derived characters and allowed us to divide
the O2 family into the two evolutionary distinct
subgroups 02-A and 02-B (Fig. 1). Finally, we notice
that more than half of the protein sequence of all 02
homologues is poorly conserved, which could reflect
either weak functional constraints or functional di-
versification as has been suggested in the case of the R
family of basic helix-loop-helix regulatory genes
(Purugganan and Wessler 1994). These observations
indicate that an accurate phylogenetic analysis aof the
02 family should rely mainly on the sequence of the
bZIP domairn, and this seems to be {rue for the ma-
jority of the others bZIP families (Fig. 1 and un-
published results).

The interpretation of the parsimony analysis of the
bZIP domain of 02 homologues relied on (1) boot-
strap support over 50%, (2) the assumption that the
complete set of Arabidopsis and rice 02 homologues
was identified, and (3) congruence between the in-
ferred gene phylogeny and the known species phy-
logeny. Following these criteria, the examination of
the tree inferred from parsimony analysis led to the
identification of three eudicot/monocot groups of
orthologues (EMGOI, -2, and -3 in Fig. 3). An effort
was made to incorporate information extracted from
EST databases into the phylogenetic analysis. This
approach was shown here to improve the reliability of
the organization of homologous genes into groups of
orthologues.

The monocot species in our analysis are repre-
sented exclusively by members of the grass family,
which diverged approximately 60 million years apo
(MYA) (Kellog 2001). Identifying groups of ortho-
logues among grasses should therefore be facilitated
by the fact that they form a compact group of species.
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Fig.4. Models of O2 family evolution. In the ancestral lineage of
angiosperms, two duplications, DI and D2, produced the three G2
homologues GI., G2, and G3 (ancestral functions). Following the
separation (8) of monocots and eudicots, lineage-specific duptica-
tions (D} occurred. Representative eudicot genes were from Ara-
bidopsiz (A4f) and are boxed in gray, and representative mMonocot
genes are from rice (05).

However, whenever groups of orthologues evolve at
different rates, such as in the case of the MGO1 and
MGO?2 genes (Fig. 3), additional information such as
expression pattern, functional hints, or map position
may be required to support orthology. On the other
hand, the difficulty of establishing the relationships
among eudicot genes, as in the case of the genes in-
cluded in EG1 and EG2 (Fig. 3), is due partly to the
early radiation of eudicot species, such as tomato
(Lycapersicon esculentum) and  Arabidepsis, which
diverged about 112156 MYA (Yang et al. 1999). The
general strategy presented here sets the conditions for
a broader amalysis of the evolutionary relationship
among angiosperm bZIP factors and the recent
publication of the rice genome (Goff et al. 2002; Yu
et al. 2002} should significantly improve such an
analysis.

The phylogenetic analysis of the O2 family (Fig. 3)
suggests a single model to explain the evolutionary
history of the angiosperm 02 homologues (Fig. 4). In
this model, three 02 homologous genes were present
in the angiosperm ancestral lineage. After the sepa-
ration of eudicots and monocots, lineage-specific
gene duplications further shaped the O2 family. This
model underscores the potential for functional di-
versification or innovation from the lincage-specific
gene duplication events (Chno 1970; Walsh 1995;
Hughes 1994; Nadeau and Sankoff 1997; Zhang et al.
1998; Gu 1999; Lynch and Conery 2000; Lynch and
Force 2000; Ohta 2000; Wendel 2000). For instance,
the monocot-dicot EMGO3 (Fig. 3} is formed by one
eudicot gene, which is likely to represent an ancestral
function, and up to three monocot genes, which have
diverged from each other and consequently provided
the opportunity to acquire new functional specificity.

41



114

Not much is known about the possible functions of
the factors included in EMGO3 (but see Onodera
et al. 2001). Reverse genetic approaches aimed at
inactivating the unique Arabidopsis gene BZO2H2
that is included in EMGO3 is an obvious approach to
learn more about EMGO?3 genes.

A more informative examplc is provided by
MGO1 (02 orthologues) and MGO?2. These two
MGOs were produced by a gene duplication that is
restricted to monocots and that must have happened
some time before the diversification of grasses (Fig.
3). The large differences in d, and d, between MGO1
and MGO?2 genes (Table 2) most likely reflects altered

functional constraints between these two MGOs and
supports functional change between them (Zhang
et al. 1998; Gu 1999; Graur and Li 2000). As this
conclusion is based on the analysis of the bZIP do-
main, functional divergence between MGO1 and
MGO?2 genes may concern DNA binding and/or di-
merization specificity. Functional divergence between
MGO! and MGO?2 genes is further supported by
moiecular data gained from the maize 02 gene
(MGOI) and its paralogue OHP] (MGO2). For in-
stance, the in virro interaction of 02 with a member
of the Dof class of plant Cys,-Cys, zinc-finger DNA
binding protein iz not shared by OHP1 (Vicente-
Carbajosa et al. 1997). Additionally, the expression
patterns of 02 and QOHPI are different. 02 is spe-
cifically expressed in the endosperm and is under the
control of a circadian clock, while OHP1 is expressed
in the endosperm, root, shoots, leaves, and embryos
and is not regulated by an endogenous clock (Ciceri
et al. 1999; Pysh et al. 1993). Changes in the coding
and regulatory sequences seem, therefore, to have
contributed to the functional divergence between
MGOI and MGO?2 genes (Wendel 2000). 02 ortho-
logues (MGO1) may have evolved toward the func-
tion of integrating the synthesis of prolamine seed
storage proteins with carbon and nitrogen metabo-
lism during endosperm development. The fact that
those prolamines are considered to have appeared
specifically in grasses (Shewry et al. 1995) raises the
interesting possibility of a coordinated evolution of
prolamines and 02." An implicit consequence of this
model is that 02 is a function that has been recently
acquired, while MGO2 genes, which seem to be under
stronger selective constraints (Table 2), represent a
conserved ancestral function possibly involved in the
control of some aspect of carbon and nitrogen me-
tabolism. One predominant adaptive event in this
mode! may have been the acquisition of endosperm-
specific expression by 02. Tt remains to be determined
if nmeofunctionalization (Walsh 1995) or subfunc-
tionalization (Lynch and Force 2000) is responsible
for the preservation of MGGO1 and MGO?2 genes.

(2 controls lysine degradation during maize en-
dosperm development by regulating the expression of

the gene encoding lysine-ketoglutarate reductase/
saccharopine deshydrogenase (LKR/SDH) (Kemper
et al. 1999), and it was recently shown that knockout
Arabidopsis LKR/SDH mutants accumulate lysine
during seed development (Zhu et al. 2001). It ap-
pears, therefore, that control of lysine catabolism as a
means of regulating its accumulation in seeds is
conserved among angiosperms. It will be interesting
to see if the Arabidopsis bZIP factor BZO2H3, which
1s more closely related to the monocot MGO1 and
MGOZ genes (Fig. 3), is involved in this regulatory
Drocess.
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Abstract

The basic leucine zipper (bZTP) proteins form a targe family of transcriptional factors i plants and other eukaryotes. Plant bZIP transcrip-
tional factors are divided into subfamilies and are involved in regulating a large range of physiological processes, from plant development to
responses to biotic and abiotic stimuli. In this work, we cloned a novel bZIP of sugarcane into the pET3c vector and expressed the recombinant
SCbZIP1 (66-170) protein in Escherichia coli BL21 (DF3) plysS. The recombinant protein was purified by heat-treatinent and reversed phase
chromatography. Nerthern blot analysis showed that SCBZIPT was expressed early in development on day 4, but was not induced by abscisic
acid (ABA) or exposure to cold. The identity of the recombinant protein was confirmed by mass spectrometry and CD spectroscopy showed an
alpha-helical content of 33%. Electrophoretic mobility assays showed that SChZIP1 (66-170) bound strongly to G-box, Hex and C-box DNA
motifs. SCbZTP1 (66-170) was phosphorylated in vitro by a series of protein kinases and its DNA-binding affinity was strongly decreased after

phosphorylation by CKIL. SCbZIP1 {66-170) also underwent homo- and heterodimerization with truncated forms of the bZIp transcription
factor Opaque 2 from Coix.

€ 2004 Elsevier Ireland Ltd. All rights reserved.

Keywords: Plant bZIPs; Binding affinity; G-box DNA motifs; Phosphorylation; Dimerization

i. Introduction DNA-binding proteins that recognize regulatory sequences

in the promoter of a gene and are capable of modulating
transcription via interaction with basal components of the
transcriptional machinery [1]. Structural and functional
studies of transcription factors have shown that they have a
modular protein structure consisting of DNA-binding and
transcription activation domains, and usually conmin nu-

Transcription factors regulate the expression of genes
and are involved in the control of many mtracettular pro-
cesses. These factors can be defined as sequence-specific,
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clear localization signats (NLS) and dimerization or multi-
merization domains [2-5]. Most transcription factors can be
grouped into a handful of different gene families based on
their type of DNA-binding domain. The members of each
family interact with related or identical DNA motifs found
in a variety of different promoters which are regulated by
external stimuli, in an endogenous, tissue-specific manner

0168-9452/% — see front matter © 2004 Elsevier lreland Lid. All rights reserved.
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or by in response to phytohormones such as abscisic acid
(ABA) [6,71.

Members of the basic feucine zipper (bZIP) family of
transcriptional regulators have been described in cukary-
otes and are characterized by a conserved region nich in ba-
sic amino acid residues that binds to the target DNA and
contains the NLS [3]. Close to the basic region there is a
leucine zipper region which consists of several heptad re-
peats of hydrophobic residues. The leucine zipper region is
alpha-helical and prone to dimer formation via a coiled-coil
arrangernent [3]. The crystal structure of the bZIP domain of
the yeast GCN4 protein complexed with DNA demonstrated
that the bZIP motif resembled a helical forceps “gripping”
the major groove of the DNA [8].

Mutational analyses and domain swapping studics have
shown that the DNA-binding specificity of bZIP proteins is
determined primarily by the amino acid sequence of the ba-
sic region {911}, However, the hinge and the leucine Zipper
regions, as well as residues outside the basic and leucine
zipper domains, may also be involved in determining the
binding specificity by juxtaposition of the basic region or
by other mechanisms [6]. Thus, the sequence of the basic
region alone is imsufficient for predicting the DNA-binding
specificity of this class of proteins [11,12]. Genetic and bio-
chemical studfes of bZ1Ps in plants have shown that they
are important regulators of several processes, including the
responses to hormones, light, and developmental programs
[6,7].

A phylogenetic classification of 50 higher plant bZIP
factors has been reported [13]. The Arabidopsis genome
contains 75 members of the bZIP family classified into
13 sub-families [14]. Another classification has been ob-
tained based on the sequence similarity of the basic re-
gion and shared domains [6], and the results are in agree-
ment with the phylogenetic classification. Comparison of
the amino acid sequence of the basic regions of plant bZIPs
has shown that they are more similar to each other than to
bZIPs from other organisms, thus indicating that they are an
evoiutionary-related subfamily [131.

