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RESUMO

As proteinas de reserva da semente dos cereais podem ser agrupadas
em diferentes classes de polipeptideos relacionados entre si, cujos genes
apresentam caracteristicas estruturais e regulatérias semelhantes. Estes genes
sdo abundantemente transcritos, num padrdo de expressdao coordenado
espacial e temporalmente. A regulagdo transcricional parece ser um dos
principais mecanismos no controle desta expressdo. Vérios destes genes ja
foram clonados e mutagdes que afetam uma certa classe das proteinas de
reserva foram caracterizadas. Isto torna o sistema das proteinas de reserva um
modelo muito apropriado para o estudo da regulagdo da expresséo génica em
plantas. Uma das mutagbes que afeta a sintese de proteinas de reserva em
milho, a opaco2 (02), reduz o acimulo de varias proteinas, entre elas uma
albumina denominada b-32 e as classes das a.- e B.zeinas. O gene Opaco2 (02)
foi caracterizado como sendo um /ocus regulatério que codifica um fator da
transcricao da familia dos “ziper de leucinas” (bZIP), capaz de controlar distintas
classes de genes expressos no endosperma, através do reconhecimento de
elementos cis-regulatérios Significativamente distintos.

Neste estudo, demonstrou-se que o gene da a-coixina de 25 kDa, uma
a-prolamina de Coix, cereal filogeneticamente aparentado ao milho, pode ser
transativado pela proteina Opaco2 (02). Ensaios de ligagdo in vitro e
. experimentos de “footprint” mostraram que a sequéncia
5 AAAATTGACTAGGAGACATGTCATCTCTA 3 do promotor da a-coixina &
reconhecida e protegida, tanto pela proteina O2 de milho quanto pela de Coix.
Interessante notar que esta regido cis para O2 nao apresenta o motivo central
ACGT, postulado como necessario para a ligagao eficiente das bZIPs de
plantas.

Através de ensaios de retardamento em gel, usando uma proteina O2 de

Coix recombinante e oligonucleotideos correspondentes as regides cis inteira ou



truncada, demonstrou-se a existéncia de dois sitios de ligagéo localizados em
posicoes adjacentes, denominados O2u (5" TTGACTAGGAZ3) e Oz2d
(5" GACATGTCAT-3"). Ambos os sitios apresentam similaridade com o sitio de
ligacdo da proteina GCN4, podendo ser simultaneamente reconhecidos pela
02.

Diferentes mutagées foram criadas na regido cis e analisadas atraves de
“footprint” quantitativo. Observou-se assim, que a ligagdo da O2 aos sitios
adjacentes é melhor descrita por um modelo cooperativo. Analisando
simultaneamente os dados numéricos do “footprint” quantitativo das sequéncias
cis normal e mutantes, calcularam-se constantes termodinamicas relativas para
a ligacdo da proteina O2 a cada sitio e para a cooperatividade. Esta analise
indicou que a afinidade intrinseca de ligagdo da proteina O2 a cada um dos
sitios & semelhante. Algumas mutagdes afetaram a cooperatividade enquanto
outras nao, indicando que esta ndo depende exclusivamente da afinidade de
ligagédo da proteina ao DNA.

Por ensaios de expressao transitoria em endosperma imaturo de milho e
protoplastos de mesofilo de tabaco, foi demonstrado que a sequéncia cis
completa & necessaria para mediar a transativagdo por O2 do gene indicador
B-glucuronidase (gus) sob controle do promotor da o.coixina de 25 kDa. A
analise das diferentes sequéncias cis mutantes nos experimentos de expressao
transitoria em protoplastos de tabaco mostrou que os sitios O2u e O2d atuam
sinergisticamente. A comparagao dos resultados de atividade transcricional com
os de energia livre relativa obtidos para cada uma das diferentes sequéncias cis
sugere que o sinergismo & decorrente, em parte, da ligagao cooperativa ao
DNA. Por outro lado, a ligacdo da proteina O2 ao sitio O2u tem maior efeito nos
niveis finais de transcricdo se comparado com a ligacdo ao sitio O2d. Desta
maneira, parte do sinergismo pode estar relacionado ao processo de interagao

do complexo O2-DNA com o complexo geral de iniciagao da transcrigao.



Do ponto de vista evolutivo, a ocorréncia destes dois sitios adjacentes, de
sequéncia distintas, e a ligagdo cooperativa da O2 podem ser devidos a uma
necessidade de flexibilidade no reconhecimento de sitios no DNA por proteinas

regulatérias.
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SUMMARY

The storage proteins of cereal seeds are composed of different classes of
related proteins encoded by genes with common regulatory and structural
features. These genes are abundantly transcribed and show a spatial and
temporal coordinated expression pattern. Transcriptional regulation seems to be
one of the major mechanisms controlling the expression of the storage protein
genes. Because several of these genes have been cloned and some mutations
affecting certain protein classes have been identified, the seed storage protein
system is an useful model to study the regulation of gene expression in plants.
One of the mutations affecting maize storage protein synthesis, the opaque?2
(02), reduces the accumulation of several proteins, including an albumin named
b-32 and the a— and p-zeins. The Opaque2 (O2) gene has been characterized
as a regulatory locus that encodes a transcriptional factor. The Opaque2 protein
(02) is a leucine zipper (bZIP) transcriptional factor, which controls the
expression of distinct classes of endosperm genes through recognition of
significantly different cis-acting elements in their promoters.

We show here that the gene encoding for the 25 kDa a-coixin, the
a-prolamin of the maize-related grass Coix, can also be transactivated by the O2
protein. Binding assays in vitro and footprint analysis demonstrated that the
5 AAAATTGACTAGGAGACATGTCATCTCTA 3 sequence of the a—coixin
promoter can be recognized and protected by both the maize and Coix O2
proteins. Interestingly, this O2 target region does not contain an ACGT core
sequence, which has been postulated to be necessary for efficient binding of
plant bZIP proteins.

In order to further characterize this cis-acting sequence, we performed gel
shift assays using a recombinant Coix O2 protein and two oligonucleotide probes
containing either the whole or a truncated O2 target sequences. Our results

indicate that the a-coixin O2 target sequence comprise two closely adjacent
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binding sites, which we named O2u (5 TTGACTAGGAZJ) and O2d
(5.GACATGTCAT.3’). Both sites are related in sequence to the GCN4 binding
site, and can be simultaneously bound by OZ2.

Quantitative DNase | footprint analysis using a series of DNA templates
having a mutation in one or both sites, or disjointing sites, indicated that O2
binding to the a-coixin target sites is best described by a cooperative model.
Simultaneous numerical analysis of footprint titration data from the normal and
mutant templates were used to determine relative thermodynamic constants for
local site binding and cooperativity. This analysis indicated that O2 interacts with
similar intrinsic affinity with both sites. Some mutations affected cooperativity,
while others did not, indicating that cooperative binding is based on other
properties in addition to primary sequence recognition.

Employing transient expression experiments in immature maize
endosperm and tobacco mesophyll protoplasts, we demonstrated that the entire
cis-acting sequence is necessary in mediating the O2 activation of expression of
the p—glucuronidase (gus) reporter gene placed under the control of the 25 kDa
a.coixin promoter. By analyzing the different mutated templates in the transient
tobacco protoplast expression assay, we found that the two adjacent sites act
synergistically, but binding at the O2u site is more important for enhancer
activity. Comparisons of the transcriptional activities with the resolved relative
binding free energies for the various templates, suggest that this synergy is
mediated both by cooperative DNA binding and by the interaction of the O2-DNA
complex with the transcriptional machinery.

It is suggested that the occurrence of cooperative binding to two adjacent
sites, different in sequence, may derive from an evolutionary requirement of

flexibility in binding site recognition.
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INTRODUGAO

O crescimento e desenvolvimento dos organismos, a diferenciagdo dos
varios tecidos e orgaos e a resposta a estimulos extracelulares requerem tanto a
presenca de genes capazes de codificar proteinas estruturais e funcionais,
quanto a existéncia de mecanismos de regulagéo da expressao destes genes.
Tais mecanismos regulatérios asseguram que aquelas proteinas sejam
produzidas em quantidade adequada e no momento correto com relagdo ao
ciclo celular e ao processo de desenvolvimento.

A regulacdo do nivel de expressdo de certos genes € de tal modo
importante para o organismo que, por exemplo, a asma, o cancer, doengas
cardiacas e imunes e infecgbes virais sdo o resultado da super ou subprodugéao
de uma ou poucas proteinas (Tjian, 1995).

Durante o desenvolvimento da semente de plantas superiores, grande
variedade de proteinas é produzida e muitas sdo suprimidas, proporcionando
um excelente sistema para o estudo dos diferentes aspectos da regulagéo

génica.

1. Proteinas de reserva da semente

A fracao protéica da semente contém uma ampla variedade de proteinas
pouco abundantes que sdo essenciais na manutengdo do metabolismo celular, e
uma outra categoria composta por um numero relativamente pequeno de
proteinas armazenadas em grandes quantidades, cuja principal fungado é
fornecer nitrogénio e aminoacidos a plantula em germinagao (Higgins, 1984).

Além de nao apresentarem qualquer outra fungdo conhecida, as
proteinas de reserva caracterizam-se por uma composicdo peculiar de
aminoacidos, sendo ricas em asparagina, glutamina e arginina ou prolina, mas
deficientes em lisina, treonina e triptofano, nos cereais, € em cisteina, metionina

e triptofano, nas leguminosas.



Também é caracteristico o fato de que proteinas de reserva sao
acumuladas em pequenas organelas esféricas unidas a membrana do reticulo
endoplasmatico (RE), com poucos micra de diametro, denominadas de
corpusculos protéicos (Pernollet e Mossé, 1983).

Para tanto, as proteinas de reserva sdo sintetizadas em polissomos
unidos @ membrana e contém uma pequena sequéncia aminoterminal, chamada
peptideo sinal, que facilita a translocagdo do polipeptideo nascente para o
limem do RE (Kreil, 1981). No inicio da tradugéo os polissomos atracam-se ao
RE e o peptideo sinal atravessa a membrana. A seguir, enquanto a sintese do
restante do polipeptideo continua, o peptideo sinal € clivado por uma
endopeptidase (Muntz et al., 1985).

Landry e Moureaux (1980) propuseram uma classificagcdo para as
proteinas de sementes baseada na divisdo proposta por Osborne e Mendel
(1914). Estes autores agruparam-nas em quatro classes distintas de acordo com
a solubilidade em extragao sequencial:
¢ Albuminas: soluveis em agua;

e Globulinas: solliveis em solu¢ao salina;

e Prolaminas: soliveis em solugéo alcodlica; e

e Glutelinas: soliveis em solugbes alcalinas e acidas diluidas, e em solugées
salinas ou alcodlicas que contenham um agente redutor.

Nos cereais - com excecdo da aveia, onde 80% das proteinas da
semente s&o globulinas, e do arroz, onde 85% sé&o glutelinas - as prolaminas
representam aproximadamente 50% das proteinas da semente e as glutelinas
ao redor de 40% (Larkins, 1981).

As prolaminas geralmente sdo monoméricas, tém composicao
caracteristica de aminoacidos (ricas em prolina e glutamina, e pobres em
aminoacidos basicos como lisina) e sdo comumente agrupadas em classes de
acordo com seus pesos moleculares (Pernollet e Mosse, 1983).

Além disso, as prolaminas recebem nomes especificos que indicam a

planta de origem. Assim, por exemplo, as prolaminas de milho (Zea mays) sao



chamadas zeinas, as de trigo (Triticum aestivum), gliadinas, as de cevada
(Hordeum vulgare), hordeinas e as de Coix (Coix lacryma-jobi), coixinas.

As glutelinas formam grandes agregados através de pontes de dissulfeto
e sdo um grupo bastante heterogéneo, sendo, por isso, particularmente dificil de
caracterizar (Larkins, 1981). Certos subgrupos de glutelinas mostraram ser
prolaminas polimerizadas (Pernollet e Mosse, 1983).

Devido a sua contribuicdo para a qualidade nutritiva da semente, estas
proteinas e seus genes tém sido motivo de intenso estudo em varias espécies.

Sendo a sintese destas proteinas semente-especifica e muito intensa
num periodo delimitado do desenvolvimento da semente, os genes
correspondentes oferecem também um interessante modelo para o estudo dos

mecanismos de regulagado da expressdo génica.

2. Proteinas de reserva da semente de Coix

Em Coix lacryma-jobi, var. Adlay, cereal pertencente a mesma tribo do
milho (Andropogoneae) o endosperma contém aproximadamente 20% de
proteinas, entre albuminas, globulinas, prolaminas e proteinas residuais
(Ottoboni et al., 1990). Esta € uma das maiores proporgdes encontradas em
cereais, duas vezes maior do que a observada em sementes de milho.

As coixinas representam mais de 70% do conteudo protéico do
endosperma. Através de eletroforese em gel de poliacrilamida contendo dodecil
sulfato de sédio (SDS.PAGE), as coixinas podem ser separadas em 95
componentes com pesos moleculares de 27, 25, 22, 17,5 e 15 kilo Daltons
(kDa), chamados de C1, C2, C3, C4 e C5, respectivamente (Ottoboni et al,
1990).

Analises sequenciais utilizando focalizacéo isoelétrica (IEF) seguidas de
SDS.PAGE revelaram que as classes C1, C2, C3,C4 e C5incluem4,5,1, 1e?2
polipeptidios, respectivamente (Ottoboni et al., 1990).



Esen (1986) estabeleceu as condicdes para a divisao das prolaminas em
funcao da solubilidade em solugdes aquosas. Trabalhando com zeinas, definiu
trés classes de solubilidade, posteriormente denominadas de a-, - e y-zeinas.

Pelo procedimento de Esen (Esen, 1986), as coixinas podem ser
divididas em duas fragdes: a- e y-coixinas. A fragdo das a-coixinas é soluvel em
40-95% de isopropanol, corresponde a 80% das coixinas totais e inclui as
classes C1, C2, C4 e C5. A fragdo das y-coixinas, € soluvel em 0-80% de
isopropanol na presenca de agentes redutores (B-Mercapto etanol, Ditiotreitol) e
corresponde unicamente a classe C3 (Ottoboni et al., 1990).

Posteriormente, demonstrou-se que uma das a.coixinas, a C4, era
estruturalmente homéloga as B-zeinas; a partir de entdo esta prolamina passou

a ser denominada B-coixina (Leite et al.,1992).

3. As a-coixinas de 25 kDa em Coix, correspondem as a-zeinas de 22 kDa
de milho

As zeinas, quando submetidas a SDS-PAGE, sédo separadas em 6
componentes, com pesos moleculares de 28, 22, 19, 16, 14 e 10 kDa.

Segundo a classificacdo de Esen (Esen, 1986), os polipeptideos de 19 e
22 kDa compéem as a-zeinas, os de 14 kDa, as -zeinas e os de 16 e 28 kDa,
as y-zeinas. As zeinas de 10 kDa foram inicialmente classificadas como
B-zeinas; porém, analises estruturais destes polipeptideos levaram a inclusao de
- uma quarta classe, a das d-zeinas (Kirihara ef al.,1988).

Assim como em Coix, as «a-zeinas constituem a maior fragdo das
proteinas de reserva de milho, compreendendo 80% da fracao total de zeinas
(Shewry e Tatham, 1990).

Nao somente em termos de solubilidade, como também através de
hibridizagdo cruzada de DNA e por métodos imunolégicos, foi demonstrada a
existéncia de uma alta homologia entre as coixinas e as zeinas (Leite et al,,

1990).



Pelo sequenciamento dé um clone gendmico contendo trés genes de
coixinas de 25 KDa, foi possivel evidenciar a alta homologia existente entre
estes genes e aqueles das zeinas de 22 KDa. Tal homologia foi confirmada nao
somente na regido codificadora, mas também nas regiées regulatorias do gene
(Ottoboni et al., 1993). Em um estudo posterior de modelagem tridimensional
comprovou-se que as a-zeinas de 22 kDa e as a-coixinas de 25 kDa sao

estruturalmente semelhantes entre si (Garratt et al., 1993).

4. Biossintese das proteinas de reserva da semente

Pressupde-se que a alta quantidade de proteinas de reserva na semente
dos cereais seja consequéncia de uma alta taxa de sintese protéica durante o
seu desenvolvimento, alcangada gragas ao grande numero de genes, a alta
eficiéncia de traducao e processamento do mRNA e, principalmente, a grande
taxa de transcrigdo dos genes (Pernollet, 1985).

As proteinas de reserva, similarmente ao que ocorre com outras
proteinas, séo codificadas por familias multigénicas, originadas possivelmente
através de um complexo processo de duplicagbes génicas. Em milho, por
exemplo, as zeinas de 22 e 19 kDa séo, cada uma, codificadas por mais de 50
genes localizados em loci determinados dos cromossomos 4, 7 e 10. Estima-se
que metade destes genes sejam ativos (Feix e Quayle, 1993). Em trigo, estima-
se a existéncia de 50 a 100 genes de gliadinas (Pernollet, 1985). Em Coix, a
a.coixina de 25 kDa é codificada por cerca de 36 genes (Ottoboni et al.,1993).

Nos cereais, o acumulo das proteinas de reserva se d4 no endosperma,
com a taxa maxima de biossintese acontecendo, de modo geral, ao redor da 32
semana apos a antese, coincidindo também com a fase de expansao das
células do endosperma (Pernollet, 1985). Caracteristicamente, este acumulo
segue uma cinética sigmoidal, altamente correlacionada com o ganho de peso
seco da semente (Dure, 1975).

Entretanto, a analise detalhada do acumulo das proteinas de reserva

demonstrou a existéncia de diferentes taxas de sintese para cada uma das



proteinas durante o desenvolvimento da semente (Pernollet, 1985). Isto pdde
ser exemplificado pelo processo de formagdo dos corpusculos protéicos no
milho, onde inicialmente verifica-se a deposicdo das f- e y-zeinas; em seguida,
com o amadurecimento do endosperma, da-se o acimulo de o-zeinas no
interior dos corpusculos protéicos, culminando com o preenchimento do seu
interior e limitando as B- e y-zeinas a uma distribuicdo periférica (Lending e
Larkins, 1989).

Assim como as zeinas, as coixinas apresentam um padrdo tipico de
acumulo temporal que varia entre os diferentes componentes (Targon et al.,
1992).

5. Regulagao transcricional dos genes de prolaminas

O acumulo das proteinas reflete o equilibrio estabelecido entre as taxas
de sintese e de degradacgido. As proteinas de reserva da semente séo estaveis
desde a fase de deposicao até a embebigdo e germinagdo da semente (Madison
et al, 1981); conclui-se, portanto, que é sua taxa de sintese quem
principalmente determina a taxa de acumulo (Higgins, 1984).

Por outro lado, existe uma estreita correlagdo entre o nivel de RNA
mensageiro (MRNA) e a taxa de sintese de cada proteina de reserva nos
diferentes estagios de desenvolvimento do endosperma (Kodrzycki et al., 1989,
Targon et al., 1992; Feix e Quayle, 1993). Consequentemente, a biossintese
- destas proteinas parece ser principalmente controlada ao nivel da transcrigéo
(Higgins, 1984), sendo pouco provavel a ocorréncia de um controle

pos-transcricional (Gallie, 1993).