Consistent with this high level of conservation, all plant
bZIPs can bind sequences with a conserved ACGT core,
even though they may do so with different affinities [15-18].
To facilitate comparisons among different eukaryotes, the
nomenclature used for the DNA-binding sequence of the
yeast transcription factor GCN4 has been adopted, in which
the two central nucleotides, C and G, in the ACGT element
are designated ~0 and +0, respectively [19]. The nucleotide
at +2 defines the box class, with many plant bZIPs bind-
ing preferentially to either G- (ACGTG), A- (ACGTA) or
C-boxes (ACGTC), ail of which are present in the promot-
ers of a wide variety of plant genes [17,18]. There are two
classes of G-boxes and of the corresponding G-box-binding
factors (GBFs) in caulifiower nuclear extract [15]. Type A
activity interacts with the class | G-box, whereas type B ac-
tivity binds to the class 1I G-box. The positions +3 define
the class of the G-box, with the palindromic class 1 having

either C or A at —3, while the class Il element has G or T
at —3. The different affinity observed for each class is dic-
tated primarily by the nucleotides at positions 44 [17]. The
ACGT clement is necessary for maximal transcriptional ac-
tivation, and plant bZIPs have been classified according to
their binding affinities for ACGT elements and their flank-
ing sequences [17]. Thus, characterization of the specificity
of a newly isolated DNA-binding protein is a key prerequi-
site for understanding its physiological function.

All bZiPs can form homo and/or heterodimers, but the
mechanisms that determine whether homo or heterodimer-
ization occurs are still poorly understood. Nevertheless. the
amphipathic nature of the leucine zipper domain favors the
hypothesis that charged or polar residues at positions a, e
and g of the heptad of one monomer interact with the cor-
responding residues at the same position on the opposite
monomer, probably via hydrogen bonds [20,21].

After data-mining the Sugarcane EST Genome Project
(SUCEST; http://sucest.lad.ic.unicamp.br) [22] for possible
sugarcane bZ1Ps, we cloned and expressed the bZIP region
of a novel bZIP family protein, which we named SCbZIP1,
We confirmed the correct molecular weight of this novel
protein by mass spectroscopy of tryptic peptides and as-
sessed the secondary structure content of the recombinant
protein by far UV CD spectroscopy. We also studied the
phosphorylation of SCbZIP! in vitro, its binding to different
DNA probes via gel-shift assays and its hetero~-dimerization
with different truncated forms of Opaque 2 from Coix
lacryma-job. 8CbZIP1 binds strongly to G-box DNA el-
ements, has a basic region and a leucine zipper motif
with at least eight heptad repeats, and lacks some motifs
that are well conserved in other G-box-binding factors.
Northern blot analysis showed that this new sugarcane
bZIP was expressed in the early stages of plant develop-
ment and was not induced by abscisic acid or exposure to
cold.

2. Materials and methods
2.1. Bioinformatic

Forty-three plant G-box-binding factors were aligned
using 70 amino acid residues corresponding to the ba-
sic and leucine zipper domains containing at least six
heptad repeats. The protein sequences were aligned with
the CLUSTAL X program [23]. The full length protein
was used to search for motifs with the MEME program
(http://meme.sdsc.edu/meme/website). The theoretical pro-
tease digestion profile, the determination of the peptide
masses (http://ca.expasy.org/tools/peptideass html) and
the theoretical p/ calculations were done using the ExPASy
Proteomic  Tools  (http://ca.expasy.org/tools/pi_tool html).
The putative phosphorylation sites were predicted using
the NetPhos 2.0 Server (htip://www.cbs.dtudk/services/
NetPhos/),
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2.2, Plant treatment and RNA extraction

Sugarcane plantlets (Saccharum sp. cv SP80-3280) em-
ployed in this works were grown like described previously
[24]. The cold exposure was done according described for-
merly [24]. The ABA treatment was done adding 100 pM
of ABA to the medium and the leaves of the plantiets
were harvested 0, 3, 6 and 12h afterwards. Total RNA
was isolated from different plant organs of the sugarcane
plantlets using Trizol reagent (GibcoBRL, USA) according
to the manufacturer’s instructions to analyze expression of
SCbZIP! transcripts.

2.3. RNA blor analysis

Ten micrograms of total RNA were run on 2 1% (w/v)
agarose gel containing formaldehyde and transferred to a
Hybond-N+- filter {Amersham Pharmacia Biotech., TISA) as
described elsewhere {25]. The filters were hybridized with
an a-32P dCTP radiolabeled SChZIPT cDNA at 42 °C. Blots
were washed at high stringency and exposed to imaging
plates. Signals of the digitalized images were quantified us-
ing the Image Gauge software (Fuji Film, Japan),

2.4. Cloning and expression vector construction

A ¢DNA encoding a truncated polypeptide of 12.5kDa,
representing the bZIP motif of SCbZIP! [=SCbZIP
(66-170}] was amplified by a standard polymerase chain
reaction {PCR) using DNA of the EST clone isolated from
the SUCEST ¢DNA-library (SUCEST; http:/sucest.lad ic.
unicamp.br). Primers containing the cloning restriction sites
(in bold} for NDEI and BamH] in the sense and anti-sense
primers were used: ¥-CAAATACCATATGGAGGAGTC-3
and 5-CTGGATCCTTCAAGAGTCAG-Y. The amplified
¢DNA insert was cloned into the pET3c expression vector
{Novagen, USA).

2.5. Protein expression and purification

Escherichia coli BL21 (DE3) plysS cells were trans-
formed with the pET3c vector containing the SChZIP}
(66-170) cDNA. The bacteria were cultured in S0mlL of
2x YT broth [25] with 50 g of ampicillin/mL. and grown
overnight at 37°C and 300 rpm. The pre-culture was trang-
ferred to 2L of 2x YT broth with ampicillin and grown
to an ODggg of 0.6 at 37°C and 300rpm. The culture
was then induced for protein expression by the addition of
50mM Jactose (Merck, Germany) for 4h. The cells were
harvested, resuspended and lysed in: 50mM Tris-HCI pH
7.5, containing SmM EDTA (Gibco-BRI., USA), 5mM
Benzamidine (Sigma, USA) and 5mM DTT (Gibco-BRL,
USA). After five cycles of sonication the bacterial extract
was centrifuged at 13,000 x g for 30 min at 4°C. The su-
pernatant was heated to 8CG°C for 3min and centrifuged
at 13,000 x g for 30min at 4°C. Ammoniun sulfate was

added to the supernatant to a final concentration of 80%,
which was then stirred at 4°C overnight. After a fur-
ther cemtrifugation at 13,000 x g for 30min at 4°C, the
pellet was dissolved in 20mM Tris—HCL pH 7.5, con-
taining 5mM EDTA, Z2mM DTT, 1 M NaCl and 5% of
polyethyleneimine (PEIL; Sigma, USA) and then stirred at
4°C for 15min and centrifuged again at 13,000 % g for
30min at 4°C. The ammonium sulfate precipitation step
was repeated three times to ensure total removal of the
PEL The final pellet was dissolved in 20mM Tris-HC,
pH 7.5, containing 5mM EDTA, 2mM DTT and 80% am-
monium sulfate. The supematant was centrifuged, filtered
and applied to an AP-1 column (10mm x 100 mm, Waters,
USA) filled with 6mL of Poros 50R2 resin (PerSeptive
Biosystems, USA) for further purification by reversed phase
chromatography. The column was washed and equilibrated
with 50ml. of buffer A [2% acetonitrile and 0.065% triflu-
oroacetic acid (both from Merck, Germany)l. The protein
was eluted with a gradient of acetonitrile (2-100%). The
fractions obtained in all pre-purification steps and the chro-
matographic fracions were analyzed by SDS-PAGE. The
Opagque 2 proteins from Coix {02 BL (180-319) and O2_L
(239-319)] were generated and expressed as described in a
previous report [14]. The expression and purification steps
were the same as described here for SCbZIP1. Lyophilized
SCBZIP1 protein was dissolved in 500 u! of water and the
protein concentration was determined by the Bradford assay
[26].

2.6, MALDI-TOF

The recombinant protein (1.5 pg) was analyzed by mass
spectrometry {MS). MS was done using matrix-assisted
laser desorption ionization (MALDI) and time-of-flight
(TOF} mass measurements in a MALDY LR spectrom-
eter (Micromass, UK) operated in the reflector mode
{10,000 m/z resolution with 50 ppm mass accuracy). The
recombinant protein was desalted with a CI8& ZipTip
pipette tip (Millipore, USA), eluted with acetonitrile-TFA
and then co-crystallized on a MALDI target plate with
a-cyano-4-hydroxycinnamic acid (CHCA). The mass spec-
trum was acquired in the positive ion mode. Recombinant
protein {1.5 ug) was also digested with 1pg of trypsin
(Sigma, USA) in 10mM ammonium bicarbonate at 37°C
for 180 and then acalyzed by mass spectrometry (MS)
under the same conditions as for the intact recombinant
protein.

2.7. Circular dichroism spectroscopy

Circular dichroism (CD) experiments were done using a
JASCO J-715 (Jasco, USA) spectropolarimeter with a 2 nm
bandwidth and an optical path length of 0.2 cm. For thermal
denaturation experiments, the temperature ramp (1 °C/min)
was produced with a Peltier unit.



2.8. Phosphorviation

One microgram of SCbZIP! was incubated with 20 mM
Tris-HCl, pH 7.5, containing 10mM MgCly, | mM DTT, 2
pCi [y-*2P]-ATP, 50 nM of unlabeled ATP, and 1 11l of pro-
tein kinase in a final volume of 10 pul. For the kinase P-345¢2
(Calbiochem, USA) the buffer was supplemented with 1 mM
EGTA and 0.01% Brij. The reactions were done at 30°C
for 30 min and were then heated to 100°C for 3 min with
Laemmii buffer [27]. All samples were electrophoresed by
SDS-PAGE using 15% gels that were subsequently stained
with Coomassie blue, dried and autoradiographed.

2.9. Electrophoretic mobility shift assay (EMSA}

Single strand sense oligonucleotides were synthesized
(Invitrogen, USA) and the sequences are indicated in
Fig. 6, panel 1. The bold region in each of these sequences
corresponds to the core motif that is highly conserved
in most plant bZIP DNA targets (Fig, 6, panel 1). The
anti-sense oligonucleotide used to produce a double-strand
radiolabeled DNA oligonucleotide for the electrophoretic
mobility shift assays (EMSA) was designed as follows:
3 -TGAGCTC-5. One nmol of cach of the sense anti-sense
oligonucleotides were mixed with 10mM Tris-HCi, pH
7.5, 100mM NaCl, 1 mM EDTA and heated to 94°C and
gradually cooled to room temperature. The annealed probes
were extended with Klenow enzyme (Gibco-BRL, USA)
in the presence of *2P-labelled dCTP and were purified on
Sephadex® G-25 (NAP™.5, AP-Biotech, USA) columns.