6. Transcricao génica em eucariotos

Em eucariotos, o processo inteiro de transcricdo pode ser dividido em
cinco fases (Maldonado e Reinberg, 1995):
e Formacédo do complexo de pré-iniciagdo da transcrigdo, onde os fatores de

transcricdo reconhecem seus sitios especificos no promotor do gene;



e Iniciacéo, onde os ativadores da transcrigdo levam a ativagdo do complexo
formado anteriormente;

» Escape do promotor (promoter clearance), fase na qual a RNA-polimerase i
adota uma conformacéo alongada capaz de deixar o promotor para iniciar a
transcricao propriamente dita;

e Alongamento, que representa a transcrigdo propriamente dita, onde ocorre a
sintese do RNA a partir do molde de DNA;

e Terminagao.

O primeiro requerimento para a transcricdo de um gene € que 0 mesmo
se encontre em estado ativado; para tanto, parecem exercer influéncia fatores

como a estrutura da cromatina e o grau de metilagdo do DNA.

6.1. Estrutura de cromatina

Quanto a estrutura de cromatina, pressupde-se que genes ativamente
transcritos se encontrem menos protegidos pelo complexo nucleossomal,
permitindo o acesso da polimerase do RNA. Até certo ponto, tal hipotese é
comprovada pela maior sensibilidade dos genes transcritos ativamente a
degradacao do DNA por deoxirribonucleases (Apel et al., 1986).

Sabe-se também que o enrolamento de seqiiéncias especificas de DNA
ao redor das histonas pode exercer um papel fundamental, tanto na ativagao

como na repressao da transcrigao (Wolffe, 1994a).

6.2. Metilagcao

Varios organismos, incluindo plantas superiores, contém, na fita de DNA,
bases que foram modificadas apds o processo de replicagdo, por metilases
capazes de reconhecer sequéncias especificas. Um crescente numero de
trabalhos tem discutido a importancia da metilagdo do DNA na regulagao da
replicacédo, expressao génica e diferenciagao celular (Vanyushin e Kirnos, 1988;
Chomet, 1991; Finnegan et al., 1993). Trabalhos que incluem obtengéo de

plantas transgénicas também tém lidado com tal assunto, uma vez que o padrao



de metilagdo do DNA da planta pode inibir a transcricdo do gene exdgeno
transferido (Hepburn et al., 1983; Ingelbrecht et al., 1994; Meyer, 1995).

A transcricdo dos genes de proteinas de reserva também parece ser
controlada pela metilagdo do DNA. Em milho, observou-se uma extensiva
hipometilacdo de genes de zeinas e glutelinas, especificamente em células do
endosperma. Pelo fato de esta hipometilagdo ocorrer antes da transcrigdo dos
genes de zeinas e glutelinas, sugere-se que o processo de desmetilagao & um
dos primeiros passos rumo a ativagédo destes genes (Bianchi e Viotti, 1988).

No mutante lys3a de cevada, a transcricdo dos genes de B- e
C-hordeinas ¢é altamente reduzida. Por outro lado, as D-hordeinas sao
normalmente expressas. Recentemente, verificou-se que o nivel de transcrigao
destes genes esta inversamente relacionado ao grau de metilagdo de seus
promotores (Serensen ef al., 1996).

A metilacdo do DNA parece inibir a transcrigdo ao impedir a ligagao de
proteinas regulatérias a regides especificas no promotor dos genes (Dynan,
1989: Inamdar et al., 1991; Ehrlich e Ehrlich, 1993). Pouco é conhecido sobre os
mecanismos que controlam os processos de metilagdo ou desmetilagdo de
sequéncias particulares em determinado tecido e/ou periodo de
desenvolvimento do organismo (Dynan, 1989). Sabe-se, entretanto, que o
processo de metilacdo esta relacionado com mudangas na conformagao da

cromatina (Keshet et al., 1986; Chomet, 1991; Sgrensen et al., 1996)

6.3. Interacao com fatores de transcricao

A regulacdo da transcrigdo ocorre, na maioria das vezes, ao nivel da
iniciacao. Normalmente & um processo onde sequéncias especificas de DNA
(elementos cis), através da interagao com fatores de fung&o regulatoria (fatores
trans), ou ainda de maneira direta, modulam a formagdo do complexo de

pré.iniciacao (Kuhlemeier et al., 1987; Schleif, 1988).



6.3.1. As sequéncias de DNA envolvidas na transcri¢cao

Os elementos cis podem ser divididos em dois grupos. Um é
representado pelos sitios de ligagdo do complexo da RNA polimerase (fatores
gerais de transcricdo), usualmente o elemento TATA, também denominado
nucleo do promotor.

A analise de 79 genes de planta mostrou que a sequéncia consenso para
o elemento TATA, ou TATA-box, em plantas, € 5-TCACTATATATAG-3’,
enquanto que para genes de proteinas de reserva de cereais (analise de 12
genes) & 5-TAACTATAAATAG-3’ (Joshi, 1987).

Para o local de inicio da transcricio em eucariotos foi proposta a
sequéncia consenso PyAPyPy, onde Py representa uma base pirimidinica
(Breathnach e Chambon, 1981). No caso de plantas é 5'-CTCATCA-3’, e para
os genes de proteinas de reserva de cereais 5'-ATCATCA-3" (Joshi, 1987).

A outra classe de elementos cis é formada pelos sitios de ligagao dos
fatores reguladores da transcrigdo, proteinas que interagem com o complexo da
RNA polimerase. Alguns elementos desta segunda classe necessitam adotar
uma posicdo fixa em relagdo aos demais elementos para desempenhar
corretamente sua funcdo; outros podem funcionar a distancias variadas do
elemento TATA; outros o fazem mesmo se sua orientagdo estiver invertida,
como acontece com os “enhancers” (Kuhlemeier, 1992). Com respeito a esta
ultima classe, alguns autores fazem uma distingdo entre os elementos que
ativam a transcricdo, chamados de intensificadores (‘enhancers”), e os que a
inibem, chamados silenciadores (“silencers”) (Tjian, 1995).

Supondo que sequéncias envolvidas no controle da expressdo de um
grupo de genes relacionados quanto a fungdo e expresséo foram conservadas
durante o processo evolutivo, torna-se possivel, através da comparagao entre os
diversos genes de proteinas de reserva ja sequenciados, identificar os possiveis
elementos cis envolvidos na determinagdo do padrdo de expressdo destes

genes (Kreis et al., 1986).



Um dos primeiros elementos cis identificado pelo alinhamento das
sequéncias dos promotores de diversos genes de prolaminas foi o prolamin box
ou endosperm box. Este sitio de 7 pares de base (pb) (5-TGTAAAG-3’),
geralmente localizado a 330 pb do ATG inicial da tradugao, e cuja fungéao é
ainda desconhecida, caracteriza-se por ser altamente conservado na maioria
dos genes de prolaminas ja isolados (Kreis et al.,1986).

Com o advento dos métodos de transformagéo de plantas (Weising et al.,
1988), aliado a técnicas de mutacdo induzida in vitro, tornou-se possivel a
introducdo e posterior analise da expressao de genes com mutagbes ou
delegbes nas sequéncias-consenso de seus promotores, permitindo desta forma
a caracterizacdo da fungao biologica destes possiveis elementos cis no
processo de expressao génica (Benfey e Chua, 1989).

Tipicamente, a regido promotora dos genes € composta por varios sitios
de ligacao de proteinas. A partir de variagées no tipo e no arranjo destes sitios,
ocorre a formacdo de complexos nucleoprotéicos distintos e unicos, gerando
diversidade e exatidao na regulagao da transcricao (Tjian e Maniatis, 1994;
Grosschedl|, 1995).

6.3.2. As proteinas envolvidas no processo de transcrigao

Os eucariotos possuem trés enzimas responsaveis pela sintese de

moléculas de RNA; dentre estas, a RNA-polimerase Il € a que transcreve os
-genes que codificam polipeptideos.

A polimerase de RNA de eucariotos ndo é capaz de iniciar a transcrigao
dos genes sem a presenga de varios fatores reguladores de transcrigao (fatores
trans), os quais interagem com as sequéncias regulatorias do DNA (elementos
cis), comandando a transcricdo génica (Dynan e Tjian, 1985).

Os fatores de transcricdo podem ser divididos em dois tipos segundo a
forma através da qual agem: (i) os fatores gerais de transcricao (GTFs, general
transcription factors), que sao os que, juntamente com a RNA-polimerase Ii,

formam o complexo multiprotéico capaz de reconhecer um promotor (na regiao
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do elemento TATA) e iniciar corretamente e manter a transcricao em um nivel
basal; (i) e os fatores reguladores da transcricdo, que se ligam a outros
elementos cis no DNA e interagem com os GTFs, para assim ativar ou inibir

(ativadores ou repressores) a transcrigao (Goodrich et al., 1996).

6.3.2.1. Fatores gerais de transcricao

O magquinario de transcrigdo que emprega a RNA polimerase Il é formado
por um complexo arranjo de proteinas. Em animais foram identificados seis
fatores necessarios para a transcricdo basal pela RNA polimerase Il: TFIIA,
TFIB, TFID, TFIE, TFIF e TFIIH (Buratowski, 1994). Destes, apenas TFIIA e
TFIID foram caracterizados em plantas (Kuhlemeier, 1992). O TFIID, na
verdade, € um complexo protéico formado pela TBP (TATA binding protein) e
varios fatores TAF (TBP associated factor); estes ultimos parecem desempenhar
um papel central na intermediagdo entre o complexo basal e os fatores

reguladores da transcri¢ao (Tjian e Maniatis, 1994). Ver Figura 1.

P ~ Repressor

RNA

polimerasell | ;

Transcrigdo

H

elementoTATA

Figura 1. Representacdo esquematica mostrando os fatores de transcrigdo e suas
interagdes com as sequéncias alvo no DNA, com a RNA-Polimerase II e entre si.
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6.3.2.2. Fatores reguladores da transcrigao

Os fatores de transcricdo sdo geralmente proteinas de estrutura modular.
Um fator de transcricdo tipico &€ composto por trés médulos: (i) um dominio de
ligacdo ao DNA, (i) um dominio de interagdo protéica, geralmente de
multimerizacao, e (iii) um dominio de ativagéao.

Os fatores de transcricao tém sido classificados em fungdo do dominio de
ligacdo ao DNA e de formagao de dimeros. Uma série de fatores de transcrigao
nao puderam ser classificados em familias determinadas, o que leva a supor
que outras familias serdo ainda caracterizadas.

Cada vez se torna mais evidente que as regides de reconhecimento de
DNA, de interacdo protéica e ativagdo sdo modulos com plasticidade suficiente
para originar varias combinagdes funcionais. Isto permite que, com um numero
relativamente pequeno de diferentes moddulos, seja possivel obter inumeros
fatores com especificidades distintas, gerando a diversidade necessaria a
regulacdo do complexo padrao de expressao génica (Tjian e Maniatis, 1994).

As classes mais importantes de fatores reguladores da transcricédo de
plantas sdo as bZIP (basic-region/leucine-zipper), as bHLH (basic
helix-loop-helix), as Myb, as proteinas que contém o homeodominio (HD), as
MADS box e as Zinc Finger (Kerstetter et al,1994; Ramachandran et al., 1994;
Takatsuji et al., 1994; Bonven et al., 1995; Meshi e lwabuchi, 1995; Purugganan
et al., 1995). Representantes destas classes sdo também encontrados em

fungos e animais.

6.3.3. Mecanismos de ativagio via fatores reguladores da transcricao

A taxa de transcricdo ndo é determinada apenas pelas propriedades de
um unico fator de transcricdo e seu sitio de ligagdo, mas pela complexa
interacdo de varios fatores em diversos sitios do promotor do gene (Kuhlemeier,
1992).

Uma vez montado o complexo no sitio do DNA, os dominios de ativagao

de alguns fatores devem interagir, direta ou indiretamente, com os componentes
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do complexo basal de transcricdo. A poténcia final de um regulador de
transcricdo é determinada por caracteristicas que vao desde sua afinidade pelo
sitio de ligagcdo ao DNA até a intensidade da interagdo entre seu dominio de
ativagao e seu alvo no complexo basal (Tjian e Maniatis, 1994).

Um fator pode apresentar afinidades diferentes para diversos sitios, pode
ligar-se ao DNA de maneira cooperativa com outros fatores, ou pode ainda
competir com outros fatores pelo mesmo sitio de ligagédo. Esta competicao pode
ocorrer quando ambos fatores reconhecem o mesmo sitio, ou ainda quando
seus sitios se sobrepdem ou estdo préoximos o suficiente para que os dois
fatores ndo possam estar simultaneamente ligados ao DNA.

Em diversos elementos cis, a montagem de complexos nucleoprotéicos
ativos depende da interagcao especifica de varios componentes no mesmo
promotor. Por exemplo, no caso do promotor da interleucina 2 ou do MHC I
(complexo principal de histocompatibilidade de classe Il), a auséncia de um dos
varios fatores faz com que, in vivo, nenhum dos outros reconhega seu sitio de
ligacao (Garrity et al., 1994; Grossched|, 1995).

A homo- ou heterodimerizagdo dos fatores reguladores da transcri¢cdo
detém um papel importante na regulagéo da atividade bioldgica. Alguns fatores
de transcricdo sdo ativos apenas quando na forma de heterodimero. Este é o
caso da proteina FOS, que € incapaz de formar homodimeros, mas apresenta
atividade quando heterodimerizada com a proteina JUN. Outros tém sua
- atividade diminuida, como é o caso do CREB (cAMP response element binding
protein) ao ligar-se ao elemento CREM. Heterodimeros podem ainda apresentar
especificidade diferente da apresentada pelos homodimeros de seus
componentes. A heterodimerizagdo pode também levar a novas combinagdes
de dominios de ativagado/repressdo, mudando, desta forma, a fungéo regulatéria
das proteinas ligadas a um determinado sitio no DNA (Curran e Franza Jr, 1988;
Folkers et al., 1991; Wagner e Green, 1994).

Existem ainda proteinas que causam dobramentos na fita de DNA ao se

ligarem a ela, posicionando corretamente outros fatores de transcricdo e/ou
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aumentando a afinidade destes por seus sitios, como ocorre com o fator LEF-1
em ratos (Giese et al., 1995) e o HMG I(Y) em humanos (Du et al., 1993). Por
outro lado, as mudancas na conformagédo do DNA podem ter um efeito negativo
sobre outros fatores; € o caso da YY1, uma proteina zinc finger de humanos.
Ainda que em determinados contextos a YY1 possa funcionar como ativadora,
no gene cfos ela parece organizar a topologia do DNA de uma maneira tal que
previne a interagdo entre um ativador especifico da transcricdo deste gene e o
complexo basal (Natesan e Gilman, 1993). E importante notar que tais fatores,
os quais podem ser agrupados por sua fungdo arquitetural, ndo apresentam
dominios de ativacdo da transcrigdo, sendo incapazes de promover
transativagdo por si préprios (Woilffe, 1994b).

Alguns dos fatores frans-regulatérios estdo presentes na maioria das
células e ativos nas mais diversas condigbes. Outros fatores s&o bastante
especializados. Estes Ultimos sdo produzidos somente no tecido e no momento
adequados para a sintese de uma dada proteina, ou entao eles podem ja estar
presentes, porém em uma forma inativa, sendo posteriormente ativados nos
tecidos e estagios de desenvolvimento adequados (Maniatis et al., 1987;
Kuhlemeier, 1992).

A existéncia de mecanismos pos-traducionais para a ativacao dos fatores
trans fornece uma alternativa para explicar o modo pelo qual ocorre a regulag&o
da expressdo dos genes regulatérios (aqueles envolvidos na sintese destes
fatores trans). Se a regulagdo destes genes ocorresse ao nivel da transcrigéo,
haveria necessidade da existéncia de "cascatas regulatorias" envolvendo a
transcricdo sequencial de genes codificando fatores regulatérios de outros
genes. Com o mecanismo de modulagao pés-traducional, pelo menos alguns
dos genes regulatérios dispensariam o controle ao nivel transcricional, sendo
expressos constitutivamente. Assim, com o desenvolvimento dos tecidos,
indutores da diferenciacao celular poderiam atuar na converséo de uma certa
quantidade dos fatores regulatérios apropriados para a forma ativa, promovendo

a expressdo génica no tecido e estagio especifico (Maniatis et al., 1987).
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Os mecanismos pés-traducionais de modulagéo dos fatores trans podem
ser de trés tipos: (i) gerando modificagdes no dominio de ligagdo do fator ao
DNA; (i) modificando o dominio de ativagdo do fator; (iii) ou restringindo a
localizacéao intra-celular do fator (Gilmartin et al., 1990).

A fosforilagdo € um mecanismo comum na geragdo de modificagdes
pos-traducionais nos dominios protéicos. Ela pode regular a atividade de um
fator de transcricdo, modulando (i) sua capacidade de interagir com outras
proteinas do complexo ou de ligagdo ao DNA, como no caso do TCF (ternary
complex factor) (Gille et al., 1992), (ii) sua capacidade de ativagdo, como no
caso do CREB (cAMP response element binding protein) (Gonzales e Montminy,
1989), ou (iii) regulando sua localizagado celular, como no caso de algumas
unidades do complexo ISGF3 (IFN-a stimulated gene factor 3), os fatores STAT
(signal transducers and activators of transcription) (Shuai et al., 1993).

Um segundo tipo de modificagdo covalente capaz de alterar a atividade
de fatores de transcri¢do foi descrito para algumas bZIPs, como AP-1, c-jun e
c-fos. Neste caso, a oxidagido de uma cisteina conservada da regido basica
parece impedir a dimerizagdo necessaria para a ligagdo ao DNA (Wagner e
Green, 1994).

7. Genes reguladores da biossintese das proteinas de reserva

O estudo da taxa de acumulagdo das proteinas de reserva e de suas
. quantidades finais em diferentes mutantes fenotipicos da semente permitiram o
descobrimento de varios genes que regulam a biossintese destes polipeptideos,
principalmente em cereais.

Mutacdes nestes genes reguladores tém drasticos efeitos quantitativos e
qualitativos no perfil das prolaminas da semente, e freqlientemente sao tambem
acompanhadas por significativas mudangas em algumas das outras fragGes
protéicas. Este Ultimo fato geralmente acarreta um vantajoso aumento no
contetdo de lisina do endosperma, as custa porém de um decréscimo no

contetdo protéico total da semente e queda de produtividade.
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Em milho, nos mutantes opaco2 (02) e endosperma defetivo B30 (De-
B30) ocorre redugao preferencial do nivel das zeinas de 22 KDa. Em opaco7’
(07) ha redugéo no nivel das zeinas de 19 KDa, e nos mutantes floury2 (fi2),
mucronate (Mc) e opaco6 (06) ocorre suprissdo da sintese de todas as zeinas
com a mesma efetividade. Foi constatado que a menor produgéo de
polipeptideos de zeinas nestes mutantes é resultante de uma menor populagao
de seus mRNAs nos endospermas 02, o7 e fi2, ou de um nivel menor de mRNA
traduzivel, em 06, Mc e De-B30 (Soave e Salamini, 1984; Motto et al., 1989).