The protein-DNA-binding reaction was done by mixing
different amounts of SCbZIP1 protein (15-500ng) with
18 pmol of radiolabeled probe and 100 ng of salmon sperm
DNA with gel-shift buffer (150mM Tris-HCI, pH 7.5,
250mM NaCl, 2.5mM EDTA, SmM DTT, 10% glycerol
and 10% Ficoll) for 30min at 30°C. After formation of
the complex 5pL of running buffer (250 mM Tris—HC}
pH 7.5, 40% glycerol, 0.2% bromopheno! blue and 0.2%
xylene cyanol) were added and the samples were run on a
6% PAGE with 1% glycerol in 0.25 x TBE buffer at 400 V
and 4°C for 1 h. The gel was dried and autoradiographed.
The competitive assays were done by mixing 150 ng of
SCbZIP! with 18 pmol of radiolabeled probe and a 20, 30,
40 or 50-fold molar excess of non-radiolabeled probe using
the same conditions as described above. The EMSA with
phosphorylated SCbZIP1 was done using the G-boxi and
C-box1 *2P-labeled probes under the same conditions,

2.10. Dimerization reactions

For the homodimerization reactions, | g of SCbZIPI was
mixed with 0.5mM of BS3 (bis-sulfosuccimidyl suberate,
Pierce, USA} in dimerization buffer (100 mM Hepes pH 7.5,
50mM MgCly, 5mM DTT) in a final vohume of 10 L and
incubated for 30min at 30°C. For the heterodimerization
reactions 1 pg of the O2 proteins was added. The reaction
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products were separated by SDS-PAGE on 15% gels that
were subsequently stained with Coommssie blue and then
documented with an Fagle Eye 1 system {Stratagene, USA),

3. Results
3.1 Purification and characterization of SChZIP}

The strategy of data mining was used to identify the pu-
tative sugarcane bZIP proteins in the SUCEST program,
as described previously [14]. As an initial target for fur-
ther detailed studies, we chose to clone the cluster SCS-
GAMI09SE12 because of its long leucine zipper domain
and because of its expression in the lateral bud during the
early stages of plantlet development.

The cDNA sequence of the clone SCSGAMIO9SE]2
coded for a small protein with 170 amino acid residues
{20kDa) and a theoretical p/ of 7. The encoded protein
contained a leucine zipper with at least eight heptad repeats
(abedefg)s, in which the leucine was replaced by valine in
the 4th and 5th heptads at position “d” {Figs. T and 2A).
The bZIP domain was located close to the carboxy-terminal
end. Based on the DNA sequencing results and on com-
puter searches for related proteins in GenBank, the cor-
responding ¢cDNA appeared to be full length and shared
sequence identity {(given in %) with the clone AAK25822
from Phaseolus vulgaris (43%), clone AAKO01953 from
Phaseolus acutifolius (43%), AtbZIPS8 (51%), AthZIP42
(55%), and AtbZIP48 (39%) from Arabidepsis. Accord-
ing to the phylogenetic classification {14], all these plant
bZIP proteins, including SCbZIPI, belong to the same
family. These proteins are not yet well characterized fune-
tionally, but they are small proteins with litte homology
outside their basic region (data not shown). Compared
to other characterized plant bZIPs {(eg. G-box-binding
factors), SCHZIP1 lacks many of the conserved mo-
tifs such a proline-rich transcriptional activation domain
[28]. Nevertheless, SCbZIP] showed seven non-clustered
Pro residues in its N-terminal domain (Fig. 1, residues
1-65).

Alignment of the bZ1P motifs showed that all bZ1Ps had
8 well-conserved basic region with a more variable leucine
zipper domain (Fig. 2A). The leucine residues were well
conserved at position “d” in the heptad repeats of the Zipper
domain in the most of the bZLIP proteins, except for the 4th
and 5th heptads that had Phe, lle, Ala or Val at this position
(Fig. 2A). SCbZIP1 had two Val at these positions. Fig. 2B
shows the putative nuclear localization signal (NLS}, the
amino acid residues that contact DNA, the sites for the reg-
ulation of DNA binding by phosphorylation, the amino acid
residues indispensable for DNA binding, and the putative
phosphorylation target sites for CKif and PK.C.

The bZIP region (amino acids 66-170) of the cIINA clone
SCSGAMIOYSEI2 was sub-cloned in pET3c. SCbZIP]
{66-170) was expressed and purified by a procedure
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Fig. |. Sequence of the SChZIPI cDNA and predicted amino acid sequence. Amino acids corresponding to the expressed protein fragment SCbZ1P]
{66-170) are highlighted in gray. The basic Tegion is shown in bold type with double underiining. The Lew and Val of the putative zipper domain
are numbered and shown in ialics. The region with single underlining corresponds to the putative coiled coil region. The prolines of the putative

trans-activation domain are underlined.

that allowed the rapid, efficient purification of relatively
thermo-stable bZiPs with 90% purity. Fig. 3 shows that the
putative SCbZ1P] protein fragment appeared almost as a sin-
gle major band after the various purification steps {lane 7).

3.2, MALDI-TOF analvsis

To determine the molecular weight and identity of the
recombinant protein, a MALDI-TOF analysis was done
using undigested and trypsin-digested protein. The primary
sequence of SCbZIP1 was analyzed using the program Pep-
tideMass (http://ca.expasy.org/tools/peptide-mass.html) to
obtain the theoretical peptide masses expected from frypsin
digestion, and the predicted masses were compared with
the experimental data. The molecular mass was determined
to be 12,525 Da, which is elose to the theoretical molecy-
iar mass calculated from the primary amino acid sequence
cloned (12,529Da). The molecular weight determined
by SDS-PAGE {(~14.7kDa) was larger than obtained by
MALDI-TOF and the discrepancy between these values
maybe reflects technieal differences between the methods.
The mass spectrum resulting from MALDI-TOF analysis

of the digested protein is shown in Fig. 4A. Three of the
expected peptides resulting from the trypsin digestion of
SCbZIP1 were clearly detected in their monoprotonated
form: VEHENSQLR at m/z 10955, QLLDQLNHVIR at
m/z 1348.8 and LHVETTESGVMSPDS at m/z 15791
{Fig. 4A).

3.3. Circular dichroism

The structural integrity and self-association of SCbZIP]
(66-170) were analyzed by far-UV €D Spectroscopy.
SCHZIP1 was found to be approximately 33% alpha-helical
based on the CD ellipticity minimum at 222 nm (Fig. 4B).
The belical content of SCbZIP! (66-170) corresponded to
about 45 amino acid residues in contrast to the 56 residues
predicted by primary sequence analysis of the correspond-
ing region. This suggested that the SCHZIPY leucine Zip-
per domain may not be fully structured or may present
some conformational fuctuations, as previously proposed
for other eukaryotic bZIP transcription factors [29, V. H.
Moreau, unpublished observation). The thermal denatura-
tion of SCbZIP! (66-170) was accompanied by a decrease
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Fig. 2. Sequence comparisons of plant bZIPs. (A} Alignment of bZIP regions cleding up to the first six hepiad repeats of the leucine zipper domain.
Only 19 of the 43 aligned sequences are shown in the fipure. The consensus sequence 1 shown on the top of the alignment. The heptads are depicted
according 10 Lupas [45}. Partially conserved amino avids are highlighted in gray. Amine acids conserved throughout all sequences are shown in bold
letters. The “d” positiens of the Len or other hydrophobic residues are numbered. (B} Schematic depiction of the basic region of SCbZIPL. The open
boxes contain the bipartite nuclear localization signal (BR-A left, BR-B right); the grey highlighted boxes and bold case letters indicate the amino acids
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Fig. 3. Expression and purification of SChZIP] (60-170). Fractions from the
stained with Coomassie blue. Lane 11 low molecular mass protein markers (G
E. coli extract; lane 4: soluble fraction of lactose-induced £. coli extract; |

different purification steps were subjected to SDS—PAGE in 15% gel and
iheo-BRE, USA): lane 2: non-induced £ eoti extract; lane 3: lactose-induced
ane 5: soluble, lactose-induced £. coli extract, heated to 80 °C; lane 6: same

exiract afer 830% ammonium sulfate precipitation; lane 7: purified proicin after reverse phase chromatography (peak fraction). The arrow indicates the

band corresponding to SChZIPL (66-170).

in the negative signal minimum at 222 nm, and displayed
a cooperative transition that was dependent on the protein
concentration in the range between 8 and 80 uM, as pre-
dicted by the Iaw of mass action for dissociation processes
(Fig. 4B). At the melting temperature, SCbZ1P] (66-170)
showed a linear loss of the negative CD signal. This process
is characteristic of lencine zippers and has been attributed
to fraying of the extremities of the zipper [29-31].

The formation of coiled-coil stuctures was assessed using
the COILS-Prediction of Coiled Coil Regions in Proteins
program (http://www.ch.embnet.org/software/COILS form.
htmi). The result showed that SCbZIP1 contained at least six
repetitions of amino acids with a high probability of forming
coiled-coils in the leucine zipper domain, which is a com-
mon characteristic of bZ1P transcriptional factors (Fig. 1)
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3.4. Protein phosphorylation

The phosphorylation of transcription factors is a common
modification which can regulate their functional activities,
including multimerization, compartmentalization or DNA
binding [6,32-34]. Fig. 5 shows the results of the phospho-
rylation of SCbZIP1 (66-170) with different protein kinases
and sugarcane nuclear extract. With the exception of PKA
(lane 1), all the other kinases and the nuclear extract were ca-
pable of phosphorylating the recombinant protein SChZIP1
{66-170) (lanes 2-6). Aithough SCbZIP1 {66-170) was not
phosphorylated by PKA, we found at least four putative theo-
retical sites for phosphorylation by this kinase using the Net-
Phos 2.0 Server (htp://www.cbs.dtu.dk/services/NetPhos/)
(data not shown). PKC was the most efficient of the kinases

0.2
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Fig. 4. MALDLTOF and circular dichroism analysis of the recormbinant protein SChZIPL (66-170). {A) The masses of moneisotopic peaks with a relative
intensity greater than 5% of the most intense peak in the spectrum were used for comparison to a theoretical digestion of the protein by trypsin. The
peaks fhat fitted the theoretical peptide musses are shown, logether with the sequences of the peptides. {B) Thermal denaturation of § pM {open symbols)
or 80 pM {closed symbols) SChZIP1 (66-170) was followed by the decrease in the negative eflipticity band ai 222 nm as described in Section 2. The

inset shows the far-UV CD spectrum of 8pM SChZIPL (66-170) at 10

°C and the horizental transmittance (M1} compensation in the photomtiplier.

The raw ellipticity values were correcied to absolute ellipticity; and the CD spectza for § and 86 M SCHZIPL (66-170) at 10°C were superimposed.
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Fig. 5. In viwe phosphorylation of the recombinant SCbZ1P1 (66-170). Phosphorylation reactions were done as described in Section 2. Radiolabeled
phospho-proteins were separated by SDS-PAGE 15% gels. The ge} was dried and analyzed by autoradiography. Lane i: PKA, bovine protein kinase A;
lane 2: NE, sugarcane leal nuclear extract; fane 3: GSK, human protein kinase o-3 glycogen synthase: lane 4: 034, human cyclin B-dependent protemn

kinase; tane 5: CKli, Zea mays casein protein kinase type H; lane 6: PKC, mat protein kinase C; lane 7: C, negative control reaction without the protein
CbZIP1. The arrowhead indicates the position of the phosphorylated SChZIPI {66-170}.

in phosphorylating SCbZIP1 (66-170) and produced a band
of high intensity (Fig. 5, lane 6). This could be due to the
presence of two putative PKC sites in the basic region of
SCbZIPI (RMISNRE and NRESARRS) and a third site in
the second heptad repeat (LRSTNRQ) (Fig. 2A and B).