O mecanismo de acado destes /oci a nivel molecular € desconhecido. No
entanto, por controlarem a agdo de genes situados em diversos pontos do
genoma, o processo de regulagdo deve ocorrer através de fatores difusiveis de

acao regulatdria, ou seja fatores trans (Soave e Salamini, 1984).

8. O locus opaco2 codifica uma proteina regulatdria da familia das bZIP

Em plantas homozigotas opaco2 (02), a sintese da classe das a.zeinas,
particularmente da familia de 22 KDa, encontra-se grandemente reduzida (Burr
e Burr, 1982), em parte devido a um decréscimo nos niveis dos transcritos que
codificam os polipeptideos desta classe (Kodrzycki et al., 1989).

O isolamento e sequenciamento de clones de cDNA do gene Opaco?2
(O2) caracterizou a proteina codificada por este locus como sendo um fator
regulador da transcrigdo pertencente a classe das bZIP (Hartings et al., 1989;
Schmidt et al., 1987; Schmidt et al., 1990).

A atividade dos fatores da classe bZIP depende de duas fungdes
mediadas por diferentes dominios: o dominio basico, responsavel pela interagao
direta com o DNA, e o dominio das repeticdes de leucinas, responsavel pela
interacdo com outras proteinas através de dimerizagdo. De acordo com o
modelo “scissors grip”, os residuos de leucina separados por sete aminoacidos
ficariam orientados na mesma face de uma ahélice, criando uma face
hidrofobica. As a-hélices de mondmeros separados, apresentando conformagéao

“coiled coil”, dimerizam paralelamente, enquanto que as hélices formadas pelos
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dominios basicos repelem-se mutuamente, produzindo uma estrutura em forma
de “Y” (Figura 2). Os dois bragos do “Y”, representando os dominos basicos,
intercalam-se entre as fitas de DNA, penetrando pelo sulco maior (Vinson ef al.,
1989).

Estudos posteriores postularam a ocorréncia de alteragbes
conformacionais na proteina apés a ligagdo ao DNA, levando a proposi¢cédo do
modelo “induced helical fork” (O’'Neil et al., 1990). Neste modelo, o domino
basico parcialmente estruturado interage com o sitio de DNA produzindo uma
oa-hélice que é entao estabilizada através de contatos especificos com o DNA.
Este modelo foi posteriormente comprovado através de estudos de cristalografia

de raios-X realizados com complexos proteina/DNA (Ellenberger et al., 1992).

ziper de
leucinas

dominio
basico

Figura 2. Representagdo grafica do complexo GCN4/sitio AP-1, construida a partir das
coordenadas depositadas no “Protein Data Bank”, codigo 1YSA (Ellenberger et
al., 1992).

Até 1994, 22 bZIPs haviam sido identificadas em plantas (Foster et al.,
1994). Hoje, mais de 50 proteinas pertencentes a esta classe podem ser

encontradas nos bancos de sequéncias de genes de planta; porém, até o
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momento, a proteina Opaco2 é a Unica destas bZIPs para a qual uma fungéo
regulatoria foi especificada in situ, ou seja, onde os genes por ela controlados

sd0 conhecidos.

9. Existéncia de um gene tipo Opaco2 em Coix e sorgo

A semelhancga nos genes de proteinas de reserva de milho, Coix e sorgo
levou a suposicao da existéncia de um locus regulatério do tipo opaco2 também
nestas espécies. Em experimentos de “Southern blot”, utilizando um fragmento
do clone Opaco2 de milho como sonda, foi possivel comprovar a presenga de
sequéncias similares a do gene Opaco2 em Coix e sorgo (Ottoboni et al., 1993).

Posteriormente, genes similares ao opaco2 de milho foram isolados e
caracterizados em sorgo (Pirovano et al., 1994) e Coix (Vettore, 1994),
possibilitando um interessante modelo para o estudo da evolugdo do mecanismo

de regulagao transcricional.

10. A proteina Opaco2 é capaz de ligar-se a diferentes sequéncias de DNA

O primeiro gene cujo promotor foi investigado para identificagdo do sitio
de ligagao da proteina Opaco2 (02) foi o gene b-32, que codifica uma proteina
RIP (ribosome-inactivating protein), expressa unicamente no endosperma de
milho e sabidamente sob influéncia do locus Opaco2 (Bass et al., 1992). Através
de experimento de “footprint” in vitro, foram identificados cinco sitios de ligagao
da proteina O2 no promotor do gene b-32, chamados B1 a B5, os quais
apresentam a sequéncia consensso 5-GATGAPyPuTGPu-3". Em ensaios de
transformacao transitoria de protoplastos de tabaco, verificou-se um incremento
de 82 vezes na expressio de um gene indicador sob controle do promotor b-32
quando simultaneamente era transferido o gene O2 sob controle de um
promotor constitutivo, corroborando assim a transativagdo do gene b-32 pela
proteina O2 (Lohmer et al., 1991).

No gene da zeina de 22 kDa, a proteina O2 liga-se a sequéncia

5-TCCACGTAGA-3", que se encontra aproximadamente 10 nucleotideos
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distante do prolamin box. Um multimero desta sequéncia, quando adicionado ao
promotor minimo GAL1, é suficiente para ativar a expressdo do gene indicador
lacZ em levedura, se conjuntamente for expresso o gene O2 (Schmidt ef al.,
1992).

Posteriormente, através de ensaios de transativagdo em protoplastos de
endosperma e em protoplastos de células cultivadas in vitro, utilizando o gene
indicador gus sob controle de promotores de zeinas com alteragbes no sitio
TCCACGTAGA, conclui-se que uma Unica substituicdo na regido central ACGT
é suficiente para suprimir a ligagdo da proteina O2 in vifro, bem como a resposta
a transativacéo in vivo. Também se verificou que a sequéncia TCC era essencial
para a alta afinidade de ligagdo da O2 ao promotor e por consequéncia para a
transativacao in vivo (Ueda et al., 1992).

Tendo em vista a diferenca existente entre os sitios de ligagdo da
proteina O2 nos promotores dos genes b-32 e da zeina de 22 kDa, havia a
necessidade de explicar como um fator de transcrigdo era capaz de se ligar a
sitios tao diferentes entre si.

A principio, generalizando o fato de que a maior parte dos fatores bZIP de
plantas apresentam alta afinidade de ligagdo a sequéncias contendo o motivo
central ACGT, pensava-se que este ACGT era imprescindivel para a interagao
de qualquer bZIP com o DNA, inclusive para a O2. De fato, em ensaios de “gel
shift” a proteina O2 mostrou alta afinidade por uma ampla colegdo de
sequéncias contendo o motivo central ACGT (lzawa et al., 1993).

Dentre os cinco sitios descritos no promotor do gene b-32, somente o BS
apresentava o motivo ACGT, portanto, pensava-se que somente este seria um
verdadeiro sitio de ligagado para a proteina O2, enquanto que os demais quatro
seriam produto de artefatos de técnica (l1zawa et al., 1993).

Entretanto, analisando a interagdo da proteina O2 de milho com o
promotor de um gene de a-coixina, encontrou-se um sitio de ligagédo de O2 sem

o motivo ACGT e que apresentava maior similaridade com os sitios encontrados
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no gene b-32 do que com aquele descrito para o gene da a-zeina (Yunes et al.,
1994b).

Corroborando o resultado obtido com o gene da a-coixina, de Pater et al.
(1994), estudando a interagdo da proteina O2 com o promotor do gene ps/, que
codifica uma lectina da semente de ervilha, mostraram que a proteina O2
reconhece um sitio sem o motivo ACGT e que se enquadra na sequéncia
consenso proposta para o gene b-32. Interessante notar também que este sitio
é idéntico ao sitio de ligagdo da proteina GCN4 (Hill et al., 1986), uma bZIP de
leveduras que controla varios dos genes do metabolismo de nitrogénio. De fato,
a proteina O2 é capaz de substituir a fungdo da GCN4 em levedura (Mauri et al.,
1993).

Recentemente, trabalhando com o promotor do gene de uma proteina de
reserva de trigo, uma glutenina de baixo peso molecular, Holdsworth et al.
(1995) comprovaram que a proteina O2 reconhece e é capaz de transativar este
promotor in vivo ao se ligar a sequéncia 5-TGAGTCATAT-3’, que € 0 mesmo
elemento cis antes conhecido como GLM (GCN4 like motif). Este resultado,
além de comprovar a capacidade da proteina O2 em reconhecer sitios do tipo
GCN4, sugere também que outros cereais além daqueles pertencentes a tribo
do milho (Andropogoneae) provavelmente possuem um Jocus do tipo Opaco2
que regula a expressdo das proteinas de reserva.

Por outro lado, nos promotores dos genes da B-coixina e da p-zeina,
foram encontrados sitios de ligagdo da proteina O2 apresentando o motivo
ACGT. Experimentos de “Northern blot” e a analise do perfil de zeinas no
endosperma de sementes de milho normal e mutante opaco2 confirmaram que
as B-zeinas tém sua expressao influenciada pelo gene Opaco2. Aléem disso,
ensaios de expressao transitéria demonstraram que a O2 é capaz de transativar

a expressao de um gene indicador controlado pelo promotor da B-coixina ou da

B-zeina (Cord Neto et al., 1995).
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Uma vez que ao locus Opaco?2 era atribuido unicamente o controle da
expressao da classe das a-zeinas de 22 kDa (Schmidt et al., 1992), o fato de as
B-zeinas também responderem ao controle deste /locus constituiu um no primeiro
indicio de que a proteina O2 seria responsavel pelo controle da expressao de
varios genes distintos, de tal modo que um certo relaxamento na especificidade
de ligagdo ao DNA seria vantajoso ou até mesmo necessario (Yunes et al.,
1994a).

Recentemente, comprovou-se que a O2 é capaz de reconhecer nao um
mas trés sitios no promotor da a.zeina de 22 kDa, denominados Z1, Z2 e Z3. O
sitic Z3 apresenta alta afinidade por O2 e corresponde a sequéncia
5-TCCACGTAGA-3" anteriormente descrita por Schmidt et al. (1992). Os outros
dois sitios apresentam baixa afinidade por O2. O Z1 & similar aos sitios de 02
descritos para os genes b-32 e da a-coixina. J& o Z2 apresenta apenas uma
baixa similaridade com os outros sitios e esta localizado adjacente ao sitio Z3.
Ensaios de expressdo transitria mostraram que Z1 e Z3 sé@o igualmente
efetivos na mediacdo da transativacéo pela proteina O2. Para o Z2 observou-se
que, embora ele nao seja capaz de isoladamente conferir transativagao por O2,
incrementa  significativamente os niveis de transativagdo quando em

combinacdo com qualquer um dos outros dois sitios (Muth ef al., 1996).
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APRESENTAGAO DOS TRABALHOS E OBJETIVOS

O corpo desta tese esta constituido por dois trabalhos, um dos quais ja
publicado e o outro submetido a publicagdo. Ambos os trabalhos tratam da
interacao da proteina Opaco2 com o promotor do gene da a-coixina de 25 kDa.

A realizacao desses dois trabalhos baseou-se nos estudos realizados de
caracterizagdo de genes de proteinas de reserva de milho, Coix e sorgo, onde
constatou-se o envolvimento da proteina Opaco2 na regulagdo da expresséao de
diversos genes que atuam durante o desenvolvimento do endosperma. Esses

estudos constam nos trabalhos abaixo relacionados.
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accumulation and amino acid metabolism in maize seeds. An. Acad. Bras.
Cienc. 66: 227-237; quiz 237-238.
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(1995). The involvement of Opaque 2 on Bprolamin gene regulation in
maize and Coix suggests a more general role for this transcriptional
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Trabalho 1: The transcriptional activator Opaque2 recognizes two different
target sequences in the 22-kD-like a-prolamin genes.

José A. Yunes, Germano Cord Neto, Marcio J. da Silva, Adilson Leite, Laura
M.M. Ottoboni e Paulo Arruda. Plant Cell 6 (1994): 237-249.

Em fungdo da alta homologia estrutural e funcional dos genes de
a-coixina de 25kDa e a-zeina de 22 kDa, bem como, dos resultados
preliminares de “Southern blot” indicando a existéncia de sequéncias similares
ao gene Opaco2 de milho em Coix (Ottoboni et al., 1993), iniciou-se este estudo,

com os objetivos a seguir:

1. Verificar se o gene da a-coixina de 25 kDa apresenta no seu promotor algum

sitio de ligagao da proteina OZ2.

2. Determinar a sequéncia e local deste(s) possivel(is) sitio(s) de ligagao da

proteina O2.

3. Determinar a fungdo biologica deste(s) possivel(is) sitio(s) de ligagdo da
proteina 02, através de ensaios de expressao transitoria em protoplastos de

tabaco e em sementes de milho.

23



Trabalho 2: The Opaque2 transcription factor binds to two adjacent GCN4-
like motifs in a cooperative manner.

José A. Yunes, André L. Vettore, Marcio J. da Silva, Adilson Leite e Paulo
Arruda.

Uma vez clonado o gene Opaco2 de Coix, verificou-se que a proteina O2
de Coix reconhece no promotor do gene da a-coixina de 25 kDa o mesmo sitio
de ligacdo da proteina O2 de milho (Vettore, 1994). O fato de este sitio
apresentar uma sequéncia de nucleotideos aproximadamente duas vezes maior
que aquela dos sitios de ligagdo da O2 nos genes b-32 ou da a-zeina de 22 kDa
parecia indicar a existéncia de dois sitios adjacentes. Isto era ainda reforgado
pela presenca de duas sequéncias adjacentes similares ao sitio de ligagao da

proteina GCN4. Os objetivos principais deste trabalho foram:

1. Verificar se a regido de ligacdo da proteina O2 no promotor da a-coixina de

25 kDa é constituida por dois sitios adjacentes.
2. Delimitar cada um dos sitios.

3. Determinar se a proteina O2 é capaz de se ligar simultaneamente a ambos
sitios.

4. Determinar se a ligacéo da proteina O2 nestes sitios & cooperativa.

5. Calcular as constantes de equilibrio de ligagao da proteina O2 para cada um
dos sitios e para a cooperatividade.

6. Determinar o efeito da ligagéo da proteina O2 em cada um dos sitios, bem

como o efeito da cooperatividade, no processo de transcrigao.
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The Transcriptional Activator Opaque2 Recognizes Two
Different Target Sequences in the 22-kD-like
a-Prolamin Genes

José A. Yunes,? Germano Cord Neto,? Marcio J. da Silva,® Adilson Leite,? Laura M. M. Ottoboni,?
and Paulo Arruda 22

2 Centro de Biologia Molecular e Engenharia Genética, Universidade Estadual de Campinas, 13081, Campinas, SP, Brazil
b Departamento de Genética e Evolugio, 1B, Universidade Estadual de Campinas, 13081, Campinas, SP, Brazil

The maize Opaque2 (02) protein is a “leucine zipper” DNA binding factor that interacts with the sequence TCCACGTAGA
in the promoters of the 22-kD a-zein genes and activates its transcription. A completely different consensus sequence
(GATGAPYPUTGPu) identified in b-32, a gene that encodes an abundant albumin that is also under control of the O2 locus,
can also be bound by the 02 protein. We showed that the gene encoding the 22-kD-like a-coixin, the a-prolamin of the
maize-related grass Coix, can aiso be transactivated by the O2 protein. A binding assay in vitro and footprint analysis
demonstrated that the GACATGTC sequence of the a-coixin promoter can be recognized and protected by the maize 02
protein. Employing transient expression experiments in immature maize endosperm and tobacco mesophyll protoplasts,
we demonstrated that the 02 protein can activate expression of the 8-glucuronidase reporter gene placed under the
control of the 22-kD-like a-coixin promoter. We also demonstrated that a 22-kD-like a-coixin pseudogene promoter is

transactivated by the maize O2 protein.

INTRODUCTION

Prolamins, the major storage proteins of cereals (Osborne and
Mendel, 1914), have proved to be a useful model system to
study the reguliation of gene expression in plants. We are cur-
rently studying the prolamins from Coix lacryma-jobi, which
belongs to the grass tribe Andropogoneae. Other members
ofthis tribe include maize, Tripsacum, and sorghum. Compar-
isons between the genes from these related species have
provided insights into the structure and evolution of the prola-
min genes. The prolamins of Coix and maize, coixins and zeins,
respectively, can be separated into polypeptides of distinct mo-
lecular mass by SDS-PAGE (Ottoboni et al., 1990) and grouped
into four classes, a-, B-, v~ and &-prolamins (Esen, 1986; Leite
et al., 1990). In maize and Coix, the a-prolamins account for
more than 70% of total prolamins and are composed of poly-
peptides of 19- and 22-kD in maize (Burr et al., 1982) and
25-and 27-kD in Coix (Leite et al., 1990). These size class pro-
teins are encoded in both cereals by multigene families (Hagen
and Rubenstein, 1981; Ottoboni et al., 1993), and their expres-
sion is under strict tissue-specific and developmental control
(Shotwell and Larkins, 1989; Targon et al., 1992).

' To whom correspondence should be addressed at Centro de Biolo-
gia Molecuiar e Engenharia Genética, Universidade Estadual de
Campinas-Unicamp, Cidade Universitéria “Zeferino Vaz,’ Cx.P. 6109,
13081-970-Campinas-SP, Brasil.

Recently, we have shown that the 25-kD a-coixin genes share
high homology with the 22-kD a-zein genes in respect to both
protein structure and to the regulatory sequences present in
their promoter regions (Ottoboni et al., 1993). For this reason,
we designated the 25-kD a-coixin gene family as 22-kD-like
a-coixins (Ottoboni et al., 1993).

Several mutations are known to affect the level of zeins in
the maize endosperm (Motto et al., 1989). One of these,
opaque2 (02), exerts its major effect on the level of the 22-kD
a-zeins (Soave et al., 1976; Burr and Burr, 1982). A homozy-
gous loss-of-function mutation at O2 results in an overall
reduction of 50 to 70% in zein content. This is a consequence
of a lower rate of transcription, particularly from those genes
encoding the 22-kD a-zeins (Kodrzycki et al., 1989).

Another endosperm protein, a 32-kD albumin designated
b-32, whose expression is temporally and quantitatively coor-
dinated with the deposition of zeins, is greatly affected by the
homozygous 02 mutation. Such a mutation reduces the b-32
mRNA content to 5 to 10% of the wild-type level (Di Fonzo et
al., 1986).

The O2 gene has been cloned by transposon tagging
(Schmidt et al., 1987; Motto et al., 1988) and shown to be a
basic “leucine zipper” (bZIP) DNA binding protein (Hartings
et al., 1989; Schmidt et al., 1990). Subsequent experiments
have shown that the O2 protein is capable of transactivating
b-32 gene transcription in vivo by interacting with five putative
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binding sites containing the consensus sequence GATGAP-
yPUuTGPu (Lohmer et al., 1991).