The activity of several bZIP transcription factors is
modulated by CKl {4,34-36). To investigate whether the
DNA-binding activity of SCbHZIP1 (66-170) could be mod-
ulated by CKH, we phosphoryiated the recombinant protein
and analyzed its DNA-binding capacity by EMSA using
the G-box! probe (Fig. 6). The SCbZIP1-binding affinity
for the G-boxl DNA decreased strongly after phospho-
rylation by CKIL Similar results have also been reported
for the HYS protein from Arabidpsis [32]. After phospho-
rylation, HYS protein showed a decreased affinity for the
light-responsive G-box element of the CHS1 promoter.
Opaque 2 was able to bind to the O2 DNA-binding site
only in its non-phosphorylated or hypo-phosphorylated
form [33]. Our results suggest that the phosphorylation
of SCbZIPY could be a post-translational modification in-
volved in regulating the binding activity or localization of
this sugarcane protein in vivo,

3.5. DNA-binding activity

Since many of the DNA sequence elements used o screen
for plant bZ1P proteins have a common ACGT core sequence
{16}, we investigated the influence of different sequences
flankang the ACGT core {positions +3 and +4) in order
to characterize the putative DNA targets for SCbZIP]. The
nomenclature used to define the nucleotide positions of the
dyad symmetrical ACGT-binding site followed that used for

-+ SChZIP1

5 B 7

the yeast GCN4-binding site [19]. The DNA binding of the
SChZIP] (66-170) was assayed by EMSA using six G-box
sequences, five C-box element sequences [16], and a Hex
{16] and an Emld [37] sequence. Fig. & shows selected
results of the EMSA experiments. SCbZIPI (66-170) had
a similar affinity for G-box! and G-box5 (Fig. 6A and B).
This was not surprising since the two probes had a very
similar DNA sequence, with the only difference being the
substitution of a G in G-box1 for a C in G-box3 at position
~4& (Fig. 6I). SCbZIP1 (66-170) did not bind any of the
other four G-box probes tested (data not shown, Fig. 61).
Thus, SCbZ1P1 displayed a binding specificity sitnilar to that
described for the type A cauliflower uclear G-box-binding
protein [15].

Other protein—-DNA-binding studies have demonstrated
that plant bZ1Ps can also interact with C-box elements [16].
As shown here (Fig. 6D, E, I) two of the five C-box probes
tested bound to SCbZIP1 (66-170). These two C-box se-
quences had two bases changed at positions -+4 and —4
(Fig. 61). SCHZIPi (66-170) did not bind any of the other
three C-boxes tested, although C-box3 has been shown be-
fore to bind other plant bZ1Ps, including Opaque 2, TAF-1,
and CPRF-2 [16].

We next examined the interaction of SCbZIP1 with Emld
[37] and Hex [16], two other oligonucteotide probes which
also contain the ACGT core sequence but differ in their
flanking regions (Fig. 61). The Hex motif consists of half
a G-box and haif a C-box and could therefore be a DNA
target for bZIP proteing with affinity for both G- and C-box
motifs [16]. As expected, SCbZIP1 {66-170) bound with
high affinity to Hex (Fig. 6F), but did not bind to the Emid
probe (data not shown).
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Fig. 6. Flettrophoretic mobility shift assays for the protein SChZIPL (66-170) with different types of ACGT core-containing DNA probes. (A-F} Proteins
were incubated with the radiolabeled double-stranded DNA oligonucleotide probes indicated at the bottom of each panel (see panel | for the coresponding
sequences). Increasing amounts of SChZIP! (66-170) were incubated with each probe: lane 1: negative coatrol without protein (C—); lane } positive
contrel, 500ng Opaque 2 protein from Coix (C+); lanes 3-8: 15, 30, 70, 150, 300, or 500ng of SChZIPL {66-176} protein. {C): SChZIP1 (66-170)
protein phosphorylated in vitto by CKH before EMSA. G, H: Competitive EMSA: Increasing amounts of unlabeled double-stranded DNA probe were
incubated with the protein and the radiclabeiled prabe. 1 The DNA sequences of the probes used in the EMSA experiments with SChZ1P1 (66-170).

The numbering of the bases relative to the core ACGT was adapted from the nomenclature for the GCN4 transcriptional factor [19]. FThe probes bound
by SChZIPL {66-17)) are shown by -+ and those not by -,
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Competitive EMSA experiments were used to further in-
vestigate the specificity of SCbZIP1 (66-170) for G-boxl,
Hex and C-box 1. Fig. 6G and H shows the results of the com-
petitive assay with *2P-labeled Hex and C-box1 in the pres-
ence of unlabeled G-boxi. The binding to Hex and C-box1
was sensitive to 40- and 30-fold excess amounts of G-box
uniabeled probe, respectively. These results confirmed that
SCbZIP1 (66-170) had greater affinity for the G-box] and
Hex probes than for C-box].

3.6. Dimerization experiments

bZIP proteins are able to form homo and heterodimers.
Based on the amphipathic nature of the alpha-helix of bZ1Ps,
the charged or polar amino acids at positions a, e, and g
{Fig. 2A} of one bZIP can interact with the corresponding
positions on another bZIP through hydrogen bonds or hy-
drophilic interactions. A chemical cross-linking dimeriza-
tion assay with the cross-linker BS3 was therefore used to
assess the dimerization of SCbZIP1 (66-170) with itself and
with two different truncated forms of Opaque 2 protein from
Coix lugrima-job (Fig. 7).

Each of the three protein constructs tested (SChZIP,
O2_BL and O2_L) had the ability to form dimers (Fig. 7,
lanes 3, 5 and 8}, as shown by the appearance of bands cor-

P35, Schidgl et al. 7 Plant Science xoc (2004) xox-1oo

responding to double the molecular mass (29, 18, 34kDa)
of the respective monomeric forms (15, 9, 17kDa; Fig. 7B,
lanes 2, 4 and 7).

Heterodimerization of SChZIP1 (66-170) with both 02
constructs was also observed (Fig. 7B, lanes 6 and 9). Both
the 02 homodimerization and heterodimerization occurred
m the same reaction medium when SCbZIP1 (66-170) and
O2_1. were incubated together with the cross-linker (Fig. 7,
lanes 6). This could indicate that the propensity of 02.L to
form a heterodimer with SCbZIP1 {66-170) was superior o
that of SCbZIP1 (66-170) to form a homodimer, since only a
very weak band of SCbZIP1 (66-170) dimer was seen under
these conditions (Fig. 7, lane 6). In contrast, 02_BL did not
form a homodimer, but could still engage in heterodimer
formation with SCbZIP1 (66-170) (Fig. 7, lane 9).

3.7. SCBZIPI mRNA expression

The expression of SCbZiP] mRNA duzing plantlet devel-
opment, and after treatment with ABA and exposure to cold,
were analyzed by Northern blotting (Fig. 8). The transcripts
were expressed in the initial stages of sugarcane plantlet de-
velopment (Fig. 8A). Expression was also seen in the lat
eral buds and Bowers, but not in any of the other tissues
analyzed (Fig. 8B). These findings suggested that SChZIP1
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Fig. 7. SCbZIP! homodimerization and heterodimerization with Opaque 2 from Cofx in vitro. {A} Schematic representation of the expressed proteins. The
basic region (B} is depicted in black und the leucine zipper domain {L} in white. The amino acids spamning the constructs are indicated. {B} SDS—PAGE

15% gel of the proteins or protein-mixtures subjected or not to dimerization i vito with the chemical sross-linker BS3. Lane 1: low melecular m

A55

protein. markers; lane 2: SCHZIP! withowt cross-tinker: fane 3: SChZIP! incubated with 0.5 mM BS3; lane 4: O2_L without BS3: lane 5 021 with
(.5mM BS3; lane 6: SChZIPL and 021 with 0.5mM BS3; lane 7: 02 BL withow BS3: lane % O2_BL with 0.5mM BS3; jape 9: 02 B and SCbZ1P}
with 0.5 mM BS3. The respective protein monomers/dimers are indicated by the arrows.



£8. Schldgl et al. 7 Plant Selence xxx (2004) xxx-xor i

T2h 4 d 13d 224

{5)

Fig. 8. Northern hlot analysis of the expression of SCAZIP | mENA during
sugarcane planilet development and in different plamt tissues. {A} Fotal
RNA extracted 72h, 4, 13 or 22 days afler planting. (B} Total RNA
extracted from lateral bud (LB), leaves (L), steam (5}, roots {R) and
flowers (F1). The total RNA stained with ethidium bromide before being
transferred to the membrane is shown under each lane.

could play a role in some stages of plant and flower devel-
opment. No expression of SCbZIP} mRNA was observed
in leaves from plants treated with ABA or exposed to cold
{data oot shown}, although other plant bZIPs, such ABIS5,
are induced by abscisic acid or cold exposure [7,38]

4, Discussion

Amino acid sequence analysis of the SChZIP] ¢DNA
clone showed that the carboxy terminus contained a long
bZIP motif with eight heptad repeats. The CD spectra
of SCbZIP! revealed a a-helical pattern, with a hefical
content of about 33%. This relatively low helical content
may be associated with conformational fluctuations previ-
ously reported for bZIP transcriptional factors [29]. Such
conformational fluctuations have been proposed to be im-
portant in determining the specificity of the formation of
heterodimers and, therefore, for biological function [29].
In addition, CD spectra showed that the thermal denaty-
ration of SCbZIP1 (66-170) was dependent on the protein
concentration, suggesting that a dissociation reaction oc-
curred {(Fig. 4B). The shift observed in the 1 2 of the
denaturation curves was compatible with the dissociation
of a dimeric protein and corroborated the finding that
SCbZIP] (66-170) could form stable dimers in solution.
Taken together, CD and MALDI-TOF results confirmed
the identity of the recombinant protein and showed that
SCHZIP1 (66-170) maintained its secondary structure after
the purification protocol which invelved denaturation by
heating.

The phosphorylation of SCbZIP1 (66-170) by CKIi de-
creased its binding affinity for G-box | when compared to the
non-phosphorylated protein (Fig. 6C). The serine residues
conserved in the basic region of all GBF proteins are targets
to CKJI phosphorylation [4]. The importance of these con-

served serines for DNA-binding activity has been studied
using gel-shift assays, as in the case of a wheat bZIP twan-
scriptional factor, HBP-1a(17) [39]. All of the serines in this
protein were mutated to glutamic acids to mimic the effects
of phosphorylation, and resulted in decreased DNA-binding
activity, especially when the serines at the PKC sites SAR
and RSR were mutated [39]. Thus, the phosphorylation of
conserved serines in the basic region would be expected to
cause a decrease of DNA-binding activity. Phosphorylation
of the basic domain leads to the translocation of GBF to the
nucleus where a putative specific phosphatase activity could
dephosphorylate the serines at the NLS site, thereby allow-
ing GBFs to bind to G-box DNA target sequences [4]. The
serines in the basic region of SCbZIP1 could be regulated
by phosphorylation in vive and therefore be involved in the
regulation of nucleo-cyteplasmic translocation and/or DNA
binding.