A quite different target sequence (TCCACGTAGA) has been
shown to be the O2 binding site in the 22-kD a-zein promoter
(Schmidt et al., 1992). This sequence was verified by mobility
shift assays using the O2 protein from maize endosperm
(Schmidt et al., 1982). Furthermore, when a multimer of this
02 target site is placed upstream of a minimal promoter, it medi-
ates transactivation of the reporter gene by O2 in various
transient expression systems (Schmidt et al., 1992; Ueda et
al., 1992).

We have previously shown the presence of putative O2 boxes
in the promoter region of the 22-kD-like a-prolamins and also
found sequences homologous to the 02 gene in Coix and sor-
ghum (Ottoboni et al., 1993). in this study, we report the binding
to and transactivation of the 22-kD-like a-coixin promoter by
the maize O2 protein in both homologous and heterologous
expression systems. Surprisingly, we found that the core of
the a-coixin O2 target site (GACATGTC) shares more homol-
ogy with the B1 and B4 O2 binding sites of the b-32 gene than
with that of the 22-kD a-zein gene. Moreover, the a-coixin 02
box does not contain the ACGT core, an essential condition
for the high-affinity binding of the O2 protein (Schmidt et al.,
1992; Izawa et al., 1993).

RESULTS

Maize O2 Protein Binds to the 22-kD-like a-Coixin
Promoter

Sequence analysis of the 22-kD-like a-prolamin genes from
maize, Coix, and sorghum revealed two homologous O2 tar-
get sites in their promoters (Ottoboni et al., 1993). The target
sites are designated as O2a and O2b boxes in this study. in
the a-38 a-coixin promoter, the first box, O2a, is located at
position -301 with respect to the ATG, and the second, O2b,
at position -281. However, both boxes showed significant
discrepancy in relation to the O2a target sequence 5'-
TCCACGTAGA:-3' present in the 22Z-4 22-kD a-zein gene pro-
moter (Schmidt et al., 1992). Interestingly, as can be seen in
Figure 1, other 22-kD a-prolamin genes share such a dis-
crepancy, including two recently isolated 22-kD a-zein genes
(Thompson et al., 1992).

To determine whether the O2-like boxes of the 22-kD-like
a-coixin promoter are recognized by the O2 protein, we con-
ducted a DNA binding assay using the maize 02 protein in
a B-galactosidase (8-Gal)::02 fusion (Schmidt et al., 1990). As
shown in Figure 2A (lane 2), a 260-bp Sau3Al restriction frag-
ment that is immediately 3’ of the “prolamin-box” (Brown et al.,
1986b) and contains the two related O2 boxes (Figure 2B) was
bound by the O2 protein. Digestion of the Sau3Al fragment
with EcoRl, which separates the two O2-like boxes (Figure 2B),
showed that the resulting 225-bp fragment retains a strong
binding capacity (Figure 2A, lane 4) and indicated that the 02

: Prolamin-BOX : : 02a :
pML1 GTCACATGTGTAAAGGTGAAGCGATCATGCATGTCATTCCACATAGATTAAA

ZSFAC3 GTCACATGTTTAAAGGTGAAGAGATCATGCATGTCATTCCACGTAGATGAAA
222-4 GTCACATGTGTAAAGGTGAAGAGATCATGCATGTCATTCCACGTAGATGAAA
pML2 GTCACATGTGTAAAGGTGAAGAGATCATGCATTTCATTCCACGTAGATAAAA
gz22.8 GTOGCATGTGTAAAGGTGAAGAGATGATGCATGTCA~TCCAAGTATATGAAA
99222.8 GTAACATGTGCAAAGGTGAAGAGATCATGCATGTCATTCCTCATGTATGGAA

pGK1 ATAACATGTGTAAAGGTGAAG= =~~~ TG—ATGTCACTCCTCATTTATCGAA
a-3B AAAACGTATGTAAAGGTGAAGTGATCATGCATGTCATTCCTCATGAATTAGA
* & 222222222 e bhk e SV 1 *d *
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| |
AAAAA-TCCTATATAAAAATGACA-A---TTTTTCTTGTAGGTAGTGGAAAGTATCTTTCC
A-GAATTCCTATATAA-AATGACACA----TTTTCTTGTAGGTAGTGGAAAGTATCTTTCC
A-GAATTCCTATATAA-A-TGACACC----TTTTCT-GTAGGTAGTGGAAAGTATCTTTCC
A-GAGTTCCTATATAAGAATGGCACA---~TTTTCTTGTAGGTAGTGGAAAGTATCTTTCC
A-GAATTCCTATAGAA~AATGACA-A---TTTTTCTTGTAGGTAATGGAAACTAGCTTTCC
A-GAATTCCAATAGAA~AATGACGAA---TTTTCCT~-GTAGGTAGTGAAAACTATCTTTAT
AAG--TTCCAATAGAA~AATGACA-AC--TTTTCCTTGTAAGTAGTGGAAMTTGTCTTTCC
A-GAATTCCAATAGAA-AGCGACA--CTTTTTTTCTTGTATGTAGTGGAAACTATCTTTCC

. e Gee 4e o+ @ S 2P GEE bee b St ¢ dees

AGCAAAGACTATATATA-TAATCCGATAAAGCCGATAACTAAATGTCAAAATCGAGTAGAT
AGCAAAGAC----TA--~TAATCCGATAAAGT TGATAACTAAATGTOGAAAAAGAGTAGAT
~CATAGTAATCCGATAAAGTTGATAACTAAATGTCAAAATAGAGTAGAT
~CATA-TAATCCGATAAAGACGATAACTAAATGT OGAAATCGAGTAGAC
AGCAAAGAC----CATA-TAATCTGATGAAACTGATAACCAAATGTCGAAATTGAGTAGGT
AGCAAAGTC----CATA-TAATCATATGAAACTGATGACTAAATGTCAAAATTGAGTAGGT
TACACAGAC----CATA-TAATCCAATAAAATTGATAACTAAATGTCAAAATCGACTAGGT
AACACAAAC----CATA-CAATCCAACGAAACTGAGAACTAAATGACAAAATTGACTAGGA
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: 020 :
GCCATATCATCTATACCTTATCTG-TTGTTTGGAAAAAA-GACAAAATCCAAAAAAATATA
GCCATATCATCTATACCTTATCTG-TTGTTTGGAAAAAAAGACTAACTACAAA-AAATATA
GCCATATCATCTATACCTTATCTG-TTGT TTGGAAAA---GACTAA-TCCAAA-AAATATA
GCCATATCATCTATATCTTATCAG-TTGTTTGGAAAAAAAGACAAAATCCAA-CAAAAATA
GCCATATCATTGATAGCTTATCTA-TTGT TTGGCAAAAA-GATAAAATCCAAATATATATA
GCCATATCATCTATAGCTTATCCA-TTGT TGGGAAAAAA-TACAAAATCCAAA-AAATATA
GCCATGTCATCTATAGT TTATCTG-TTGTTCG- CAAAAG—C-CAAAATCTAAACAGATATC
GACATGTCATCTCTAGCTTATCTGCTTGTT-GGCAAAAT -C-TAAAATTTGAACACACATA
* bbd dhbe L2 L2222 tetad o EE X2 e * * ¢
| 2aza |
[ |

TATGAGATCTCACTTGTATAAATAGCTCCCAAATCAGTAGTTAATCCATCACCTATAATAT
TATGAGATCTCACTTGTATAAATAGCTCCCAAATCAGTAGT TAA~CCATCACCCATAATAT
TATGAGATCTCACTTGT-TAAATAGCTCCCAAATCAGTAGTTAA-CCATCACCCATAATAT
TTOGAGACCTCACCTATATAAATAGCTCCCATATCAGTAGT TAATCCATCACCCATAATAT
TATGAGATCTCACCTATATAAATATCT CCCAAATCAGTAGTTAATCCATCGCCCATAATAT
TATGAGACCTCACCTGTATATATAACCCCCAAATCAGTAGT TAATTCATCACCTAAAACAT
TATGAGCTCTCACTCATATAAATAGGCCCCAAATCAGTAGTTAAACCATCGCCCATAACAT
CATGAGCTTAGACTTGTATAAATAGGGCCCAAATCAATAGT TAATCCATCOGCCCATAACAC
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TTTGAGCA-TTCAGAAACACACCTAGGGAAGCGCAC--TAGCAACGACCTAACAACAATG
TTTGAACA-TTCAGAAACACACCTAGCGAAGCGCAC- - TAGCAACGACATAACAACAATG
TTTGAGCA-TTCAGAAACACACCTAGCGAAGCGCA- -~ TAGCAACGACCTAACAACAATG
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Figure 1. Sequence Alignment of 22-kD a-Prolamin Promoters.

The ~350-bp promoter fragments extending from the ATG of six 22-
kD a-zein clones are aligned. They include pML? and pML2 (Wandeit
and Feix, 1989), ZSF4C3 (Liu and Rubenstein, 1992), 222-4 (Schmidt
et al., 1992), and gZ22.8 and ygZ22.8 (Thompson et al., 1992) from
maize; the 22-kD-like a-kafirin clone pGK7 (DeRose et al., 1989) from
sorghum; and the Coix 22-kD-like a-coixin clone a-38 (Ottoboni et
al., 1993). Dashes indicate deletions introduced to maximize the ho-
mology comparison. identical nuclectides are marked by asterisks.
The locations of the putative DNA regulatory sequences “prolamin-
box;” O2 target sites O2a, O2b, and O2¢; TATA box; and the transla-
tion start codon (+1) are indicated above the sequence data.
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protein does not bind to the O2a box of the a-coixin promoter.
Because in this EcoRI-Sau3Al digestion the O2a box remained
in a 35-bp fragment that is too small to be retained by the
B-Gal::O2 fusion, the binding was confirmed by digesting the
a-coixin promoter fragment with EcoRI and Xbal. As shown
in Figure 2A (lane 6), only the 310-bp fragment that contains
the O2b (and O2c, see below) box (Figure 2B) was retained.
The Sau3Al digestion of the 22-kD a-zein promoter (plasmid
Pa-Z24103), which was included in the binding assay as a
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Figure 2. Selective Binding of the O2 Protein to Restriction Fragments
from the 22-kD-like a-Coixin and 22-kD a-Zein Promoter Sequences.

(A) Plasmids containing the promoter sequence from a-zein 22Z-4
(Pa-Z4103), a-coixin a-38 (Pu-Cx103), a-coixin pseudogene (pseudo)
a-3A (Pa-PCx103), and pBluescript KS+ (KS) vector were digested with
Sau3Al, EcoRl and Sau3Al, or EcoRl and Xbal, end labeled, and
incubated with the immunoselected B-Gal::02 fusion protein. Odd-
numbered lanes show the fabeled restriction fragments that were in-
cubated with the fusion protein. Even-numbered lanes show the
fragments that were specifically retained by the -Gal::02 fusion. The
lengths of the pBluescript KS+ Sau3Al fragments are given at right
in kilobases.

(B) Partial restriction map of the promoter region from the 22-kD-like
a-coixin a-38 and 22-kD a-zein 22Z-4 genes cloned in Pa-Cx103 and
Pu-Z4103, respectively. The putative O2 target sites O2a, O2b, and
O2c are represented by ovals. The solid fines above the map indicate
the restriction fragment that was bound by the p-Gal::02 fusion. Ab-
breviations for restriction sites are as follows: E, EcoRl; H3, Hindlll;
N, Ncol; S, Sau3Al; X, Xbal.
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positive control, showed that the O2 protein binds to a 200-bp
fragment that contains the O2a box (Figure 2A, lane 8), as was
determined previously (Schmidt et al., 1992).

When the a-zein promoter was digested with EcoRI-Sau3Al,
thus separating the O2 boxes present in the 200-bp Sau3Al
fragment (Figure 2B), no binding was observed (Figure 2A,
lane 10). This confirmed that the O2 protein does not recog-
nize the O2b (and O2c, see below) in the a-zein promoter. When
the a-zein promoter was digested with EcoRI-Xbal, only the
455-bp fragment containing the O2a box (Figure 2B) was re-
tained (Figure 2A, lane 12). As shown in Figure 2A (lane 14),
no binding was observed to the restriction fragments from the
pBluescript KS+ vector included as a negative control.

The clone Pa-PCx103, containing the promoter of the 22-
kD-like a-coixin pseudogene a-3A (Ottoboni et al., 1993), was
also assayed for its retention by the O2 protein. Like the nor-
mal gene (a-3B), the 260-bp Sau3Al restriction fragment was
bound by the O2 protein (Figure 2A, lane 16).

02 Protein Recognizes the GACATGTC Sequence
in the 22-kD o-Coixin Promoter

The site of interaction of p-Gal::02 on the 260-bp a-coixin pro-
moter fragment was mapped using DNase | footprint, as shown
in Figure 3. The assay was performed on both strands by using
increasing amounts of the protein A-Sepharose beads con-
taining the immunoprecipitated $-Gal::02 fusion (Schmidt et
al., 1992). Surprisingly, the O2a and O2b boxes were not pro-
tected. Instead, a third region that we have designated O2c
(Figure 1) was strongly footprinted.

As shown in Figure 3, the footprint observed in each strand
produced an overlapping region spanning 23 nucleotides that
is located at position -181 to —159 with respect to the ATG
initiation codon. According to the assumption that bZIP pro-
teins bind palindromic sequences, the region footprinted in
the a-coixin promoter encompasses the perfect palindrome
5-GACATGTC-3' As shown in Table 1, the O2c target site of
the a-coixin promoter, albeit completely different from that iden-
tified in its a-zein relative (Schmidt et al., 1992), has some
homology with the O2 target sites B1 and B4 reported for the
b-32 gene (Lohmer et al., 1991).

The nucleotide positions of the a-coixin O2¢ box were num-
bered relative to the center of symmetry. Following the
nomenclature used previously for the GCN4 binding site
(Oliphant et al., 1989), the central two nucleotides A and T of
the GACATGTC palindrome were designated as -0 and +0,
respectively.

Among the 22-kD-like a-prolamin genes (Figure 1), the
a-kafirin clone pGK1 (DeRose et al., 1989) contains the most
homologous O2c¢ box, which differs from that found in the
a-coixin promoter by an A-to-C replacement at position -2 (Ta-
ble 1). Interestingly, the O2c box in the a-coixin pseudogene
a-3A contains the same modification (Table 1) and is still rec-
ognized by the O2 protein (Figure 2A). Because the O2a site
in the a-kafirin promoter is quite different from that of the 227-4

27



240 The Plant Cell

GG+A 0 10 20 30 O G G+tA 0 10 20 30 O

-'— - mwileooo@a
cm= -= =“A N
B amn =
! SE3 N -
= £ER ] -==
. .'. '1. -~ v e
- nin - - -
= - — = _ \
.'.J E F-E-11
- — e
e .v-“l‘.-*
i:*':: TERme=
:Eil: =—¥§!=
.3 H ~-gooners
- -
- — :2-’:'
=S L 3 WozE58=
- '—'gnl-g
— A ., - -
ToENEEY | = i-
---a.-- - - ,
ogeeae band .
-ms28es —wd- |
e 2 XX —esmse
z=33338 | -==35%3
- 1111
2'55555 g’
.!!g!! . e wwwee
= - ‘_!

]
5-TAAATGACAAAATIGACTAGGAGACAIGICAICTCTAGCTIAICT-3"

Figure 3. Footprint in Vitro of the O2 Fusion Protein on the 22-kD-like
a-Coixin Promoter.

The 260-bp Sau3Al restriction fragment from the a-38 a-coixin pro-
moter that was retained by the 3-Gal::02 fusion in the DNA binding
assays was used for the footprint analysis. The lanes G and G+A in
(A) and (B) are the Maxam and Gilbert sequencing ladders. The la-
beled a-coixin promoter fragment was incubated with DNase | without
prior incubation with B-Gal::02 (lanes 0) or with increasing amounts
of the fusion protein (lanes 10, 20, and 30).

(A) Footprint analysis performed on the bottom strand.

(B) Footprint along the top strand.

The box beside each panel represents the region of footprint along
box O2c. A portion of the sequence spanning box O2¢ is shown along
the bottom of (A) and (B). The protected nucleotides are indicated by
the shaded and open boxes along the DNA strand given in single-
letter code. Note that in (A), the G and G+A sequencing ladders should
be read C and C+T, respectively, when referring to the sequence shown
along the bottom of the panels.

a-zein clone (Figure 1), we predicted that the O2c¢ box is the
preferred binding sequence in the pGKT a-kafirin clone.

In the 22Z-4 clone, as in all other 22-kD a-zein genes (Fig-
ure 1), the O2c¢ box differs from that of the a-coixin by an A-to-C
mutation and a G-to-A mutation at positions -2 and +1, respec-
tively (Table 1). These alterations, as shown in Figure 2A (lane
10), were sufficient to prevent O2 binding to this box under
conditions in which strong binding to the a-coixin box was ap-
parent. The other differences in 222-4 at positions —4 and -5,
although they improved either the similarity with boxes B1 and
B4 of b-32 or the symmetry with the nucleotides at positions
+4 and +5, were not sufficient to restore the O2 binding af-
finity. Therefore, it appeared that within the 23-nucleotide
footprinted sequence in the a-coixin promoter, the motif GAC-
ATGTC represents the main O2 binding requirement at the
nucleotide level. Moreover, although it is not present in the
B2, B3, or B5 O2 boxes of the b-32 gene (Lohmer et al., 1991),
the CATG core, as shown in Table 1, seems to be an important
consensus motif.

To confirm the footprint result, we performed O2 DNA bind-
ing assays on plasmids that contained either the intact 285-bp
EcoRI-Ncol a-coixin promoter fragment or an otherwise iden-
tical clone from which the sequence CAATAGA from the O2b
box had been deleted. These plasmids, designated P285a-C
and P285A02b, respectively, are represented in Figure 4B.
As shown in Figure 4A, a single restriction fragment of 225
bpin P285a-C (lane 4) and a fragment of 218 bp in P285A02b
(lane 6) were retained by the -Gal::02 fusion, confirming that
the O2 binds to the O2¢ box and not to the O2b in the a-coixin
promoter.

Transcriptional Activation of the 22-kD «-Coixin
Promoter Is Mediated by the 02 Protein

Immature Endosperm

To determine whether the binding affinity in vitro of the a-coixin
promoter reflected the situation in vivo, we conducted a histo-
chemical spot-counting transient assay in situ. In this assay,
immature maize endosperms were bombarded with DNA-

Table 1. Alignment of a-Coixin-like O2 Target Sites and Flanking
Sequences

Box Gene DNA Sequence Reference

B1  b-32 TGGGATGACATGGCTAATATA Lohmer et al. (1991)
B4 b-32 TATGATGACATGAC-TAT-TA Lohmer et al. (1991)
02c a-3B CTAGGAGACATGTCATCTCTA This study
02c a-3A CTAGGAGCCATGTCATCTCTA This study
0O2c pGK? CTAGGTGCCATGTCATCTATA DeRose et al. (1989)
02c 227-4 GTAGATGCCATATCATCTATA Schmidt et al. (1992)
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Figure 4. Binding of the O2 Protein to the Wild Type and Mutant 22-
kD-like a-Coixin Promoter Fragment.