Plant bZIP proteins show specificity in binding DNA se-
quence elements contaiing an ACGT core. Gel mobility
shift experiments using 10 recombinant plant bZIP pro-
teins have shown that the nucleotides flanking the ACGT
core greatly influence the binding specificity and affinity
[16]. Three main elements have been identified, namely, A-,
C- and G-boxes and bZIPs have been classified into three
groups based on a strong affinity for G-boxes {group 1), a
similar affinity for G- and C-boxes (group 2), and a stronger
affinity to C-boxes (group 3) [16].

The EMSA results showed that SCbZIPI had a strong
affinity for G- and C-boxes, and for Hex, an ACGT element
containing G-box/C-box hybrid sites. Analysis of the se-
quences flanking those G-hox bound by SChZIP1 (56-17()
revealed that position —3 was atways occupied by a C and
there was strong binding only when a G or C was present at
position —4. The presence of T or A at position —4 led to
a loss of binding activity (data not shown). For plant bZiPy
binding to the ACGT elements there was an exclusive pref-
erence for C or A at position —3 and a preference for G
or T at position —4 in the G-box elements [16]. However,
SCBZIP (66-170) bound strongly to an ACGT element with
C at position —4. This difference in binding preference could
reflect sequence differences in the amino acids in the basic
region (Fig. 2).

SCHZIP1 {66-170) bound with high affinity to C-box el-
ements containing a T at —3 and an A at —4 in agree-
ment with results obtained by others [16], who showed that
most plant bZ1Ps can bind to DNA sequences containing the
same flanking sequences. Furthermore, SCbZIP1 (66-170)
was able to bind to the Hex motif, a probe with half a G-box
and half a C-box. Thus, based on the classification accord-
ing to affinity previously reported [16], the SCbZ 1P} protein
can be classified into group 2 because of its affinity for the
G-, C-box and Hex probes.

Our results support the hypothesis that bZIP-binding ac-
tivity could depend on the binding affinity of protein dimer
subunits for ACGT half sites [16]. Although all plant bZIP
proteins exhibit differertial binding for the high affinity G-
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and C-box slements, they all have a similar DMNA-binding
specificity in that they prefer almost the same flanking se-
quences. Fig. 2C shows a comparison of the plant bZIP pro-
tein DNA-binding basic regions. There are four strictly con-
served amino acids that directly contact DNA: Arg 11, Ser
—12, Ala —15 and Asn —19[17). Arg at — 11 is essential for
DNA binding because an Opaque 2 Arg to Lys point mutant
at this position was unable to bind to promoter of 22kDa
zem genes [40]. Ala —15 could be the major determinant
for plant bZIP DNA-binding specificity, and the presence
of Ala - 135 could differentiate group 3 from groups 1 and 2
[17]. It is not yet clear how LZIP proteins can discriminate
between different G-box elements, but it is likely that amino
acids presentin BR-A (Fig. 2B), or in sequences flanking the
basic region or hinge region can affect binding specificity
[16,17].

The hinding specificities of bZIP proteins in vivo may
be regulated by a combination of heterodimerization with
other bZIP proteins, accessory proteins, co-factors, chaper-
ones and/or post-translational modification, including phos-
phorylation [5,16]. The Arabidopsis GBF and RSG form het-
erodimers with other proteins, a mechanism that might have
evolved to generate additional functional diversity 41,42,
Ag shown here, SChZ1PL (66-170) interacted with two trun-
cated forms of Opaque 2 from Coix. These results indicate
that SCbZIP1 may interact with other sugarcane transcrip-
tional factors.

GBFs are invelved in the regulation of gene expression
during plant development. The expression of the ribulose-1,
5-bisphosphate carboxylase small subunit gene (Rbes2),
for instance, is regulated during tomato fruit development
via a G-box within the Rbcs2 promoter [43]. The presence
of G-box elements in the light-regulated promoters of the
gene Chs indicates that GBF proteins may participate in
light-induced gene activation [44]. SCAZIP] mRNA was
expressed during the early stages of sugarcane development
and the EMSA and phosphorylation results suggested that
SCHZIP1 counid bind to (G-box elements present in vari-
ons gene promoters. The ability of SCbZIP1 (66-170) to
form dimers with other bZIP transcription factors could
also affect the affinity for different DNA elements and am-
plify the participation in various physiclogical processes in
plant development. Future studies should clarify the fune-
tion of SChZ1P] i sugarcane development and tead to the
characterization of physiologically relevant dimerization
partners.
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Abstract

Sugarcane is generally propagated by stalk cuttings containing one or more buds whose
germination constitutes a critical period in the life of a sugarcane plant. The transition from the
dormant into the active stage constitutes a complex phenomenon characterized by changes in
gene expression, accumulation of phytohormones and other important physiological changes.
ABA and MeJA are major signaling molecules which influence plant development and stress
responses. These plant regulators modulate gene expression at the level of mRNA transcription.
with the participation of many families of transcriptional factors that funciion like switchers to
regulate gene expression. bZIPs proteins form a large family of transcriptional factors that are
spread in plant kingdom. They are involved in a variety of plant physiological processes, such as
development, and responses to abiotic and biotic stress. We characterized 85 sugarcane
assembled sequences (SAS) corresponding to the full set of bZIP proteins found in the sugarcane
EST project (SUCEST, http://sucest.lad.ic.unicamp.br/public). We applied ¢cDNA arrays and
RNA blots to study the expression of sugarcane bZIPs during plantlet development and in
response to abscisic acid and methyl-jasmonate. Seven bZIP genes were found to be
differentially expressed during development and eight were found to be modulated by ABA and
MelJA. Moreover, digital mRNA expression profile analysis using the SUCEST database was
performed to gain further information about the differentially expressed bZIP genes. Our

findings provide novel insights into understanding the expression of this large protein family in

sugarcane.

Keywords. signaling, plant bZIPs, cDNA arrays, development
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Introduction

Development and the responses to ambiental stimulus are based on the cellular capacity for
differential gene expression and are often modulated by transcription factors acting as switches
in regulatory cascades (for review see, Riechmann et al., 2000; Riechmann, 2002). Transcription
factors form an intricate network of protein-protein and/or protein-DNA interactions controlling
the expression of the genome (Riechmann, 2002).

The Arabidopsis genome codes for at least 1500 transcriptional regulators, which account
for 5% of the estimated total number of genes (Riechmann et al.. 2000). The need of analytical
approaches becomes clear when it is considered that less than 10% of these factors have heen
genetically characterized. bZIPs transcriptional factors are spread in the plant kingdom, but there
are only a few characterized plant bZIPs that participate in plant development (Izawa et al.
1994; Walsh et al., 1997; Chuang et al., 1999).

Phytohormones regulate and integrate plant development, overall growth and reproduction.
Abscisic acid (ABA) and methyl-jasmonate (MeJA) are some of these phytohormones which
have important roles in plant development and plant response to biotic and abiotic stress
(Himmelbach et al., 2003; Devoto and Turner, 2003).

ABA modulates thé expression of a wide array of genes during seed development and
germination (Scki et al., 2002), and in responses to various adverse environmental conditions
(Shinozaki et al., 1996). Many ABA-induced genes contain a conserved, ABA-responsive cis-
acting element named ABRE (ABA-Responsive Element) in their promoter region {Grill and
Himmelbach, 1998). The ABRE eclements of these genes are targets for many plant bZIPs
(Guiltinan et al., 1990; Uno et al., 2000; Kang et al, 2002). Some of these transcriptional
activators arc themselves induced by ABA and/or stress treatments. ABIS for example, regulates
the expression of some LEA genes mainly expressed during seeds development, and is also
regulated by ABA (Finkelstein and Lynch, 2000).

Jasmonate signaling molecules affect a variety of plant process including fruit ripening,
senescence, production of viable pollen, root growth and defenses against insects, pathogens and
environmental stress, such as cold, salinity and drought (Devoto and Turner, 2003; Cheong and
Choi, 2003). Although the biological function of several jasmonate-responsive genes is not

known yet, some up-regulated genes are involved in cell-wall formation, secondary metabolism.,
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protection against stress, and even in jasmonate biosynthesis. while down-regualted genes are
involved in photosynthesis and light harvesting complex II (Cheong and Choi, 2003). Several
cis-acting clements responsible for gene activation have been identified in the promoter regions
of jasmonate-responsive genes, including G-box sequences that are target of bZIP transcriptional
factors (Wasternack and Hause, 2002).

Sugarcane is an important industrial crop of tropical and subtropical regions and is
generally propagated by cuttings of the stalk containing one or more buds. The bud s a
miniature stem with its growing point and primordia of leaves and roots. The transition from the
dormant into the active stage constitutes a complex phenomenon characterized by changes in
gene expression, accumulation of phytohormones and other important physiological changes
(Van Dillewijn, 1952).

In the sugarcane ESTs project (SUCEST, http://sucest.ad.ic.unicamp.br/public) 90% of the
sugarcane expressed genes were tagged (Vettore et al., 2003). In this work we used cDNA-array
technology to get insights on the expression of a set of sugarcane bZIPs during development of
sugarcane plantlets and in response to abscisic acid (ABA) and methyl-jasmonate (MeJA). We
found that seven sugarcane bZIP genes were differentially expressed during plantlet

development. We also observed that six other genes were modulated by ABA and two by MeJA.
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MATERIALS AND METHODS

Plant Growrh and Treatments

Sugarcane development

Sugarcane stalk sets (Saccharum sp. cv SP80-3280, Copersucar, Brazil) were cultivated
under greenhouse conditions in 200 ml plastic cups containing a commercial planting mix
(Piéntmax, Eucatex, Brazil) plus ammonium sulfate and commercial 4-20-20 fertilizer. Plant
material was harvested 2, 4, 13 and 22 days after planting. Twenty lateral buds were collected
after 2 and 3 days and six plantlets (stem and leaves) were collected after 13 and 22 days after

planting. The tissues: lateral buds (Lb), leaves (Lv), stem (St), roots (Rt) and flowers (F1)
were obtained as described by Vettore et al. (2003).

ABA and MeJA treaiments

Sugarcane plantlets (Saccharum sp. cv SP80-3280, Copersucar, Brazil) were grown in
vitro in MS media as previously described (Nogueira et al., 2003). Plants were kept in a
growth chamber at 26°C on a 16h/8h day/night cycle with photon flux density of 70 uEm *s
. After four weeks 100 uM of ABA were added to the medium and the leaves of the
plantlets were harvested at 0, 6 and 12h after treatment. MeJA (100 uM) was added to the

medium and the leaves were harvested at 0, 1 and 12h. Six plantlets were used for each time

point.