(A) A plasmid containing the wild 285-bp a-coixin promoter fragment
(P285a-C), a mutant version in which the O2b box was deleted
(P285A02b), and the pBluescript KS+ (KS) vector was digested with
EcoRI and Sau3Al or Sau3Al, end labeled, and incubated with the
immunoselected 8-Gal::O2 fusion protein. Odd-numbered tanes show
the labeled restriction fragments that were incubated with the fusion
protein. Even-numbered lanes show the fragments that were specifi-
cally retained by the B-Gal::02 fusion. The lengths of the pBluescript
KS+ Sau3Al fragments are given at left in kilobases.

(B) Partial restriction map of the subcloned promoter region from the
a-coixin a-38 gene. The putative O2 target sites O2b and O2c are rep-
resented by ovals. The wild-type sequence spanning the O2b box
(boxed sequence} is represented in single-letter code over its corre-
sponding restriction map. The deleted nucleotides in the O2b box of
P285A02b (deleted version of boxed sequence shown above) are
shown as points. Abbreviations for restriction sites are as follows: E,
EcoRI; N, Ncol; S, Sau3Al.
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coated microprojectiles. The success of this method in the anal-
ysis of promoter-regulatory protein interaction has been
demonstrated previously (Oeda et al., 1991; Roth et al., 1991).

Figure 5 shows the different constructs used to analyze the
role of the O2a and O2c boxes of a-coixin and a-zein promoters.
Such constructs consist of reporter plasmids expressing the
B-glucuronidase (GUS) gene under the control of the intact
promoters (Pa-CxGUS and Pa-Z4GUS in Figure 5) or deleted
versions containing only the fragment from the EcoRl site to
the ATG codon (P285a-CGUS and P276a-Z4GUS in Figure
5). The deleted versions lacked the O2a box, the prolamin-
box, and any other possible upstream cis-acting element. As
a negative control, we used a plasmid in which the GUS gene
was placed under the control of the a-coixin promoter fused
in the inverted orientation (Pa-Cs[~]GUS in Figure 5). These
constructs were delivered into immature maize endosperm
alone or together with the effector plasmid (pRT101-02) ex-
pressing the intact O2 protein from maize.

As shown in Figure 6, the intact a-coixin (bar A} and a-zein
(bar C) promoters conditioned similar levels of activities. When
the sequence upstream of the EcoR| site was deleted from
both promoters, the activity was reduced ~50% for the a-zein
(Figure 6, bar D), whereas for the a-coixin the activity was not
significantly (P < 0.05) altered in relation to the intact promoter
(Figure 6, bar B). These results agree with the DNA binding
assay, indicating that the preferred O2 target site in the a-zein
promoter is the O2a box, whereas in the a-coixin it is the O2c
box. As expected, no activity was observed from the negative
control construct (Figure 6, bar F).

When cotransformed with the effector plasmid pRT101-02,
a reproducible level of enhancement in GUS activity was ob-
served for all the reporter plasmids (Figure 6, bars A+G to
D +G), exempting the negative control (Figure 6, bar F+G). In
addition, after cotransfection, blue spots were also observed
in the pericarp, as shown in Figure 7 (compare Figures 7A,
7C, 7F, and 7H with 7B, 7D, 7G, and 7I, respectively), unequivo-
cally indicating the occurrence of O2-mediated transactivation.

Strikingly, transactivation was also observed for the P276¢-
Z4GUS construct, suggesting that another sequence of the
-276-bp a-zein promoter may also be recognized by the 02
protein in vivo. Because the —276-bp promoter facks its pre-
ferred O2a target site in this construct, this enhancement of
expression was expected to be lower than that observed for
the intact a-zein 22Z-4 promoter (Pa-Z4GUS), which contains
both O2 boxes. However, as can be seen in Figure 6 (bars C+G
and D+G), both constructs reached the same level of expres-
sion. This could be explained by a condition in which a large
amount of O2 protein, which is transiently expressed by pRT101-
02, increased the chance of O2 binding to the putatively less
efficient O2 target site of the a-zein promoter.

Because the O2 protein is not able to transactivate the rice
actin? promoter (data not shown), our results suggested a
model in which the O2-mediated enhancement of transcrip-
tion is a consequence of direct interaction with these pro-
lamin gene promoters and not due to a general increase in
transcription.
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Figure 5. Schematic Representation of Chimeric GUS Constructs Used
To Analyze the Interaction between the O2 Protein and the 22-kD-like
a-Coixin and 22-kD a-Zein Promoters.

Distances are relative to the A residue of the initiator ATG codon. Unique
restriction site enzymes are B, BamHI; E, EcoRl; E5, EcoRV; M3, Hindll;
K, Kpnl; N, Ncol; P, Pstl; Sp, Sphl; X, Xbal.

(A) Pa-CxGUS, the GUS + 358 poly(A) cassette under the control
of a 1.08-kb a-3B coixin promoter.

(B) P285a-CGUS, the GUS + 35S poly(A) cassette under the control
ofa ées-bp a-38 coixin promoter fragment that contains only the putative
boxes O2b and O2c.

(C) Pa-Z4GUS, the GUS + 35S poly(A) cassette under the control of
a 0.84-kb 22Z-4 zein promoter.

(D) P2760-Z4GUS, GUS + 35S poly(A) cassette placed under the con-
trol of a 278-bp 227-4 zein promoter fragment that contains only the
putative boxes O2b and O2c.

(E) Pa-PCxGUS, a 0.96-kb fragment of the a-3A coixin pseudogene
promoter controlling GUS + 358 poly(A) reporter gene expression.
(F) Pa-Cs(-)GUS, a 1.1-kb a-3B coixin promoter in a reverse orienta-
tion driving GUS + 35S poly(A) reporter gene expression.

(G) The effector plasmid pRT101-O2 consisting of an O2 cDNA from
clone O2cDNAT-4 under the control of the CaMV 35S promoter and
358 poly(A) signal. The translated sequence of the O2 cDNA is repre-
sented as a shaded arrowhead.
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Figure 6. Transient Expression from the 22-kD-like a-Coixin and 22-kD
a-Zein Whole and Truncated Promoters Vectors in Immature Maize
Endosperm.

GUS activity was normalized according to the expression of the pACT1-F
vector (100% activity equals average 673 [+ 92] blue spots per plate).
The bars correspond to activity of the construct with the same nomen-
clature as given in Figure 5. Bars A to D and F indicate activity of reporter
constructs transfected alone, and bars A+G to F+G indicate activity
upon cotransfection with the effector plasmid (Figure 5G) in a 1:2 mo-
lar concentration. The values represent the mean GUS activity, and
standard deviation is represented by an error bar. Lowercase letters
over the bars represent the significant differences (P < 0.05) as deter-
mined by analysis of variance and SNK multiple range tests (Steel
and Torrie, 1980).

Tobacco Mesophyil Protoplasts

To ensure that the pRT101-02 enhancement of expression from
the a-coixin promoter is not a mere consequence of repressor
titration by heterodimerization (Pysh et al., 1993), we conducted
transient expression assays using the same set of constructs
in tobacco mesophyll protoplasts. Our rationale was based on
the assumption that tobacco does not contain an endosperm
repressor. Moreover, by using tobacco protoplasts we elimi-
nated the interference of both the endogencous O2 protein and
other endosperm-specific trans-acting factors.

The GUS activity driven by the a-coixin and a-zein promoters
was greatly enhanced upon cotransfection with the pRT101-02
effector plasmid, as shown in Figure 8. The levels of activity
from both a-coixin and a-zein intact promoters were statisti-
cally similar (Figure 8, bars A+G and C+G). Both truncated
constructs were significant less efficiently transactivated by
the O2 protein than the whole promoters (Figure 8, bars B+G
and D+G), although the upstream deletion in the a-coixin pro-
moter was less detrimental to the transactivation efficiency than
the same deletion in the a-zein promoter. In fact, the level of
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GUS activity obtained after cotransformation of the truncated
a-coixin promoter was approximately twice that observed for
the truncated a-zein. No activity was obtained when using the
construct with the inverted a-coixin promoter (Figure 8, bars
F and F+G).

These results confirmed those observed in the transient
expression assay in immature endosperm. The O2a box ac-
counted for most of the O2 transactivation of the o-zein
promoter, whereas the O2c¢ box accounted for most of the O2
transactivation of the a-coixin promoter. However, the follow-
ing two questions can be raised, Why was the truncated a-zein
promoter, which does not contain the O2a box, substantially
transactivated? Why did the whole a-coixin promoter result
in higher GUS activity when compared to the truncated ver-
sion if the O2c box is already present in the deleted promoter?
It appeared that in our transient expression assay, not only
the preferred O2 target site but also other sequence motifs
are involved in the transactivation of both promoters. Such se-
quences may represent alternative weakly O2 binding sites.

Different O2 Binding Sites in u-Prolamin Genes 243

02-Mediated Transcription of an 22-kD «-Coixin
Pseudogene Promoter

The presence of in-frame stop codons is a common feature
of multigene families containing tandemly repeated gene
blocks. They are called pseudogenes, and they have been
found in several cereal storage protein genes. The presence
of such “premature” stop codons, however, does not imply that
the gene is inactive. In fact, zein cDNA clones containing in-
frame stop codons have been isolated, indicating that such
pseudogenes may not be transcriptionally silent (Viotti et al.,
1985). Recently, it was shown that a C-hordein pseudogene
is transcriptionally active and that its amber codon can be par-
tially suppressed during translation (Entwistle et al., 1991). In
contrast, o-glutenin (Halford et al., 1989) and y-gliadin (Rafalski,
1986) pseudogenes of wheat are reported to be transcriptionally
silent.

A genomic clone containing three contiguous 22-kD-like
a-coixin genes, two of which (¢-3A and «-3C) harbor a

Figure 7. Spatial Distribution of GUS Activity in Immature Maize Endosperms Following Microprojectile Bombardment with the 22-kD-like a-Coixin
and 22-kD a-Zein Constructs.

(A) and (B) Expression of the Pa-CxGUS (see Figure 5) reporter construct.

(C) and (D) Expression of the P285a-CGUS.

(E) Expression of Pa-Cs(-)GUS. The a-coixin promoter in a reverse orientation fails to drive GUS expression.

(F) and (G) Expression of Po-Z4GUS.
(H) and (l) Expression of P276u0-Z4GUS.

(J) Expression of pActi-F (McElroy et al., 1990). The constitutive rice actin? promoter, as expected, showed nontissue-specific activity. Bar = 1 mm.
(B), (D), (G), and (1) Reporter construct expression upon cotransfection with the effector plasmid pRT101-O2. Note that in this case the pericarp

showed blue spots (arrows),

31



244 The Plant Cell

W lzs! = 1
A B C D E. F AGBGCGDGEGFRG
CONSTRUCT

Figure 8. Transactivation of Whole and Truncated 22-kD-like a-Coixin
and 22-kD a-Zein Promoters by O2 Protein in Tobacco Protoplasts.

GUS activity was normalized according to the expression derived from
the pRT103GUS vector (average 165 nmol of 4-methylumbelliferone
per minute per milligram of protein = 100%). The bars correspond
to activity of the construct with the same nomenclature as given in
Figure 5. Bars A to F represent the activity of reporter plasmids trans-
fected alone. Bars A+ G to F+G show activity upon cotransfection with
the effector plasmid pRT101-O2 (see Figure 5). The values indicated
show the average GUS activity and the standard deviation. Lowercase
letters over the bars represent the significant differences (P < 0.05)
between activities as determined by analysis of variance and SNK mui-
tiple range tests.

“premature” stop codon, was isolated from a Coix genomic li-
brary (Ottoboni et al., 1993). Because the promoter sequences
of both pseudogenes are nearly identical to the normal a-38
gene and contain the putative O2c box, we fused the a-3A pseu-
dogene promoter with the GUS gene (Pa-PCxGUS in Figure
5) and tested its propensity to be transactivated by the O2 pro-
tein. Transient assays in immature endosperm (data not shown)
and tobacco mesophyll protoplasts (Figure 8, bars E and E+G)
indicated that the a-3A pseudogene promoter drives the same
level of expression and is transactivated in a similar manner
with respect to the normal a-3B gene.

DISCUSSION

Comparisons of the 22-kD-like a-prolamin genes from maize,
Coix, and sorghum have shown that they share highly con-
served protein structure and putative cis-acting regulatory
elements. The presence of O2 homologous sequences in the
Coix and sorghum genome (Ottoboni et al., 1993) indicates
that the O2 protein may represent a conserved regulatory trans-
acting factor. In fact, we have isolated an O2-like clone from
a Coix cDNA library (A. Vettore, unpublished data). However,

a perfect counterpart to the recently identified O2 target se-
quence 5-TCCACGTAGA-3' present in the 22-kD a-zein clone
227-4 (Schmidt et al., 1992) could not be found in the homolo-
gous a-prolamin promoters. When all of the 22-kD-like
a-prolamin promoters were compared (Ottoboni et al., 1993),
two homologous O2 putative target sites were found in each
gene. In the a-coixin promoter, such target sites are represented
by the sequences 5-TCCTCATGAA-3' (box O2a) and 5-
TCCAATAGA-3' (box O2b), located at positions —301 to —291
and —-281 to —273, respectively (Figure 1).

The Maize 02 Protein Recognizes a b-32-like Target
Site in the 22-kD a-Coixin Promoter

In this study, we used DNA binding assays and DNase | foot-
print analysis to demonstrate that the maize O2 protein
recognizes neither box O2a nor O2b in the a-coixin promoter
but rather a third sequence, which we designated the O2¢ box.
The overlapped region protected by the O2 protein on both
strands of the a-coixin promoter comprises 23 nucleotides and
has an inner palindromic sequence 5-GACATGTC-3;, which
presumably represents the most important requirement for O2
binding effectiveness. Although we did not perform a muta-
tional analysis of the O2c box, further support for its importance
could be indirectly addressed because (1) it is highly homolo-
gous to already published O2 binding sites in the b-32 gene;
(2) in an in vivo dimethylisulfate footprinting of a glutenin gene
in wheat endosperm, it was demonstrated that a region includ-
ing the motif GACATGTA is protected at the time when the gene
is highly transcribed (Hammond-Kosack et al., 1993); and (3)
the naturally occurring mutations in the GACATGTC-like se-
quence of the 22-kD a-zein promoter were sufficient to prevent
the O2 protein binding.

As shown in Figure 9, the 19-kD a-zein clone ZE19 (Spena
et al., 1982) contains three highly homologous GACATGTC se-
quences. Such sequences are also found in other 19-kD a-zein
clones (Brown et al., 1986a). One of these, the CACATGTG se-
quence located at the prolamin-box (Figure 9), is also present
in several 22-kD a-zein genes (see Figure 1).

However, in spite of the exhibited homology, no apparent
02 binding occurs in such GACATGTC-like sequences of the
19-kD or in that of the 22-kD a-zein clones (Schmidt et al., 1992).
Because the CATG core is conserved in all sequences that
are not recognized by 02, we concluded that the nucleotides
at positions -3, -2, +2, and +3 are also important in deter-
mining O2 binding specificity. Strikingly, even a variation that
preserves the palindromic trait, as in the case of the CACATGTG
sequence mentioned above, can be sufficient to abolish O2
binding. Paradoxically, a mutation that disrupts the palindrome,
as occurred with the O2¢ box of the a-3A coixin gene (Figure
9), does not prevent O2 binding (Figure 2A). Therefore, it may
be assumed that not only the palindromic trait but also some
nucleotides at certain positions play an important role in the
DNA-O2 protein interaction.
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Interestingly, the protected sequences flanking the
GACATGTC palindrome in the a-38 O2¢ box comprise two other
smaller motifs (Figure 9). The firstis TGACT, which resembles
the GCN4 binding site (Hill et al., 1986), and the second is
CATCTCTA, a sequence common to the 5-flanking region of
prolamin genes from several cereals, called CATC box (Kreis
et al., 1986). The relevance of such motifs on the O2 protein
binding is under investigation.

Surprisingly, the GACATGTC sequence showed high homol-
ogy with the O2 binding sites B1 and B4 identified in the
promoter of the b-32 gene (Lohmer et al., 1991). Such a find-
ing helps to resolve the conflicting results concerning the 02
target site reported by two different laboratories (Lohmer et
al., 1991; Schmidt et al., 1992). By using the same experimen-
tal procedures and conditions reported for the identification
of the O2 box in the a-zein promoter (Schmidt et al., 1992),
we found a b-32-like target site in the a-coixin promoter. This
clearly denotes that the apparently conflicting results cannot
be attributed to the different experimental conditions (Schmidt
et al., 1992; |zawa et al., 1993), and it is more likely that all
the binding sites identified thus far can be recognized by the
02 protein even though they have different binding affinities.

The fact that in the 22-kD prolamin genes of maize and Coix,
two different sequences can be recognized by the O2 protein
raises a very interesting evolutionary issue. Because the 22-
kD class of prolamin-coding genes are present in multicopy
in both plants, one would suppose that the duplication events
giving rise to these genes would have occurred before the
events that separated the two plant species. Therefore, the
regulatory system between the O2 and its prolamin-dependent
genes would be the same in the two plant species. Our data
support the fact that they are not. In addition, the pGK7 22-kD
a-prolamin gene of sorghum exhibits an a-coixin-like O2 box.
The issue could be solved if in the 22-kD a-prolamin muitigene

| Footprinted region |
a-3B -188 CAAAATTGACTAGGA GACATGTC ATCTCTAGCTTA
a-3A -190 CAAAATCGACTAGGA GCCATGTC ATCTCTAGCTTA
ZE19  -185 CARAACCAACTAGAT ACCATGTC ATCTCTACCTTA
-309 GTCACAACATTGTCA CCCATGTA TTTGGACAATAC
-38¢ ATGTGGCTATCGTTA CACATGIG TAAAGGTATTGC

22Z-4 -340 TCATGTTAAGGTTGT CACATGTG TAAAGGTGAAGA

Figure 9. Comparison of the a-Coixin O2c Site with Homologous Se-
quences of 22- and 19-kD Zein Promoters from 22Z-4 and ZE19.

Positions are relative to the transiation start. The O2 target sequence
footprinted in the a-coixin promoter is indicated. The GCN4-like motif,
the O2¢ palindromic core, and the CATC box are indicated by under-
line, boldface italic letters, and a double underline, respectively. The
sources are a-3A, a-38 (Ottoboni et al., 1993), ZE19 (Spena et al., 1982),
and 227-4 (Schmidt et al., 1992).
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family both kinds of O2 target sites were present in the ances-
tor of maize, sorghum, and Coix. Increasing the number of
sequences of 22-kD-like a-prolamin promoters could provide
more information to confirm our hypothesis. Interestingly, the
wgZ22.8 a-zein clone seems to be an intermediate between
the a-38 a-coixin and the 22Z-4 a-zein genes because it con-
tains an a-3B-like O2a box and a 22Z-4-like O2¢ box (see
Figure 1). In contrast, the contiguous gZ22.8 a-zein clone
(Thompson et al., 1992) presents the O2a and the O2c target
sites similar to those of the 22Z-4 a-zein clone (Figure 1).

The 02 Protein Binds Target Sites without ACGT Core

Without losing binding affinity, the O2 protein supports a rela-
tively high degree of degeneracy at the nucleotides flanking
the ACGT core (Izawa et al., 1993). However, the replacement
of the ACGT core by ACAT was sufficient to abolish binding
in vitro (Schmidt et al., 1992) and transactivation in vivo (Ueda
et al., 1992) of the a-zein promoter by the O2 protein. Neverthe-
less, this conflicts with the fact that the B1, B2, B3, and B4
sites to which O2 is reported to bind in the promoter of the
b-32 gene (Lohmer et al., 1991) and the O2c target site of the
a-coixin do not contain an ACGT core. Thus, although most
of the characterized plant bZIP proteins recognize the ACGT
core, it does not imply that they necessarily require this core.
For example, the TGACGT/C binding proteins also interact with
the TGACGC motif of the caulifiower mosaic virus (CaMV) 358
promoter (Katagiri et al., 1989). Moreover, in most cases, the
importance of the ACGT core was analyzed by mutations that
create asymmetric cores {(Oeda et al., 1991; Schindler et al.,
1992; |zawa et al., 1993), whereas in the O2c a-coixin box,
the CATG core remains perfectly symmetric. This does not
mean, however, that the binding will remain unatfected by any
alteration to the ACGT core that preserves symmetry. For ex-
ample, the substitution of the ACGT core by GTAC in boxes
Il and I of the chaicone synthase parsley promoter prevents
the recognition by the common plant regulatory factor bZIP
proteins (Armstrong et al., 1992).

Can Low-Affinity Binding Sites in Vitro Mediate
Transcriptional Activation in Vivo?

Using immature maize endosperm and tobacco protoplast, we
demonstrated that the transiently coexpressed maize O2 pro-
tein enhanced the activity of the heterologous 22-kD-like
a-coixin promoter at the same level as it does for the maize
22-kD a-zein prorhoter. Furthermore, even when the region up-
stream from the EcoRl site was deleted, thus preserving only
the O2c box, the O2-mediated enhancement of expression was
maintained on both promoters. Nevertheless, the resuiting ex-
pression level was lower than that ebtained with the nondeleted
promoters. In this case, however, the truncated a-coixin pro-
moter was transactiyated to a higher level than the truncated
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a-zein. From this data, we proposed that both the O2a box
in the a-zein promoter and the O2c in the a-coixin promoter
do not represent the unique cis elements (albeit being the most
important) responsible for the resulting O2 transactivation.

in the binding assay in vitro, however, only the G2a box of
the a-zein and O2c box of the a-coixin strongly interacted with
the O2 protein. Because the transactivation experiments per-
formed in maize endosperm and tobacco protoplasts in vivo
gave similar results, an artifact seemed unlikely. This dis-
crepancy couid be explained if the conditions of the binding
assay in vitro were too restrictive to detect weak but selective
interaction of the protein to the target fragment. In fact, when
we performed a footprint analysis of the a-coixin promoter with-
out the DNA competitor poly(dI-dC), the sequence CATGCATG,
located just downstream of the prolamin-box (Figure 1), was
weakly protected by the B-Gal::02 protein (data not shown).

It is also possible that the protein-DNA complex was stabi-
lized in vivo by other proteins not present in the assay in vitro.
In this instance, binding affinity may not be a good indication
of transcriptional rates, the biologically relevant parameter. For
example, in the ethyl methanesulfonate-induced 02 mutant
02-676 (Aukerman et al., 1991), members of the 22-kD a-zein
class are expressed, while the rescued 02-676 protein is un-
able to bind the 22-kD a-zein promoter in vitro.

The results presented here showed that the O2 protein recog-
nizes and binds to alternative sequences, even if they lack the
ACGT core. This corroborates the hypothesis that one factor
may have different affinities for multiple sites and points to
the necessity of combining binding experiments in vitro with
expression assays in vivo to dissect the biologically relevant
parameters involved in the protein-DNA interaction. Moreover,
we stress the importance of finding among related genes the
occurrence of naturally preserved variants of functional cis ele-
ments to obtain insights into the understanding of the evolution
of gene regulation mechanisms.

METHODS

Construction of Plasmids

All sequence position numbers refer to the ATG initiation codon. The
pACT1-F plasmid (McElroy et al., 1990), which was used as a positive
control in the endosperm transient expression assay, contained the
B-glucuronidase (GUS) gene under the control of the strong constitu-
tive rice actin1 promoter.

P285a-CGUS is a 0.3-kb fragment that was amplified from an
EcoRI-Stul a-3B promoter subclone (Ottoboni et al., 1993) using the
universal sequencing primer and the primer Alfacoix-ATG 5§-TGCTGG-
ATCCATGGCGACAAGATGCTGCT-3' (New England Biolabs, inc.,
Beverly, MA), which is complementary to the —18 to +8 fragment and
creates Ncol and BamHi restriction sites over the ATG. The amplified
fragment was digested with EcoRi and BamHI and inserted into
pBluescript KS+ (Stratagenae). The resulting clone P285a-C was veri-
fied by sequencing of both strands. The cloned fragment was then

recovered by digestion with Hincll and Ncol and inserted into the
pRT103 plasmid (Topfer et al., 1987), which was digested with the
same enzymes, replacing the cauliflower mosaic virus (CaMV) 35S
promoter. The GUS coding region was excised from pJil140 (Gallie
et al., 1987) by digestion with Ncol and BamHl| and fused in the
corresponding sites among the 285-bp a-38 promoter and the CaMV
35S poly(A) signal.

P285A02b is the 285-bp promoter fragment of P285a-C that was
amplified using the universal sequencing primer and the primer
Alfacoix-272 5'-CTGCGAAT TCAAGCGACACTTTTTTCTT-3' (New En-
gland BioLabs, inc.), which is complementary to the —285 to -262
and creates a deletion of the CAATAGA sequence in the O2b box. The
amplified fragment was digested with EcoRI and BamHI and inserted
into pBluescript KS+. The resulting clone was verified by sequencing
both strands.

Pa-CxGUS is the a-38 promoter fragment that spans residues from
—1084 to —285 and was excised from the a-3C coixin clone (Ottoboni
et al., 1993) by digestion with Hindill and EcoRl. The 0.8-kb fragment
was ligated into the corresponding sites of P285a-C, giving rise to the
whole a-3B promoter clone Pa-Cx. Afterward, this promoter was re-
covered by Hincll and Ncol digestion and inserted at the same sites
of pRT103 replacing the CaMV 35S promoter, which resulted in the
Pa-Cx103 clone. The GUS gene was inserted as given above.

Pa-Cs(—)GUS is an EcoRI-Sau3Al fragment spanning nuclectides
-285 to —50 of the a-38 (Ottoboni et al., 1993) promoter. It was sub-
cloned in the EcoRI-BamH} fragment of the pBluescript KS+ vector.
Subsequently, the upstream promoter fragment from —1165 to —2885,
which was obtained by digesting the a-3C clone (Ottoboni et al., 1993)
with Hincll and EcoRlI, was joined, resulting in the a-38 promoter clone
Pa-Cs. The whole fragment was excised with Hincll and Sstl, blunt
ended with T4 DNA polymerase, and ligated with pRT103, which was
linearized with Hincll and Xhol and blunt ended with T4 DNA poly-
merase. Recombinant plasmids were screened by replica plate
hybridization, and those with the promoter in the reverse orientation
with respect to the CaMV 35S poly(A) signal were identified by restric-
tion mapping. The GUS gene was then inserted as mentioned
previously.

Pa-PCxGUS is an Xbal cione containing the pseudogene a-3A
(Ottoboni et al., 1993) from positions —962 to +1081. It was used as
a template for polymerase chain reaction amplification of the promoter
region. The primers used were the reverse sequencing primer and
the Alfacoix-ATG oligonucieotide. The amplified product was cloned
using the TA cloning system K2000-01 (Invitrogen, San Diego, CA)and
sequenced on both strands. After digestion with Xbal and treatment
with T4 DNA polymerase, the promoter fragment was excised with Ncol
and used to replace the CaMV 35S promoter of pRT103 linearized with
Hincll and Ncol, resuiting in the Pa-PCx103 clone. Subsequently, the
GUS gene was cloned into the Ncol-BamH] sites as described above.

P276a-Z4GUS is the fragment spanning nucleotides -276 to +1
of the 222-4 a-zein gene (Schmidt et al., 1992) that was excised as
an EcoRI-Ncol fragment from the vector PZ4Luc (kindly provided by
R.J. Schmidt, University of California at San Diego) and used to re-
place the a-coixin promoter of P285a-CGUS.

Pa-Z4GUS was derived from the PZ4Luc plasmid that was digested
with Accl, treated with the Klenow fragment of DNA polymerase |, and
then restricted with Ncol to obtain an 840-bp 22Z-4 promoter sequence
spanning nucleotides —841 to +1. Subsequently, in a tripartite liga-
tion, this fragment was fused to pRT103 digested with Hinchi-BamHi
and the Ncol-BamH! GUS coding sequences. The Pa-Z4103 clone used
in the DNA binding assay was obtained by fusing the above mentioned
840-bp 22Z-4 fragment to pRT103 digested with Hincll and Ncol.
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pRT103GUS was obtained by ligating the Ncoi-BamHI GUS frag-
ment into the corresponding sites of pRT103.

pRT101-02 is the complete maize Opaque2 (O2) cDNA from clone
02cDNA71-4 (Schmidt et al., 1990) obtained by partial digestion with
EcoR! and subsequently inserted into pRT101 (Topfer et al., 1987) lin-
earized with EcoRl and treated with calf intestinal alkaline phosphatase
(New England Biolabs, Inc.) according to the manufacturer’s instruc-
tions. A clone in which the O2 cDNA entered in the correct orientation
was identified by restriction mapping.

Transient Expression Assays in Immature Maize Endosperm

The commercial maize hybrid F-352 from Sementes Agroceres S/A
(Sao Paulo, Brazil) was grown at the experimental field of University
of Campinas and self-pollinated. Ears were harvested at 15 days after
pollination, surface sterilized for 15 min with 5% commercial bleach,
and rinsed four times in distilled water. Seeds were dissected from
the cob and sectioned longitudinally; 16 sections were flattened on
100-mm-diameter Petri dishes containing 20 mL of MS medium
(Murashige and Skoog, 1962), with the sliced surface facing upward.
Five micrograms of CsCl-purified DNA alone or coprecipitated with
10 ug pRT101-02 was used to coat 3 mg of 1- to 3-um-diameter gold
particles according to the method of Ye et al. (1990). The endosperms
were bombarded twice with 0.5 pg DNA (or 1.5 ug when cotransfected)
using a homemade helium particle delivery device (Ye et al., 1990).
After bombardment, the samples were incubated for 48 hr in the dark
at 27 + 1°C. The endosperms were then stained for GUS activity ac-
cording to the method of Jefferson (1987). To minimize experimental
errors, all constructs were evenly analyzed using seeds of the same ear.

Transient Expression Assays in Tobacco Mesophyll
Protoplasts

Nicotiana tabacum cv SR1 plants were grown in axenic conditions on
MS salts (Murashige and Skoog, 1962). Mesophyll protoplasts were
prepared from young leaves as described by Saul et al. (1988). Sam-
ples of 0.5 x 108 protoplasts were used for PEG transformation (Saul
et al., 1988; Negrutiu et al., 1990). Ten micrograms of Pa-CxGUS DNA,
or equimolar amounts of the other constructs, plus sonicated salmon
sperm DNA to a final amount of 43 pg were used in the transformation
of each aliquot of protoplast. After incubation for 24 hr, the protoplasts
were pelleted, lysed in GUS extraction buffer (Jefferson, 1987), and
centrifuged; the supernatant was used for protein estimation (Bradford,
1976). One microgram of protein was used in the fluorometric GUS
assay (Jefferson, 1987).

DNA Binding Assay

The DNA binding assay was performed with a B-galactosidase-0O2
(B-Gal::02) fusion protein according to the method of Schmidt et al.
(1992). Approximately 40 ng of 32P-|abeled Sau3Al, EcoRI-Sau3Al, or
EcoRI-Xbal digests of plasmids Pa-Cx103, Pa-Z4103, Pa-PCx103,
P285a-C, P285A02b, and pBiuescript KS+ (used as a negative con-
trol) was incubated with 15 pL protein A-Sepharose beads containing
the B-Gal::02 immunocomplex for 90 min at room temperature with
intermittent agitation. Washes, processing, and agarose gel electropho-
resis of the retained fragment were performed as described by Schmidt
et al. (1992).
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DNase | Footprint

The 260-bp Sau3Al restriction fragment from «-3B, which contained
all the putative O2 target sites, was cloned into the BamHI site of
pBluescript KS+. Either a Hindlll-Notl or an EcoRV-Xbal fragment con-
taining the 260-bp sequence and flanking polylinker sites was isolated
from an agarose gel and 3’ end labeled by partial fill-in with a-32P-
dATP, the other deoxynucleotide triphosphates (when required), and
the Klenow fragment of DNA polymerase |, thereby labeling the bot-
tom or the top strand, respectively. Note that in contrast to the T4
polynucleotide kinase labeling procedure in the Klenow method that
was just described, the 3’ end of the strand is labeled rather than the
5 end. The labeled fragments were then purified from a 7.5% poly-
acrylamide gel, and for each reaction, 35000 cpm of DNA was
incubated with 0, 10, 20, and 30 p.L of the protein A-Sepharose beads
containing the immunoprecipitated 8-Gal::02 fusion plus 30, 20, 10,
and 0 uL of the protein A-Sepharose beads, respectively, in a total
volume of 50 uL of binding buffer containing 12.5 mM Hepes, pH 7.5,
50 mM KCI, 10% glycerol, 0.05% Nonidet P-40, 05 mM DTT, and 0.7
ug poly(dl-dC). Reaction mixtures were incubated for 15 min at 4°C
and then digested with 0.3 units of DNase ! according to recommen-
dations of the Sure Track Footprinting Kit (No. 27-9101-01; Pharmacia
LKB Biotechnology). The resulting fragments were separated by elec-
trophoresis on a 5 or 6% sequencing gel. The same end-labeled DNA
was treated with the G+A and G chemical cleavage reaction, accord-
ing to the Sure Track Footprinting Kit or the Maxam-Gilbert Sequencing
Kit (No. SEQ-1; Sigma) manufacturer's recommendations, respectively,
and run on lanes adjacent to the footprinting reactions.
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Summary

The maize Opaque2 (02) protein is a bZIP factor, which controls the expression
of distinct classes of endosperm genes through recognition of different cis-acting
elements in their promoters. In this paper we demonstrate that the O2 target
sequences in the promoter of the a-coixin gene comprise two closely adjacent
binding sites related in sequence to the GCN4 binding site. Quantitative DNase
footprint analysis using a series of DNA templates having a mutation at one or
both sites, or disjointing sites, indicated that O2 binding to the o-coixin target
sites is best described by a cooperative model. Simultaneous numerical analysis
of footprint titration data from the normal and mutant tempiates, were used to
determine relative thermodynamic constants for local site binding and
cooperativity. This analysis indicated that O2 interacts with similar intrinsic affinity
with both sites. Some mutations affected cooperativity, while others did not,
indicating that cooperative binding is based on other properties in addition to
primary sequence recognition. Transient expression assays indicated that the
two adjacent sites act synergistically. Comparisons of the transcriptional activities
with the resolved relative binding free energies for the various templates,
suggest that this synergy is mediated both by cooperative DNA binding and by a
specific interaction of O2-DNA complexes with another factor.

In plants, two adjacent binding sites are a distinctive feature of ocs-
- elements. The a-coixin 02 target sequence resembles an ocs-element, both in
sequence and in some functional features of the resulting DNA-protein complex

responsible for transcriptional enhancement.

Keywords: Opaque2; Cooperativity; bZIP; Protein-DNA interactions; seed

storage protein.
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Introduction

The major class of seed storage proteins in maize, Coix lacryma-jobi and
sorghum is a group of prolamins called zeins, coixins and kafirins, respectively.
Based on their solubility prolamins can be grouped into four classes, a-, p-, y-
and &-, that can be further separated into polypeptides of distinct molecular mass
by SDS-PAGE (Esen, 1986; DeRose et al., 1989; Leite et al., 1990; Ottoboni et
al., 1990).

Several mutations are known to affect the level of zeins in the maize
endosperm (Motto et al., 1989). One of the first characterized mutant, the
opaque2 (02), affects a DNA-binding protein belonging to the basic/leucine
zipper (bZIP) class of transcriptional activators (Hartings et al., 1989; Schmidt et
al., 1990). Albeit no 02 mutants have been described for Coix and sorghum, both
species contain homologous O2 genes (Ottoboni et al., 1993, Pirovano et al.,
1994, Vettore et al., in preparation), indicating that this regulatory protein was
conserved among these species.

The Opaque2 protein (O2) has been shown to activate the transcription of
several maize and Coix endosperm genes through binding to significantly
different cis-acting elements (Lohmer et al., 1991; Schmidt et al., 1992; Yunes et
al., 1994b: Cord Neto et al., 1995; Maddaloni et al., 1996; Muth et al., 1996).
Other functional O2-binding sites have also been found in the seed-specific
genes of pea lectin (de Pater et al., 1994), wheat prolamin (Holdsworth et al,,
1995), and French bean phytohemaglutinin (Chern et al., 1996).

It is very difficult to draw a consensus sequence through the alignment of
all described 02 target sites. While we do not yet understand how can a protein
recognize such diversity of sequences, it is possible to infer that specificity has
not been maximized during evolution.

In a previous work we have shown that the O2 binding sequence in the
25kD a-coixin promoter spans approximately 30 nucleotides. It was early

apparent that over the entire sequence, the palindrome GACATGTC was the
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most important requirement for O2 binding effectiveness (Yunes et al., 1994Db).
However, the large size of the footprinted sequence leads us to ask for the
existence of an adjacent O2 binding site. In fact, based on sequence similarity
we identified at the 5' side of the protected site the sequence TGACTA, which
resembles the GCN4 binding site (Hill et al., 1986). The relevance of this GCN4-
like motif was addressed by site-directed mutagenesis. A single mutation
converting the TGACTA motif to TAACTA was sufficient to abolish the 02
binding under conditions where binding to the wild site is apparent (Yunes et al.,
1994a).

In plants, numerous examples exist where gene regulation is mediated by
DNA target sites bearing two neighboring DNA motifs related in sequence. The
characterization of putative discrimination factors for such targets show, at least
in some cases, that the same protein is able to bind both motifs (Tokuhisa et al.,
1990; Fromm et al., 1991; Foley et al., 1993; Zhang et al., 1993, Feldbrigge et
al., 1994; Feltkamp et al., 1994; Lam & Lam, 1995; Chern et al., 1996; Lu et al.,
19986).