RNA Extraction

Total RNA was isolated using Trizol Reagent (GibcoBRL, USA) and in the case of the
lateral buds, a high salt precipitation (0.8 M of sodium citrate and 1.2 M NaCl) step was used

according to the manufacturer’s instructions. due to the high polysaccharide content,

Digital mRNA Expression Profile Analysis

To analyze the digital expression profile of the bZIP transcripts in sugarcane tissues.
SUCEST ¢DNA libraries (Vettore et al., 2003) were grouped into seven library pools, and
named as follows: infected (I): AD1 and HR 1libraries: meristematic tissues (M): AM1, AM2,
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[LB1 and LB2; flower (F): FL1, FL3, FL4, FL.6 and FL8; leaves {L): LV1, LR and LRZ; root
(R): RT1, RT2 and RT3; sceds (Sd): SD1 and SD2; stem (St} ST1, ST3, SB1, RZ1, RZ2 and
RZ3. The relative abundance of cach bZIP was estimated based upon EST counts per
corresponding SAS in relation to the total number of ESTs of each SUCEST library pool.
Additionally, statistical equations described by Audic and Claverie (1997) were used to
differentiate between random EST sampling fluctuations and significant change in EST
frequencies in the digital mRNA expression profile analysis. For this analysis, the statistical
analysis program for digital transcription profiles was downloaded from http://igs-server.cnrs-
mrs.{r and the analysis was performed as described by Koo and Ohlrogge (2002), using a p-
value of 0.05.

Construction of sugarcane EST arrays

¢DNA clones were spotted on nylon membranes using a hand-held tool with a 96-pin
printhead (V&P-Scientific, USA). Eight sets of high-density filters were produced, each one
containing 85 bZIP EST targets. Additionally, 96 ESTs representing putative house-keeping
genes selected based in their digital expression profile data were used as putative non variant
controls (data not published), and other 96 spots representing the empty plasmid vector were
used in each filter as a negative control to assess nonspecific hybridization. Each EST was

spotted at four positions on the filters to assess the reproducibility of spotting.

Probe preparation and hybridizations

Before cDNA probe hybridization the high-density filters were hybridized with a probe
corresponding to the plasmid vector used in the cDNA libraries. This oligonucleotide probe
recognize the sequence of the 4mp” gene of the pSPORT1 vector and was used to estimate the
DNA variations in the spots. This probe was synthesized with the primers 5°-
GTGGTCCTGCAACTTTATCCGC-3" and 5'-TAGACTGGATGGAGGCGGATAA-3 in the
presence of [a-*P] dCTP, according to the protocol described by McPherson (2000;

http://www tree.caltech.edu/protocols/overgo.html). The oligonucleotide probe was stripped with

boiling SDS and the filters were reused with ¢cDNA probes.




cDNA probes were produced as described by Schummer et al. (1999) with slight

modifications. In brief, 30 pg of total RNA was reverse transeribed with Superscript I
(Invitrogen, USA) using an oligo-dT18V (3 uM) primer, with 3,000 Ci mmol " [«-*P]dCTP and
unlabeled dATP, dGTP, and dTTP (I mM each) for 20 min at 42°C. Unlabeled dCTP was then
added to a final concentration of 1 mM, and the reaction continued for another 40 min. The
cDNA probes were purified by using ProbeQuant G-50 microcolumns according to the
manufacturer's instructions (Amersham Biosciences, USA). Hybridizations were done according

to Nogueira et al., 2003, Digitized images of the hybridization signals were quantified using the

Image Gauge software (Fujifilm, Japan).

Data analysis

The median value from all spot intensities was determined. The coefficient of variation
(CV) of these median values were used to assess fluctuations in the amount of DNA between
replicate filters. Only filters with CV values lower than 10% for all ESTs were used for
subsequent analysis.

After cDNA probe hybridization the mean signal plus 1.65 sd from the spots containing
the empty pSPORT vector was used as a threshold to discard genes with low expression
intensities and this criterion was also applied to the housekeeping genes. The pSPORT spots
consistently produced a hybridization signal above background, probably because of some
degree of similarity between sugarcane cDNA and the vector sequences. In addition, to reduce
the variation among replicate filiers caused by differences in experimental conditions, the

average of all signal intensities obtained with the cDNA probe from each filter was set to 1

(Schummer et al., 1999).

In the ABA and MeJA experiments, the median signal of the housekeeping genes in cach
membrane was also used as normalization factors. In the experiment with developing buds a
subset of housekeeping genes was used because most of them were found to change their
expression.  The logarithms of the normalized signals (logsignals) were used, since they are
supposed to have a normal distribution. To compare different treatments the Student t-test and

the ISER test (Intensity-dependent Selection of Expression Ratios, Drummond et al., submitted)

were used with a 95% confidence level. The later test was designed to optimize the selection of
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genes that showed the most significant variations in expression among two RNA samples under

study, with a single hybridization for each sample.

In the experiment with different developmental stages only one c¢DNA array
hybridization was performed and three comparisons of samples were done: 4, 13, and 22 days
against the first time point (2 day) , using both ISER and the t-test. The logsignals of the four
spots of each gene on each membrane were the input of the t-tests, and the mean normalized
signal of each gene on each membrane were the ISER input. All genes that were selected as
differentially expressed in at least two of the three treatments by both tests were considered as
having true differential expression.

In the experiments using phytohormones, the comparisons were done considering the
samples colected at Oh as control against the 1 and 12h for MeJa, and 6 and 12 h for ABA in two
replicated hybridizations. In each comparison, t-tests were applied taking all logsignals of each
gene from both replicates as input, and ISER tests were applied separately in each replicate
hybridizatioﬂ. For each treatment, all genes that were selected as differentially expressed by
ISER in both replicate hybridizations or selected by the t-test and by ISER in one of the replicate

hybridizations were considered as having true differential expression.

RNA-Blot Analysis

Ten micrograms of total RNA were electrophoresed in a 1 % {(w/v) agarose gel
containing formaldehyde and transferred to a Hybond-N+ filter (Amersham Pharmacia Biotech.,
USA) as described by Sambrook et al. (1989). The filters were hybridized with the cDNA inserts
of development, and ABA- and MeJA-induced sugarcane ESTs labeled with 0-"2P dCTP and
hybridizations were done at 42°C. The blots were then washed at high stringency and exposed to
imaging plates. Digitized images of the RNA-blot hybridization signals were quantified using

the Image Gauge software (Fujifilm, Japan).

Results
Data mining of bZIPs in the SUCEST database
To imtiate an expression profile data of sugarcane bZIPs transcriptional factors we

undertook an extensive data mining in the SUCEST database (Vicentz et al., 2001). An ordered
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non redundant and complete set of Arabidopsis bZIP transcriptional factors was previously
employed to screen and classify phylogenetically the 121 sugarcane assembled sequences (SAS)
coding for bZIPs (Vincentz et al., 2001). After a new clusterization in the SUCEST database
(Telles and da Silva, 2001) the number of bZIP SAS was corrected to 85 {Table 1). These
analyses could help to assign putative functions to sugarcane bZIPs since homologous proteins
might show similar functional activities. Altrough many bZIP genes have been discovered. only
a minority has been genetically or biochemically characterized (Riechmann, 2000). More than
50% of the sugarcane bZIPs shown in Table | had a similar protein not characterized in the
literature. This highlights the need for a better characterization to get a further understanding of

these proteins in several aspects of sugarcane development.

Digital mRNA expression profile analysis

EST frequencies in a standard ¢cDNA library can be used to extract information on gene-
expression levels (Koo and Ohlrogge, 2002). This assumption is based in the fact that the
number of EST clones from any gene is proportional to the abundance of its mRNA in the cells

used to construct the cDNA library (Audic and Claverie, 1997).

To obtain information on which tissues sugarcane bZIP genes are preferentially
expressed, we performed a digital mRNA expression profile analysis to discriminate significant
changes in EST frequencies (Figure 1). The sub-family VI had the highest representation in al}
SUCEST libraries especially in stem, flower, roots, and seed. All other sugarcane bZIP sub-
families showed low levels of expression in all tissues, with the exception of sub-families II, IX
and X, which were highly expressed in infected, stem and seed libraries, respectively. The sub-

families | and V were poorly expressed in all tissues and absent in seed and root libraries.

Sugarcane bZIPs modulated during development

The changes in bZIP expression during bud germination were evaluated with nylon
cDNA arrays containing 85 sugarcane bZIPS. Seven sugarcane bZIP ESTs showed altered
expression during sugarcane plantlet development, five being up-regulated and two down-

regulated (Table 2). Figure 2 shows the expression profiling of six ESTs in both the cDNA-array
and RNA-blot analysis performed with RNA from biological replicates. Although the absolute
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fold-induction values were not identical between samples the expression profiles were very
similar. Figure 2 C shows the result from RNA blot analysis in leaves, flowers, stems, roots and
lateral buds. SCRUHR1075A10 and SCEQRT3020F04 were up-regulated during development
and the highest levels of expression were observed 13 days after planting. SCRUHRI1075A10
was highly expressed in leaves and stem, but weakly expressed in lateral bud and flowers, and is
not expressed in roots (Figure 2 C), while SCEQRT3020F04 was expressed only in stems.
SCBFADI1046HI2Z was down-regulated during bud germination. showed high levels of
expression three and four days after planting (Figure 2 B) and was expressed only in the lateral
bud (Figure 2 C). SCSGAMI095E12 was shown to be up-regulated and was described in other
study (Schldgl et al., Plant Science, in press). These results indicate that SCRUHR1075A10 and
SCEQRT3020F04 are probably functionally active at late stages of development and that
SCBFAD1046H12 and SCSGAMI095E12 participates in early developmental stages.
SCCCRTI00IEQ6, SCEZLRI031F04, and SCILRTI1019E07 were up-regulated and had
similarly high levels of expression in ali stages of plantlets development. although the level of
the transcripts from SCCCRTI001EO6 decreased at 22 days (Figure 2 A and B).
SCCCRTI001E06 and SCEZLR1031F04 were expressed in all tissue with similar levels, except
in roots, where lower levels were observed (Figure 2 C). SCILRT1019E07 was highly expressed

in flowers, stems and weakly expressed in leaves (Figure 2 C).

Identification of ABA and MeJA-responsive Sugarcane ESTs with DNA-array

The ¢cDNA arrays used previously were hybridized with ¢cDNA from plantlets grown in
vitro and treated with ABA and MeJA. The expression profiles of eight SASs were altered in
response t0 ABA and MelA treatments (Table 3, Figure 3). None of them corresponded to any of
the seven SASs found to be modulated during plantlet development. The average expression
ratios of ABA and MeJA-responsive sugarcane bZIPs and their homologous best hit from
GenBank database are shown in Table 3. Most of the ABA- and MeJA-responsive sugarcane
bZIP showed similarity with non characterized bZIPs from rice (Table 3). The expression
profiling of six ABA-regulated and two MeJA-regulated SASs are shown in Figure 3. RNA-blot
analyses with selected genes showed good agreement with the ¢DNA array data for the

sugarcane bZIPs selected to perform this analysis, confirming that these bZIPs are responsive to
ABA and MelA (Figure 4).



Discussion
Sugarcane bZIPs involved in sugarcane development

An ordered set of Arabidopsis bZIP factors was used to identify and classify the
sugarcane SASs coding for bZIP transcriptional factors from the SUCEST database. This
strategy allowed the identification of 85 sugarcane SASs encoding bZIP factors. All sugarcane

bZIPs SASs were classified in one of the 4rabidopsis sub-families described in Vicentz et al
(2001).

A digital mRNA expression profile analysis showed that the bZIP sub-families are
differentially expressed in the sugarcane tissues. The high levels of bZIPs from sub-family V1 in
all tissues evaluated suggest that these transcriptional factors may have a more general function
that takes place in most sugarcane tissues. Most sub-families had higher levels in a few tissues,
while others were not even detected in some sugarcane organs (Figure 1). These [indings

reinforce the wide array of functions that bZIPs play in plants.

We used nylon cDNA arrays to assess the expression profile of 85 sugarcane bZIP during
plantlet development and in response to ABA and MeJA. Five genes were up-regulated and two
were  down-regulated during the development of sugarcane plantlets (Table 2).
SCRUHRI1075A10 was strongly up-regulated during plantlet development and was expressed in
all the tissues sampled, except in roots. Based in these results we can specultate that
SCRUHRIO?SAIO is involved not enly in development, but also in other functions that take
place in adult organs, such as leaves. This bZIP had no close homolog, showing a weak
similarity of 45% to a tobacco bZIP, TGA2.1, also expressed in leaves {(Niggeweg et al., 2000).

SCEQRT3020F04 had 85% similarity to liguleless2, a bZIP that participates in the leaf
development in maize (Hamper and Freeling, 1996). The expression of this sugarcane gene
increased as the young leaves were formed, but was not detected in adult leaves, suggesting a
similar role to the maize liguleless2. This gene was also expressed in the stem, indicating that
this bZIP might also be involved in other functions yet to be elucidated.

SCBFADI046H12 was active in the early stages of development and was detected only
in lateral buds (Figure 2). This bZIP had 93% similarity with OBF3.2 from maize (Foley et al.,
1993) and 73% to the HBP-1b from wheat (Mikami et al., 1994). HBP-1b is a promoter-binding
protein, which specifically binds to the ACGT core sequence from histone genes. These data

indicate that SCBFAD1046H12 might act controling the expression of sugarcane histone genes.



SCCCRTI001E06 was up-regulated and expressed during all developmental stages and
presented the highest level at day 13, then dropped drastically at 22. It was ubiquitously
expressed in all sugarcane tissues evaluated (Figure 2). Furthermore, this SASs had 86% of
identity to HBP-la, another wheat bZIP involved in the transcriptional regulation of wheat
histone genes in a cell cycle-dependent way (Tabata et al.. 1991). These results suggest that
SCCCRT1001E06 might have a similar function during sugarcane plantlets development.
However, transcripts were also detected in adult leaves, indicating that this SASs participates in
other process in sugarcane.

SCEZLR1031F04 showed higher levels of expression at 13 and 22 days after planting
and was expressed in all tissues evaluated. This sugarcane bZIP had 87% identity to the maize
GBFI, which is induced by hypoxia and seems to be involved in the activation of AdhJ (de
Vetten & Ferl, 1995). These findings indicate that SCEZLR1031F04 is involved in the late
stages of bud germination and that might also participate in stress responses.

SCILRT1019E07 was expressed in in all stages of the sugarcane development, with high
levels 13 days after planting. This bZIP seems to be acting also in the stem and in the flower,
where the highest expression was observed. Due to the low similarity (48%) with AtbZIP60, an
uncharacterized bZIP from Arabidopsis, it is hard to specify another role for this bZIP. It is
worth to mention that the number of bZIP modulated during sugarcane development may be
underestimated because most transcriptional factors presented very low expression levelsand

could be lost during data analysis, or could be expressed at different conditions than those

analyzed here.

Hormonal control of bZIP expression

Many aspects of plant development, abiotic and biotic stress responses are mediated by
phytohormones such as ABA and MeJA (Cheong and Choi, 2003). Transcription factors play a
key role in mediating the action of phytohormones. Eight bZIP genes were modulated by ABA
or MelJA treatments. ABA induced the expression of two genes and repressed other four, and
Meja induced two genes (Table 3). Blast analysis showed that the best hits of these sugarcane
SASs were uncharacterized bZIPs from other plant species. We used other hits with low E-value

to add some information from characterized plant bZIPs (Table 3).

60



SCRURT2012D03 and SCCCRT1003G04 were up-regulated by ABA and showed 76%
and 77% sequence similarity with STGAIL, respectively. STGAL is expressed in mature
hypocotyls from soybean and binds to a motif found in an auxin-responsive promoter (Cheong et
al.. 1998). Since both bZIPs were not detected in control plantlets and considering that ABA énd
auxin signaling seems to be interconected in drought response in Arabidopsis thaliana (Bianchi
et al., 2002), it is tempting to speculate that the two sugarcane bZIPs might be involved in the
cross talk between these hormones uder stress conditions. SCIFLR1035B10 was down-regulated
by ABA and had 79% similarity to BZI-2 from tobacco (Strathmann et al., 2001). Since this
tobacco protein dimerizes with another bZIP, BZI-1, whose lower expression in transgenic plants
affected the development of the stamen and the petals, the sugarcane bZIP might be involved in
the development of sugarcane flowers. ABA also down-regulated the expression of
SCCCCL4005C09. This bZIP had 71% similarity with RISBZS, a rice bZIP that was weakly
expressed during seed maturation (Onodera et al.,, 2001), indicating that this protein could
modulate gene expression in sugarcane seeds. SCMCSTI1051A01, SCCCAMI003G0O7 and
SCIFLR1035B10 were also down-regulated by ABA, but both had no strong similarity with any
characterized plant bZIP and no function could be assigned to them.

MeJ A treatment resulted in the up-regulation of two sugarcane bZIPs. SCIFLR1035G11
showed 95% similarity to OCSBF1 a maize bZIP whose transcripts are abundant in the basal
region from leaves and in young roots, both rich in dividing and difterentiating cells (Singh et
al., 1990). This gene belongs to the sub-family VI, being detected in all sugarcane tissues
sampled in the CDNA libraries (Figure 1), suggesting that the MelA-modulation might be
involved in the regulation of several process in a wide array of cell types. SCEPAM1053B09
was also induced by MeJA treatment but showed no strong similarity to other bZIPs.

These results mdicate that gene regulation by ABA and MeJA in sugarcane probably
involves the action 61’ bZIPs. Several studies in other species show that these phytohormones
control many aspects not only in plant development and also stress responses such as drought
and pathogen atack (Seki et al., 2002). In fact, we have previously found a sugarcane bZIP that is
induced by cold stress (Nogueira et al., 2003). Experiments to evaluate the expression of these

bZIPs in response to biotic and abiotic stress are underway and will be helpful to further

understand their role in sugarcane.
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In summary. we used mRNA profiles generated by DNA-arrays and GeneBank searches
to deduce functions of sugarcanes ESTs encoding putative bZIP transcription factors. We have
identified a number of sugarcane bZIPs that are expressed in particular organs, at particular
developmental stages and modulated by ABA or MeJA. Our findings highlight the relevance of

bZIPs in the regulation of sugarcane development and their putative role in the activation of

genes modulated by ABA and MelA.
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Figure legends: Article 4

Figure 1 - Digital mRNA Expression Profile Analysis. The expression profile of the bZIP
transcripts among sugarcane tissues, the relative abundance was estimated based upon EST

counts per corresponding sugarcane assembled sequences in relation to the total number of ESTs
of each SUCEST library pool.

Figure 2 - Expression profile of developmentally regulated sugarcane bZIP assembled-
sequences. A: The graphs show the induction kinetics observed in Northern blots {black squares)
and macroarrays (white squares). B: Northern blots, each lane was loaded with 10 pg of total
RNA isolated from plantlets grown at 72 h, 4 days. and 13 and 22 days after planting. C:
Northern blots, each lane was loaded with 10 Hg of total RNA isolated from different plant

tissues, Lb: lateral bud; Lv: leafs; St; stem; Rt: roots and FI- flowers.

Figure 3 - Expression profile of ABA- and Meja-regulated sugarcane genes. The expression was
calculated from normalized relative intensities of each time pomnt of each EST from two

independent experiments (white and black squares). A: ABA-regulated bZIP SASs and B: Meja-
regulated bZIP SASs.

Figure 4 - Expression profile of ABA and MeJA modulated sugarcane bZIP assembled-
sequences. A: The graphs show the induction kinetics observed in the RNA blots (black squares)
and ¢cDNA arrays (white triangle). B: Northern blots, each lane was loaded with 10 ug of total

RNA isolated from sugarcane plants; C (control), 6 h, and 12 after ABA treatment, and 1 h and
12 h after MelA treatments.
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Table 1. Sugarcane bZIPs identified by data mining in the SUCEST database.

Cione ID Ac. Number E-value Description Tdentity/ References

Similarity

(%)
Family I
SCRLLRIIZIBOY  AARLTYG736 de-46 CshiIpP 80/86 -
SCEPLRIOLIFLZ AADZ4610 Je-15 AtbZIP23 48/61 -
SCEPAMIOSIR0OS AALTS736 e-114 OsbZIP 80/8¢6 -
SCRZAMZ250CCS  AALT9736 2e~65 OsbZIP T4/81 -
Family II
SCCCLRLO76FL0  BARB72062 e-146 OshZIp 83797 -
SCEQAM2038R11 BAB72061 e~111 OsbZIP 93797 -
SCSGHR1D67E0S BABT2061  le-07 0sbZ TP 82/90 -
SCEPRTZ044H06 BADO3Z35 le-38 O0s8TGAL 53/61 -
SCCCRT1ICH3G04 CADA1T28 le-38 OsbZIp 6%/77 1
SCRURTZ2012DC3 CAD4A1728 2e~52 OsbZIp 67/76 1
SCCCCL30OIBGY 701415 Se-44 liguleless? TO/83 2
SCEQRTI0Z0FC4  T01415 la-85 liguleless? 72/85 2
SCQSRZ303TFIC T01415 6a-28 liguleless?2 28/98 2
SCEZLBi013F09 CAA48904 e-113 OBF3 .2 97/98 3
SCBFADL(46H12 CAA48904 2e-75% OB¥F3 .2 89/93 3
SCRUHRLIOT75A10 AABGRGSE]L Te-07 TGA.2 26/45 4
SCCCSDi0%6H1IZ  BABL1142 le-24 Arbzipgs 36/48 5
Family IXI
SCCCLR1IOTO0F08 AALT9735 Ze-18 Osbhzip 43 /54 -
SCACFLE025H0Z BACTY602 2e-13 GsDPRF3 54/62 -
SCRLADLI100DO6  BACTI6(2 ie~26 OsDPRBF3 70775 -
SCEPFL4173E10  AACLG11H 3e-60 HvARIS 71/80 6
SCIFRZ1006A05 AACOH61I1S 3e-33 HvABIS TT/6 5
SCVPLBLQOLEGI1 ARQUOE1LLS S5a~30 HvABRTS 45/51 o
SCCCLRICO3C0S  AAQD6115 Se-44 HvABIS 54761 6
SCPILRB2024H0S BARS1752 le-39 UsABIS 57/66 7
SCUTADIO3Z2A02 BABIO3S2 5e-33 Osbzip 62/73 7
SCCCRTICOZF0S BARBS789 le~59 Osbzip 62/689 7
SCIFFL3CO8FLL RACT2626 le-26 CSEZ2-~1like 86 /77 3
SCILFL4183H11 T1258% la~31 De3pbf3 67/80 9