In this study we show that for O2 binding at the a-coixin promoter, rather
than the palindrome previously identified, the most important features of the
footprinted region are two adjacent motifs related in sequence to the GCN4
binding site. By using gel mobility-shift assays and footprint titration experiments
we determined that the sequence-specific binding of O2 to a-coixin promoter
- occurs via cooperative binding of two O2 dimers to the two adjacent sites.
Relative microscopic binding constants that describe the intrinsic affinity of the
02 protein ligand for each of the adjacent motifs and the cooperative interaction
between liganded motifs were resolved by simultaneous numerical analysis of
binding data for the wild-type and mutant sites. Furthermore, the same mutants
were analyzed in transient expression assays, providing interesting insights

about the overall architecture of the functional nucleoprotein complex.
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Results
Two 02 homodimers simultaneously bind to the a-coixin O2 target region

The large size of the O2 footprinted sequence in the a.coixin o-3B
promoter and the presence of putative bZIP recognition motifs in each half of
this region (Yunes et al., 1994a, 1994b), led us to ask whether the O2 protein
binds one or another half of this region, or simultaneously to both haives.

To address this question, an Nterminal deleted Coix O2-homologous
protein comprising 63 residues of the Nterminal region, the bZIP domain, and
the C.terminal extension, was expressed in Escherichia coli and partially purified
by heat treatment according to I1zawa et al. (1993).

Binding of this O2 protein to oligonucleotide probes containing the a.coixin
02 target sequence was studied, using standard electrophoretic mobility shift
assays. Figure 1a shows the two oligonucleotides used. Oligo-A, which contains
a deletion of three nucleotides in the upstream side of the footprinted region
(Yunes et al., 1994b), and oligo.B, that contains all the footprinted region plus
five flanking nucleotides and a restriction enzyme site on each end. Incubation of
oligo-A with increasing amount of the O2 protein resulted in a single retarded
band (Figure 1b, lanes 2 to 5). Incubation with oligo-B resulted, in addition to the
single shifted complex observed with oligoA, in an upper retarded band (Figure
1b, lanes 7 to 10). When using oligo-B, the fraction of total probe shifted and the
ratio between the bands does not change appreciably above 125 ng protein.
Contrarily, the free probe does continues to decrease with increasing amount of
protein. This happened because an increasing amount of probe did not enter the
gel (data not shown). Since this effect was not observed with oligo-A, it is likely
that the probe arrested in the gel's well corresponds to a protein-DNA complex
where the oligo is bound by two O2 dimers.

These complexes were stable in the presence of 2 ng/ul salmon sperm
DNA, included in the binding reaction as a nonspecific competitor. In addition,

formation of the two complexes was sequence-specific, since binding was clearly
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competed by addition of identical unlabeled oligo-B (Figure 1c, lanes 3 to 8), but
not by a 50fold molar excess of the 63.mer Oct1 oligonucleotide (Pharmacia
Band Shift Kit) ( Figure 1c, lane 10). No binding was detected when the same
assays were performed using protein extract of a control E. coli strain carrying
the pET vector without the O2 coding sequence (data not shown).

Since bZIP proteins dimerise prior to binding to DNA (Landschulz et al.,
1989), the lower retarded band resulted from binding of one O2 homodimer to
the oligonucleotide, and the upper band was due to the binding of a second 02
homodimer to the same oligonucleotide molecule. Since no upper band was
evident with oligo.A, we concluded that the second O2 homodimer was unable to
bind due to the upstream truncation.

These data are consistent with a conclusion that the O2 footprinted region
in the a-coixin promoter covers indeed two adjacent binding sites, where two 02

homodimers bind simultaneously.

02 binds cooperatively to two adjacent GCN4-like sites

We named the upstream site, O2u, and the downstream, O2d. As shown
in Figure 2a, both sites present homologous GCN4 binding motifs. Previous
works indicate that O2 is able to bind GCN4-like sites (Mauri et al., 1993, de
Pater et al., 1994, Holdsworth et al., 1995).

By dividing the footprinted region at the middle, and considering the
- B'TGAC-3' GCN4-like motif as a half-site for an O2 dimer, we roughly depicted
the boundaries of each of the sites (Figure 2b). The O2d site covers the
palindromic sequence GACATGTC that was previously supposed to be the most
important requirement for O2 binding effectiveness (Yunes et al., 1994b). The
complementary strand of O2d, however, covers the sequence GATGACATGT,
which is much more similar to a GCN4 binding site (Arndt & Fink, 1986; Hill et al.,

1986), and is identical to the consensus O2 binding sequence described for the
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b-32 gene (Lohmer et al., 1991). The O2u site shares lesser degree of similarity
with any published O2 binding sequence.

A series of mutations was generated in the two sites (Figure 2c) and the
ability of these mutants to bind the Coix O2 protein was analyzed (see bellow). In
mutant m17, the TGAC motif of site O2u was modified to TAAC. Mutation m2
disrupted the palindromic sequence GACATGTC, but preserved in the
complementary strand the b-32-type 02 target. Contrasting, mutation m4
preserved the palindrome but disrupted the b-32 complementary motif. The m3
mutant is a combination of the m7 and m2 mutations.

An integral Coix O2 protein was expressed in E. coli, and partially purified
by heat treatment. This protein was used in the footprint assays of Figures 3, 4
and 5. The footprinted region obtained with the Coix O2 protein (Figure 3) was
identical to that previously reported for the maize p-gal::02 fusion (Yunes et al,,
1994b). The finding that in the wild-type promoter O2u and 0O2d filled up
together, suggests either O2 protein interacts with similar affinities at the
individual sites or O2 binds cooperatively to O2u and O2d.

All the mutations decreased the binding efficiency, as higher concentration
of O2 protein was necessary to obtain complete DNase | protection (Figure 3).
Mutation m2 was far less detrimental than m4, indicating that rather than the
GACATGTC palindrome, the most important motif of O2d site is the GCN4-like
sequence. Similarly, the decreased binding efficiency observed with mutant m1
indicates that the GCN4-like motif in O2u site is also required for accurate
binding, as we previously reported (Yunes et al., 1994a).

In contrast to the simultaneous occupancy of sites O2u and O2d in the
normal promoter, in the m7 and m4 mutants, the half-side region corresponding
to the mutated site is lately protected (Figure 3). These results are in accordance
with the gel retardation results, clearly indicating that the single footprint region
observed for the normal promoter, is due to the combination of two adjacent

binding events.
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The high detrimental effect of mutation m3 can not be simply explained by
the sum of effects caused by m7 and m2. Moreover, a complete protection of m1
and m4 required higher O2 concentrations than the wild-type promoter, not only
for the mutated site but also for the nonmutated one. Since it is unlikely that the
mutation of one or two nucleotides at one site might be affecting the intrinsic
binding to the adjacent site, the observed results are a good indication for
cooperative interaction, where occupancy of one site facilitates occupancy of
another, and contrarily, the mutation of one site results in a decrease of the

overall binding affinity.

The 02 binding at the adjacent sites show differential sequence specificity
and a strict spacing constraint

From the preceding resuits it is clear that both sites work jointly in a
cooperative manner, however, no indication of the intrinsic binding affinity for
each site is given. In order to understand the coupling process of the O2
interaction with the a-coixin target sequence it is important to test whether both
sites display similar affinity for O2 or whether there is a hierarchy of importance.
To answer these questions we analyzed four mutant templates, in which the O2
binding sites were differentially spaced.

In mutant m5 (Figure 2c), ten nucleotides encompassing around one
helical turn, were inserted between O2u and O2d, thus leaving the sites in the
- same phase of the DNA helix. The boundaries of the intervening sequence
mimic the pre-existing nucleotides, thus preserving the natural flanking
nucleotides for each site. In mutant mé6 (Figure 2c) fourteen nucleotides were
inserted, thus locating O2u and O2d sites on opposite faces of the DNA helix.

As shown in Figure 4a, reproducible DNase | footprints were recorded at
O2u and O2d sites on the m5 mutant, demonstrating once more that the large
02 target sequence in the a-coixin promoter is due to the presence of two

adjacent binding sites. The protection pattern for O2u and O2d in m5 was much
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less complete and required higher O2 concentration than for the wild-type
promoter. In addition, a greater degree of protection is apparent at O2d site
when compared with O2u site. These results indicate that spacing between both
binding sites is critical, and also that the O2 protein interacts with higher affinity
with 02d, in relation to O2u. However, the last result must be interpreted with
caution. In fact, we can not assure whether the 10 bp insertion did significantly
alter the primary recognition sequence at the individual sites, mainly at site O2u.

In the m6 mutant template, O2 still binds O2d site, however, no clear
protection was observed in O2u site by visual inspection (Figure 4a). It is not
possible to infer whether the loss of binding at site O2u is due to the increased
distance between the two sites or derives from the opposite stereospecific
alignment. Since, in both m5 and mé mutants the flanking sequences of O2u and
02d sites were identically altered by the intervening sequence, the difference in
the O2 binding results among these mutants, probably reflect the loss of
cooperative interactions between O2 bound to adjacent sites rather than
differences in intrinsic binding. Thus, it is possible that in m5 mutant some
degree of cooperativity is still possible.

To be sure that the binding results obtained with the m6é mutant are not
due to an anti-cooperative interaction, where the O2 bound at the stronger O2d
site hinders the binding at the weaker O2u site, we decided to analyze the
binding affinity of detached O2u and O2d sites.

From clone m5, we deleted either the O2u or O2d site, giving rise to m7 or
m8, respectively (Figure 2c). The detached O2d site was able to bind OZ2,
whereas for the detached O2u site no clear protection was visually observed
(Figure 4a). This is in keeping with the mé footprint results, and excludes the
anti-cooperativity hypothesis.

By scanning densitometry (see bellow) and gel retardation assay (Figure
4b) it was possible to demonstrate that O2 is able to specifically recognize the
detached O2u site, although with very weak affinity. This does not mean,

however, that O2u contributes weakly for the binding affinity observed at the
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whole double site. In fact, m7 mutant clearly shows the importance of an intact
O2u site, and suggests that O2 binds O2u site of the normal promoter with a
higher affinity than was observed in the mutants m5, m6, and m8. However, this
interaction probably requires much more sequence specificity than the
interaction with the O2d site, and could explain why any variation at the

recognition or flanking DNA sequence severely reduces O2 binding at O2u site.

Estimation of relative O2-a-coixin intrinsic binding energies and
cooperativity energy by simultaneous numerical analysis of wild-type and
reduced valency mutant footprint titration data

Cooperative interactions between regulatory proteins bound to multiple
DNA sites are often crucial in the regulation of transcription. In these cases, a
quantitative understanding of transcriptional regulation requires elucidation of the
structural and thermodynamic features of the individual interactions and the
mechanism of coupling of these interactions.

As initial steps to examine the O2/a-coixin assembly into its constituent
individual macromolecular interactions and to understand the role that each of
those local interactions plays in the regulation of the entire assembly we
performed quantitative DNase | footprint titrations. In a DNase | footprint
experiment conducted over a suitable titration of protein concentrations, profiles
of fractional protection at the individual sites can be simultaneously measured,
- and these can be used to resolve not only the intrinsic binding constants but also
those for cooperative interactions between the various sites (Brenowitz et al.,
1986, Senear et al., 1986).

The individual-site binding equations for O2u and O2d sites, constructed

according to a statistical-thermodynamic model (Ackers et al., 1982, 1983), are:

Yu = (ku [P] + ku kd kud [P12) / (1 + (ku + ka)[P] + ku ka kud [PT?)  (1a)

and

47



Yd = (kd [P] + ku kd kud [P12) / (1 + (ku + kd)[P] + ku kd kua [P1?)  (1b)

where Yu and Yd represent the fractional saturation of site O2u and 0O2d,
respectively, [P] is the free protein concentration, and ku and kd are the
microscopic or intrinsic equilibrium constants for binding of O2 to sites O2u and
0O2d, respectively. kud is the equilibrium constant for the cooperative interaction,
which is defined as the extra free energy of binding two sites simultaneously,
compared with the sum of the free energies of binding to each site separately.
The Gibbs free energies are obtained from the relation AGi = -RT In ki, where R
is the gas constant, and T is the absolute temperature.

Non-linear least-squares parameter estimations were used (see Methods)
to determine the best-fit model parameters that yield a minimum in the variance.
Because of the high numerical correlation between the constants to be resolved,
it is necessary to conduct the regression process simultaneously for different but
related experiments, whose modeling functions share one or more parameters
(Brenowitz et al., 1986; Senear et al., 1986). Thus, we included in our numerical
analysis titration data from the mutated promoters m7 to m8.

The results from the footprint experiments allowed us to write the
individual-site binding equations for the mutant templates. We assumed that the
alternated mutation of O2u or O2d in m1, m2, and m4 templates disturbed solely
the intrinsic binding to the mutated site, preserving the adjacent nonmutated site
with the same affinity encountered in the wild-type template. Since such
mutations reduced, but do not eliminated, the specific O2 binding to the given
mutant site, a new parameter for intrinsic binding to each of these mutated sites
was used, as described by Senear & Ackers (1990) and Scholl & Nixon (1996). A
new parameter for cooperative interaction was also added. These new
parameters correspond to the microscopic binding constants shown in Table |,
and were substituted for the corresponding microscopic constants of equations

1a and 1b. For m3 template the equation combines the intrinsic binding
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constants of the mutated sites of m7 and m2, plus a new cooperative constant
(Table I).

It was also assumed that deletion of O2u site in template m7 did not affect
the intrinsic affinity to site O2d. This is consistent with our footprint results, and
also with the fact that the O2 binding to b-32-like target sites supports high
degree of variability at the surrounding, and even at the recognition sequence
(Hartings et al., 1990; Lohmer et al., 1991). The individual site isotherm for the

m7 template is:

Yd = (kd [P])/ (1 + kdlP])  (2)

For m5 and m6 templates, we assumed that the 10 bp and 14 bp
intervening sequences produced an equivalent reduction in the intrinsic binding
affinity of O2u site, without disturbing the intrinsic binding at O2d site. Therefore,
the same new parameter for intrinsic binding to the O2u site of m§ and mé6 was
used. For the cooperative interaction, a new parameter was used for each of the
templates (Table I).

Since m8 derives from m5 (see Methods), the intrinsic binding affinity of

the m5’s O2u site was used to write the equation below:

Yums = (kums [P]) / (1 + kums[P])  (3)

Using a more extensive protein dilution series than shown in Figures 3 and
4, it was possible to determine the fractional protection of O2u and O2d sites for
the normal and m1 to m8 DNA templates. A subset of the bands in each site was
used for optical density measurement (Figure 3 and 4). We wrote an if/then logic
program to associate each data set with the proper equation, thus allowing
simultaneous least-squares parameters estimation. Because constraints exist for

a given parameter in one experiment that eliminates some of the possible values
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for that parameter in the second experiment, and vice versa, it was possible to
determine the best-fit values of the parameters.

Determination of absolute equilibrium binding constants requires that the
protein concentration is known. Thus, the protein must be chemically pure. Since
we do not know the dimerization constant or the fraction of active molecules in
our O2 protein preparation, all these calculated intrinsic binding and cooperative
free energies are based on total O2 concentration, and can only be viewed as
relative free energy terms (Brenowitz et al., 1989).

Figure 5 shows titration data for each of the templates included in the
analysis, together with the resolved individual-site binding isotherms. For some
templates, the range of protein concentration employed was not sufficient to
obtain the lower limit of fractional protection for one or both binding sites (m2 and
mé6 in Figure 5). Likewise, we were unable to saturate the mutant binding sites in
m3, m5, m6, and m8 (Figure 5), because a systematic, ligand concentration-
dependent variation in intensity of bands outside the binding site, precludes
fractional saturation computing at higher protein concentrations. Nevertheless,
the simultaneous analysis of these truncated data, and in conjunction with the
complete data of the other templates, resulted in bounds being present on both
extremes of the experimental phenomena, thus allowing resolution of their
relative free energy values.

The estimated relative intrinsic binding and cooperative free energie terms,
are summarized in Table II. Inspection of these relative free energy values
clearly show that O2 interacts with similar affinity and in a highly cooperative
manner to O2u and O2d sites of the normal promoter.

For the mutant sites of m7, m2, m3, and m4, the relative O2 binding
affinity is reduced by ca. 1.0 to 1.3 kcal/mol in relation to the wild type site, which
corresponds to 6- to 8-fold at the conditions studied. The relative intrinsic energy
of O2u site in m5, m6, and m8 is reduced by ca. 2.3 kcal/mol (49-fold). The m8

isotherm plays an important role in the determination of this intrinsic free energy
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(AGums), and therefore, the 2.3 kcal/mol reduction is consistent with the fact that
02 recognizes the detached O2u site with very weak affinity (Figure 4b). As we
already pointed out, this reduction is likely to be a consequence of the 10 bp
insertional mutagenesis.

The relative cooperative free energy remained the same for m2,
decreased ca. 1 kcal/mol (6-fold) for m71 and m4, and decreased ca. 0.5 kcal/mol
(2-fold) for m5. Evaluation of differences between the cooperative free energies
is less certain due to larger errors in the AGud terms. The confidence intervals for
these parameters reflect all systematic differences between separate
experiments, and between the different templates, as well as the imprecision of
individual experiments. Therefore, the small anticooperative effect observed for
m3, and the cooperative free energy of -0.7 kcal/mol for m6, are probably
meaningless within the confidence limits of the data. In fact, in separate analysis
of all individual templates, where different values for the cooperative free energy
were fixed and used to estimate the two intrinsic Gibbs free energy terms
(Brenowitz et al., 1986), we observe a minimum variance for AGud=0 when
analyzing m3 and mé6 (data not shown).

The resolved microscopic Gibbs energies observed are in good
accordance with our initial footprint conclusions. However, since these results
rely in the crucial assumptions we used to define which parameters are common
to each isotherm and which forms of the binding equations are to be applied (see
-~ above), we do not know how well the data for each of the different templates are
described by the simultaneous analysis. In this regard, the individual-site loading
free energies, AGL,i (Ackers et al., 1983), provide an important criterion in judging
the goodness of fit and completeness of the model (Koblan et al., 1992; Senear
& Bolen, 1992). As shown in Table Ill, there is a close agreement between AGL,i
values obtained from isotherms separately fitted to each template and those from
isotherms resolved by the model-dependent (simultaneous) least-squares

analysis, thus providing an important verification that the assumptions
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established correctly describe the macromolecular interactions between 02 and

both wild-type and mutant templates.

Transient expression assay

As initial steps to determine the biological significance of the free energy
values above calculated, we conducted transient expression assays in tobacco
mesophyll protoplasts. The reporter plasmids expressing the B-glucuronidase
(GUS) gene under the control of either the normal 285-bp a.coixin promoter
fragment, or the mutant version m1 to m7, and the Coix O2-protein-expression
vector used in the cotransfection experiments, are shown in Figure 6a.

The wild type vector treatment was included in all experiments as an
internal standard. .For each independent protoplast preparation, the GUS activity
was normalized to the average expression directed by the wild-type construct
cotransfected with the 02 expression vector. For comparisons between
treatments we employed the least significant difference (LSD) method, which is a
very effective test for detecting true differences in means (Carmer & Swanson,
1973).

Figure 6b shows the GUS activity of the various templates alone and after
cotransfection with the O2 effector vector. A clear difference in the responses of
the different constructs was observed upon cotransfection with the pRTO2Coix
effector plasmid. Similar results were obtained when using different amounts of
the O2 effector plasmid (data not shown), indicating that there is no interference
of a tobacco transacting factor.