Family ¢
SCESGAM1085E12
SCCCLR1067806
Family VI
SCIFLRI035B1I0
SCEPCLE020GOT
SCRURT3064D09
SCIFLRIO3GBGLY
SCIFRTIGITIEOS
SCRLLRIOGSDIL
SCBGLRLCZ27HOS3
Family VIIT
SCBFRZZ019D02
SCBGFL4136C02
SCCCCL4QC4Rr0S
SCCCRZZC03EL2
SCCCCL4005C09
SCQOSRTI036D12
SCACLREDG7C69
SCMCSTIOS1A0L
Family IX
CRLET3L163A02
SCCCLRIO728B02
SCCCRZIC02EFG9
SCCCRTI0CLIEDS
SCCCRZZ003R03
SCCCer3id4cod
SCBFRZ2048C10
SCSFHR1032BO2
SCSFFL4085D03
SCEZLRIC3ILFO4
SCBGLR1IOZ23R02
Family X
SCEQLRLIOS3IA06
SCYPRZ20400C12
SCCCCLAQLILIEDD
SCILRTLIGI9E07
SCVPRZZ036C12
SCAGLBIOTIFLS
SCCCRZZ004A09
Family XT

SCVPCLE047G09

ABEZ5822
BAR39174

AADZ1199
T03642
TO3642
T03642
CARL883
BARO5617
BAACSE617

BAARZ6492
BAB3ID174
BAB39174
BAB33174
BAR39175
JQ2L47

Jg2148

CAATLG8T

108592
703241

703241

BARO2304
BAAD2304
BAA02304
BARO2304
BARADZ304
ARBA0291
T02084

RBABBS261

T(}8591

BLCOT7004
ARKT6638
ABKTHE638
BACOTO04

ABMZOT32

le-09
de~-07
4e-45
Je-85
5e-68
6e-93
je~11

0.024

9e-25
e-125
Se~22
3e-20
e-117
Je-3{
de-84
de-16
2e-30
e-114

de-42

le-18
e-146
2e-11
4e-07
Be-54
Ze-id4

3e-08

le-21

PvbhZIP
AtbZIPT

Cchzip
Ocshfl
Qesbil

ATR2
mLIP15
mLIPL15

OshZIP
RISBZ4
RISRZ4
RISBZ4
RISBIZS
CHP]
OHp2
G/HBF-1

STFZ
OsGBFla
OsGBFla
TaHBPla
TaHBP-1la
TaHBP-1a
TaHBP-1a(17)
TaHRBPla
QOSBRS
GBF1
OsGRFS

STFL
GshZIP
AtbZIPE0
AthZIPA(
OshbZiP
OsTHYS
0sTHYS

MUK11l.16

41/63
67/77

55/7¢
g1/84
90/96
93/95
44/468
83/88
7r/85

3g/54
38/67

53/68
63/71
23/96
68/73
34/48

54767
84/90
95/58
86/50
85/%0
87/91
71/81
T2/76
68/74
87/91
74780

53/63
67/7%
38/51
34/48
23757
38,100
55762

48763

10
11

12
13
14
14

#



SCCCRZ2001B0L  2A042021 le-23 ALDZIP 57/77 -

SCACHRIO037A09 BAB83611 Gbe-23 AtDHZIP i6/45 -
SCUTFLiIOL6A06 At2g42380 le-08 ALbZIP34 72781 -
SCEQRT2097C12  At2g42380 6e-57 AtbZIP34 48/59 -
SCEQLB1064D03 BAAS6162 Je-83 OsRF2a-like 82/86 7
SCSBST3II00F06 BAAYSL162 Je~41 CeRFla-like 75784 7
SCEGHR10E9F07 BAAJE162 te-32 OgRFZa-like 5%/67 7
Family XII _

SCUTAMZ2008F0L  AALTB371 2e-52 CeVsf-1 81/88 -
SCCCRTZO0ZD06  BACB4100 e-101 EFZa-like 37/91 -
SCUTRZ3073E03  AAMS4510 Ze-32 OsbZIP 81/89

SCOGRT1043E05 AALBT668 Je-51 RVE] 81/87 -
SCCCAMIQO3G0T7 AAMIO114 4e-23 OsbzIP TT/81 -
SCRUADLOE1C02 CAD4AL1260 6e-08 POSF21 46/57 21
SCJFRZZ2034D03 CAD41260 le-68 OsbZIP 91/94 22
SCSFLRZO16F09  AARIBTIES e~-111 RF2b 78/82 23
SCRFRZ3I056F07 AARIBTES le-42 RF2Db T6/80 23
SCVPCLE0G5HOT  AAC49832 de-42 RF2a 67/78 24
SCCCAMI001G08 ARQ72544 le~59 OsbZIP 80/85 25
SCJIFHRICGSHO4 ARA0T2544 le-29 OsbhZIp 65/75 25
SCRCAMZ043F07 BAB3I9175S ie-11 RISEZS 57/85 i1

References: 1- Feng et al., 2002; 2- Walsh et al., 1898; 3- Foley et al., 1993; 4-
Niggeweg & Gatz,1997; 5- Kaneko et al.,1998; 6- Casaretto & He,2003; 7- Sasaki et
ai., 2002; 8~ Cooper et al.,2003; 9- ¥Kim & Thomas, 1998; 10- Schlagl et al., 2004, 11-
Onodera et al., 2001; 12- 3ingh et al.,1990; 13- Rook et al., 1998; 14- ¥usano et
al., 1985; 15- Pysh et al,, 1993; i6- Proger-Laser et al.,1997; 17- Nantel & Quatrano,
1996; 18- Mikami et al., 19%94; 19- Nakagawa et al., 1995; 20- de Vetten & Ferl, 1995;
21~ Aeschbacher et al., 199%1; 22- Feng et al., 2002:; 23- Dai et al., 2004; 24- ¥in et
al., 1997; 25- Coocper et al., 2003.



Table 2. Characteristics of developmentally-regulated bZIP in sugarcane plantlets through
cDNA array analyais,

Cluster Sub-~family’ Expression®* Similar AcNumber

2d 4d 13d 22d

Up~regulated genes

SCRUHRIO7LALD IT 0.09 0.1% 1.21 o.40 TGA. 2 AMBERLGL
SCEQRT3020F04 II D.06 .14 0.60 0.20 liguleless2 TO01415
SCCCRT1I001EDS LX 0.10 0.12 0.42 (.41 TaHBPla BAAGZ2304
SCEZLR1G31704 iX 0.05 0.04 0.04 0.14 GBF1 TOZ084
SCILRT1019E07 X 0.67 G.12 0.41 0.35 AthZIP&0 AAKT 6638
SCSGAMI095ELZ*+* v 0.25 0.44 ©.12 0.01 PvhZIP AAKZELE22
Down-regulated genes

SCBFADIO46HL12 II 0.12 0.09 0.08 0.07 OBF3.2 CAA48904

* The bZIP sub-families are described in Vincentz et al., 2001.
** The values correspond to the average of four spots in the same array.
*** This bZIP has been described in Schidgl et al., 2004,

Table 3 . Characteristics of ABA- and Meja-regulated bZIP in sugarcane through cDNA array
analysis.

Cluster Sub-family Ratio* Ac., Number

ABA

Up-regulated genes 8h 12h

SCRURTZ012D03 1T 3.1 2.8 OsBZIP CAD41728 TOR813
SCCCRTIN03IGO4 ir 2.0 2.6 OsbZIP CAD41728 TOBRR13
Down-regulated genes &h 12h

SCIFLR1IO35BIC VI 5.5 0.4 CcbhbZIP  AAD21199 AAK92213
SCCCCL4003C09  VIII 0.3 0.2 RISBZLE  BAR3IGL7T7S
SCMCSTL051A01 VIIT 0.3 0.2 BZT-1 AAT2T7150
SCCCAMI003G07 ¥I1 0.5 0.3 OsbZIP AAMI91314

Meda

Up-regulated genesg 1h 12h

SCIFLR1I0O36G1I] VI 1.4 1.7 OCSBFL  T03642
SCEPAMIOSIRBO9 XIT 1.3 1.8 POSF21  CAD41ZED

* Each value represents the average of the expression ratios between the normalized relative intensity of each
interval of treatment and control from two independent expenments.
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8. Conclusdes

O nimero de bZIPs encontrado no banco de dados do SUCEST foi similar ao numero de
bZIPs descritas no genoma de Arabidopsis.

A sub-familia Opaco2 ¢ organizada em um grupo ortélogo enire monocotiledoneas e
dicotileddneas, trés grupos de ortdlogos entre monocotiledoneas e dois grupos entre
dicotileddneas.

A evolugio da sub-familia Opaco2 envolveu duplicagdes génicas antes da separaciio
entre as monocotiledoneas ¢ dicotiledoneas, além de outras trés duplicacdes nas
monocotileddéneas e uma nas dicotiledéneas.

Opaco2  surgiu das duplicagbes génicas que ocorreram especificamente nas
monocotiledoneas, originando o que parece ser uma especializacio funcional restritas as
monocotileddneas.

SChZIPI apresenta alta afinidade de ligagio in vitro aos oligonucleotideos com os
motivos G-box, C-box e Hex.

A fosforilagio de SCbZIP1 diminui sua afinidade por DNA ¢ pode ser um mecanismo
regulatorio desse fator de transcri¢io em cana-de-acticar.

SCBZIP1 ¢ expressa nos estagios iniciais de desenvolvimento das plantulas, ndo sendo
induzida por exposi¢do ao dcido abscisico ou frio. Seus transcritos sio detectados apenas
nas flores ¢ gemas laterais. Esses resultados sugerem que esse fator de transcri¢io pode
ser importante durante o desenvolvimento das plantas de cana-de-agiicar.

Algumas bZIPs de cana-de-agicar sdo diferencialmente expressas durante o
desenvolvimento e outras sio moduladas por acido abscisico e metil-jasmonato. Esses
resultados indicam que as bZIPs em cana-de-aglicar apresentam uma variada gama de

fungdes em resposta a diferentes estimulos intrinsecos e externos.




9. Perspectivas

A clonagem e caracterizagdio bioquimica de outras proteinas bZIPs de cana-de-actcar,
incluindo mutantes, para estudos de interagio DNA-proteina e proteina-proteina,
certamente melhorarfio os conhecimentos sobre esta importante classe de fatores de
transcrigio.

Outros estudos de expressio em larga escala poderiam ser realizados com macroarranjos
de DNA podendo assim, auxiliar na identificagdo de fungdes das bZIPs em cana-de-
aglcar.

Plantas geneticamente modificadas poderiam ser produzidas, de forma que estas seriam
uma excelente ferramenta na caracterizacdo funcional das bZIPs de cana-de-acucar in
VIva.

Estudos de duplo hibrido ¢ “one hybrid systems™ poderiam ser realizados para encontrar
proteinas que interagem com as bZIPs. Isto auxiliaria na caracterizagiio de seus parceiros

moleculares durante os diferentes mecanismos celulares em que as bZIPs estariam

envolvidas.
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