The m7 mutation causes a ca. 50% loss of activity, while the m2 and m4
mutations reduced the level of O2 transcriptional activation by 5% and 25%,
respectively (Figure 6B). Considering that the total free energies of 02
interaction with m7 and m4 are very similar (Table Il), these results suggest that
in the context of our assay the O2u site is more important to enhance activity

than the O2d site.
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In mutant m3, which contains both m7 and m2 mutations, the reduction in
transactivation is much higher than the simple sum of effects caused by m7 and
m2 (Figure 6b). Therefore we can infer that a synergistic effect on transcription
occurs in the normal situation. Taken these results together with the free energy
values (Table Il), suggest that the cooperative O2 binding feature is likely to
contribute to the transcriptional synergism, by providing a more stable residence
at the enhancers, and increasing thé affinity of the protein for relatively weak
binding sites.

Mutants m5, m6, and m?7 retained poor transactivation activity (Figure 6b).
According to the statistics analysis these treatments show no difference at 5% of
significance. Looking at the free energy values, the m5 mutation, which still
permits certain degree of cooperative interaction of O2 bound at O2u and O2d
sites, showed higher binding affinity than m6 and m7 (Table |l). These data
indicate that the functional properties of a protein-DNA interaction do not always
correlate with binding afﬁnities. In case of m5, the interaction between the two
02 dimers bound at OZuj and O2d sites probably precludes either formation of a
domain competent to activate transcription, or effective interaction with the

transcription complex, perhaps due to steric constraints.

Discussion

We demonstrated that two linked sites, which we named O2u and O2d,
are responsible for the O2 binding and transactivation of the a-coixin gene. The
O2u and O2d sites show a considerable degree of sequence divergence. While
O2d site is almost identical to the B1 and B4 binding sites of the b-32 gene
(Lohmer et al., 1991), the O2u site is poorly homologous to any O2 binding site
described so far. Nevertheless, both sites contain a TGAC motif, which is also
part of the CREB/ATF and GCN4/AP1 binding sites.

Recently, it has been shown that O2 recognizes two linked binding sites in

the promoter of the 22-kD a-zein (Muth et al., 1996). In fact, it was earlier shown
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that the stronger TCCACGTAGA 02 target region in the 22-kD «-zein promoter,
is flanked by the weakly footprinted sequence comprising the domain
TGCATGTCA (Schmidt et al., 1992), which was recently characterized as an 02
binding site called Z2 (Muth et al., 1996). The sequence alignment of the a-coixin
and a-zein O2 binding sites is shown in Figure 7.

At the time, the characterization of two closely spaced plant bZIP binding
sites is mainly reported for the ocs-elements. These elements are a group of
extensively studied cis-acting sequences that have been identified in the
promoters of some Agrobacterium and caulimoviruses genes (Bouchez et al,,
1989). A considerable degree of sequence divergence occurs between the ocs-
element sequences described, and rare are the cases where an ocs-element is
constituted by two identical adjacent motifs (Bouchez et al., 1989; Fox et al,,
1992:; Ulmasov et al., 1994). As shown in Figure 7, the double O2 binding sites
of a.coixin and a-zein promoters show sequence similarities with some ocs-

elements.

02 binds cooperatively to the adjacent target sites

By a simultaneous numerical analysis of footprint titration data we were
able to estimate relative free energy components involved in the O2.DNA
interaction, and demonstrated that O2 binds to O2u and O2d sites with a similar
intrinsic affinity and in a cooperative manner. The GCN4 protein seems also to
‘bind cooperatively to very close repeated sequences in the promoters of his3
and his4 genes (Arndt & Fink, 1986). Recently, crude evidences suggest that
TGA2 or TGAS5, two Arabidopsis bZIP factors, are able to bind cooperatively to
the two tandem TGACG motifs in the as-1 site, an ocs-element found in the
CaMV 35S promoter (Lam & Lam, 1995).

As far as we know, our results represent the first clear demonstration of
cooperative binding of a bZIP transcriptional activator. However, some of the

assumptions we made during our analysis might influence the cooperativity
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constant measured. For example, it seems plausible that O2 binds more weakly
to O2d in a construct that lack the adjacent O2u (mutant m7) than to the same
site in the natural context. Since we assumed that the intrinsic binding constant
is the same for both constructs, the intrinsic affinity of O2d site could be
underestimated, which in turn leads to an overestimation of cooperativity.

On the other hand, several different factors might lead to an
underestimation of cooperativity. For example, our estimation of cooperativity
was based on the assumption that 100% of the O2 protein in the preparation is
active and predominantly in the dimer form at the concentration of our assays.
However, as discussed by Carlson & Little (1993), in case of either weak
dimerization of O2 or if the fraction of active O2 was considerably less than
100%, an underestimation of cooperativity may have occurred.

In order to obviate this concern, we simultaneously analyzed data from
several other templates, where a point mutation probably disturbed the intrinsic
binding to the mutant site but did not affect the intrinsic binding to the adjacent,
nonmutant site. Moreover, our results satisfied the three criteria used to judged
the goodness of fit and completeness of the model (Koblan et al., 1992; Senear
& Bolen, 1992), (i) the favorable comparison between the individual-site loading
free energies (Table Ill), and (ii) variances (data not shown), calculated from the
simultaneous analysis for each of the separate templates and those from the
best phenomenological fits to each of the templates, and (iii) the apparently
random distribution of residuals for each of the different templates (data not
shown).

It is never possible to eliminate all inaccuracy in global parameter
estimation. However, despite any uncertainty on the resolution of the binding
constants, there are no doubt regarding the cooperative DNA binding of O2. In a
separate analysis, where different values of the cooperative free energy were
fixed (Brenowitz et al., 1986), we obtained better values of the square root of the

variance when assuming values of AGud<0 (data not shown).
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The cooperativity might result from direct protein-protein interactions or be
the product of an altered DNA conformation induced by O2 binding. Aside the
uncertainties in the values of AGud terms, it is difficult to explain the fact that
different mutations, while altering at the same extent the intrinsic binding affinity
have different effects in the cooperative free energy terms (compare m2 and m4,
Table Il). However, in some cases global protein folding transitions are coupled
to DNA binding, then it is likely that the final protein conformation will be a
function of the DNA sequence (Spolar & Record Jr., 1994), and therefore, it is
possible that the same binding free energy drives folding of residues to create or
not key parts of the protein responsible for the protein-protein interaction,
depending on the DNA-sequence. A similar rationale can be envisioned
considering cooperativity being the product of a DNA conformational change. In
this case, differential sequence-dependent DNA distortions are induced by
protein binding, giving rise to DNA structures that facilitates or not the O2 binding
at an adjacent site. We had no evidence of hypersensitivity within or between the
02 binding sites that might indicate such DNA conformational change. However,

DNase | footprint is not of good utility in the study of DNA structure itself.

Evolutionary significance and biological role for cooperativity of Opaque2

To date, 02 is the only plant bZIP factor to which a regulatory function
could be assigned. Surprisingly, there is a large variability in the functional 02
- binding sites so far identified (Lohmer et al., 1991; Schmidt et al., 1992; Yunes et
al., 1994b: Cord Neto et al., 1995; Maddaloni et al., 1996; Muth et al., 1996).
This implies that specificity has not been maximized during evolution, which is in
accordance to the statistical-mechanical selection theory of Berg & von Hippel
(1987). This theory assigns that the recognizer protein is not designed for
maximum specificity because of an evolutionary requirement of flexibility.

In order to reduce the competitive binding to pseudosites in the genome to

appropriate levels, a tendency towards larger DNA sites is required. An effective
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increase in site size, without the undesirable enlargement of the discrimination
factor, is then achieved by dimerization or cooperative binding of the same
protein to two neighboring binding sites, so that the effective recognition
sequence consists of the two sites taken together (Berg & von Hippel, 1987).
Weaker discrimination factors permits a fine tuning or modulation of the
binding (or activity) at different specific sites. This could represent a means for
the O2 protein to control, with different intensities, the expression of the different
classes of endosperm genes (Kodrzycki et al., 1989; Yunes et al., 1994a; Cord

Neto et al., 1995;. Maddaloni et al., 1996).

The two adjacent binding sites and transcriptional synergy

By transient expression asvsays in tobacco protoplats we observed that a
mutation on either of the adjacent sites or on both sites simultaneously, affects
the transactivation by O2 in such a manner that can not be simply explained by
an additive mechanism. Therefore, it is plausible that O2u and O2d sites act
synergistically to achieve a high level of expression of the a-coixin gene.

Recently, Muth et al. (1996) demonstrated that the maize O2 protein binds
to three sites in the o.zein promoter, and that one of such sites, which has the
lowest affinity of all three, confers no detectable O2-dependent promoter
activation alone, but significantly increases activation in combination with either
one of the other sites. Similarly, a sinergistic effect on transcription is observed
when both binding motifs in the ocs-element are occupied (Bouchez et al., 1989;
Singh et al., 1989; Ellis et all., 1993; Kim et al., 1994; Ulmasov et al., 1994; van
der Zaal et al., 1996).

Cooperative DNA binding that leads to a synergistic effect on transcription
is a property of some eukaryotic activators, including the steroid hormone
receptor (Tsai et al., 1989), the immunoglobulin enhancer binding factor Oct-2
(Lebowitz et al., 1989), the ubiquitous octamer-binding protein Oct-1

(Bruggemeier et al., 1991), the Drosophila heat shock factor (Xiao et al., 1991),

57



the Hela cell protein TEF-1 (Davidson et al., 1988), and the yeast GAL4 (Giniger
& Ptashne, 1988). However, other eukaryotic activators do not appear to bind
cooperatively to DNA, although activate transcription synergistically on templates
bearing two or more recognition sites. These suggest that there must be an
additional mechanism, that together with cooperative binding, contributes for the
synergistic action (Okuda et al., 1990; Oliviero & Struhl, 1991; Emami & Carey,
1992).

Cooperative binding of two or more activators to DNA, can in principle,
generate a synergistic effect on transcription because the activator's affinity for
DNA increases, allowing a template bearing multiple sites to become saturated
at lower concentration of activator than a template bearing a single site. Since for
the different analyzed mutants, the total binding free energy is correlated with the
expression activity, it is likely that cooperative binding of O2 to the linked sites
contributes to the observed sinergistic effect on transcription.

But the cooperative O2 binding must not be the only mechanism
contributing for the synergistic action. Some templates, while having significantly
different transcriptional activity, present an identical total energy of saturation
upon binding of O2 (compare m1 and m4). This demonstrates that the global
binding affinity may not be always a secure indicative of transcriptional activity.
By analyzing how is this total binding energy partitioned between events
occurring at the two sites (Table Ill) it is possible to infer that, in the context of
our assay, binding at O2u site is more important to enhance activity.
Interestingly, the upstream site of the ocs-element was also reported to be more
important for activity (Singh et al., 1989).

Therefore, each of the O2u and O2d sites might have different roles in
determining the arrangement of the nucleoprotein complex and the interaction
with the transcriptional machinery. In this regard, we can suggest that the 02
molecules which cooperatively bind to the 10 bp distant sites of m5, might form
such a deviate protein (or DNA) structure, that precludes or hinders the domain

competent to activate transcription, as was reported for the thyroid hormone
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receptor (Glass et al., 1988) and the A repressor (Hochschild & Ptashne, 1988).
A similar circumstance, of normal in vitro binding with no enhancer effect in vivo

was detected for the ocs-elements (Singh et al., 1989; Ellis et al., 1993).

Materials and Methods
Construction of plasmids with mutant O2 target sequences

The pBluescript KS (Stratagene) derived clone P285a-C (Yunes et al.,
1994b), which contains the EcoRI/BamHI| 285-bp a-coixin promoter fragment
spanning the 02 target sequence, was the template for the site-specific
mutagenesis performed by asymmetric PCR (Perrin & Gilliland, 1990) using the
sequence primers and one of the following mutant primers:
0O2cm1 5'-TGACAAAATTAACTAGGAGAC-3’,
02cm2 5-TAGGAGACATATCATCTCTAG-3",
02cm3 5-TGACAAAATTAACTAGGAGACATATCATCTCTAG-3 ’
0O2cm4 5-GAGACATGTCCGCTCTAGCTTA-3, and
02cm5 5-AAATTGACTAGGAGACTCGAGGAGACATGTCATCTC-3" (National
Biosciences, Inc., Plymouth, MN). Note that primer O2c-m5 creates a Xhol site
(underlined). The amplified fragments were subsequently digested with EcoRl
and BamHI and inserted into KS vector, resulting in the clones P285m1,
P285m2, P285m3, P285m4, and P285m5, respectively. The P285m6 mutant
was obtained by subcloning the 285-bp EcoRI/BamHI fragment of P285m6GUS
(see bellow) into KS. We cloned a detached O2d site, P285m7, by digesting
plasmid P285m7GUS (see bellow) with Hindlll and Ncol, recovering the 175-bp
fragment, filling the recessed ends with Klenow, and cloning into the Smal site of
KS. A clone with an isolated O2u site, P285m8, was obtained by subcloning the
200-bp EcoRI-Ncol fragment of P285m8GUS (see bellow) in place of the 285-bp

EcoRI-Ncol fragment of P285a-C. All the clones were verified by sequencing.
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Overproduction of Coix O2-homologous protein in Escherichia coli

An incomplete Coix O2 coding sequence was cloned in pET3d (Studier et
al., 1990). The incomplete O2 cDNA was excised from clone pCO2-1 (Vettore et
al., in preparation) by digestion with BamHI and Xhol, the Xhol recessed end
was partially filled with dTTP and dCTP using Klenow, and the resulting fragment
was cloned into the BamHI site of pET3d, giving rise to pETO2iCx.

We also cloned the entire Coix O2 coding sequence into the pET3a vector
(Studier et al., 1990). Using the reverse sequencing primer and the
oligonucleotide O2ATG 5-CAATCGATCATATGGAGCACGTCATCTCAATGG-3"
(National Biosciences, Inc., Plymouth, MN), which creates a Ndel restriction site
(underlined) over the ATG, we amplified the O2 coding sequence from ATG to
+382, using clone KS02-212/374 (see bellow) as template. The amplified
fragment was digested with Apal and cloned into KS linearized with EcoRV and
Apal, giving rise to clone KCRO2C. Subsequently, in a tripartite ligation, the 382-
bp Ndel-Accl fragment from KCRO2C, plus the 1024-bp Accl-BamHI| fragment
from pRTO2Coix (see bellow), were inserted into the Ndel and BamHI sites of
the pET3a vector, resulting in the pETO2Cx.

BL21(DE3)/pLysS transformants were incubated in 50 mi LB medium at
36°C until an A600 of 0.4. Logarithmic phase cultures were induced with 0.4 mM-
IPTG for 3 h. Bacteria were collected by centrifugation, washed with BBF buffer
(12.5 mM HEPES/KOH (pH 7.5), 50 mM KCI, 0.5 mM DTT, 10% glycerol),
resuspended in 2 ml BBF buffer, and lyzed by freeze-thawing until the
suspension became translucent. The extract was boiled for 3 min and then
incubated on ice for 30 min (Izawa et al., 1993). Insoluble proteins were removed
by centrifugation. Protein concentration was determined by the Bradford assay
(Bradford, 1976). The O2 protein used was partially purified to approximately
40%, as judged by electrophoresis on SDS gels. Molar concentrations were
based on the predicted molecular weight deduced from the sequence of the Coix

02-homologous gene (Vettore et al., in preparation).
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Electrophoretic mobility shift assays

DNA probes oligo-A and oligo-B were prepared from the synthetic pairs of
oligonucleotides (National Biosciences, Inc., Plymouth, MN, and GIBCO BRL):
oligo-A

5 -ATTGACTAGGAGACATGTCATCT-3"
3’-CTCTGTACAGTAGAGATC-5" and,
oligo-B

5 -GCTCTAGATGACAAAATTGACATGGAGACATGTCATCTCTAGCTTA-3’
3-ACTGTTTTAACTGATCCTCTGTACAGTAGAGATCGAATCTTAAGG-5"

The above oligonucleotides were annealed (50ug/mi) in buffered 150 mM
NaCl by heating at 65°C for 5 min and gradual cooling to room temperature. For
radiolabeling, 250 ng of annealed oligonucleotides were extended with Klenow in
50 mM Tris-HCI, 10 mM MgCl, (pH 7,6), [a-32P]dATP, and the other unlabeled
dNTPs.

For the assays with the insert fragment of P285m7 and P285m8,
preparation of DNA was the same as for Footprint (see bellow).

Protein-DNA complexes were formed by mixing different amounts of
proteins with 2 pug/ml of sonicated salmon sperm DNA in 50 ul of binding buffer
(10 mM HEPES/KOH (pH 7.9), 50 mM KCI, 1 mM EDTA, 10 mM DTT, 2 mg/mi
BSA, 10% Glicerol). After a pre-incubation of 5 min at 25°C, the labeled probe
was added (2-10 fmol, 5 000-30 000 cpm), and the mixture was incubated for 20
min at 25°C. The mixture was fractionated onto a 5% acrylamide (30:1
polyacrylamide/bisacrylamide) gels in 0.25(x) TBE (50 mM Tris, 42 mM boric
acid, 0.5 mM EDTA), at 12°C.

DNase | Footprint titrations

Preparation of DNA. The P285a-C, or P285m1 to P285m8 plasmid DNA
was digested with EcoRl and Notl, and the binding-site-containing fragments
were isolated using agarose gel electrophoresis. After visual quantitation of DNA

concentration, we labeled 300 ng of each fragment by Klenow fill-in reaction of
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the 3'-recessed EcoRI end, using [a-32P]dATP plus the other unlabeled dNTPs.
The labeled fragments were then purified by PAGE, followed by "crush and
soak", standard procedures.

DNase | footprinting. Reactions were carried out at 25°C in a mixture
containing 12.5 mM HEPES/KOH (pH 7.5), 50 mM KCI, 0.5 mM DTT, 10%
glycerol, 0.05% Nonidet P-40, 1ug poly(di-dC), and 20 000 - 60 000 cpm of end-
labeled DNA, in a total volume of 50 or 200 ul. The molar concentration of DNA
was measured based on the starting amounts of DNA and recovery of counts.
The estimated concentration of the specific DNA fragment in each experiment
was then used to calculate the free protein ligand concentration during data
analysis (see bellow). The reactions were gently mixed every 2-3 min for 35 min.
MgCl, and CaCl, were then added to a final concentration of 1mM and 0.5 mM,
respectively. After 1 min of incubation, 0.1 units of DNase | (HPLC pure,
Pharmacia) was added and, after mixing, the reaction was incubated another
minute. The reaction was stopped by addition of DNase | stop solution to final
concentrations of 137 mM sodium acetate (pH 5.2), 22.8 mM EDTA (pH 8.0),
0.1% SDS, and 10 pg tRNA, followed by vigorous vortexing. The samples were
extracted once with an equal volume of a 25:24:1 phenol / CHCI3 / isoamyl
alcohol mixture, and the DNA was ethanol precipitated from the aqueous phase,
ressuspended in formamide loading buffer, and separated by electrophoresis on
an 6% sequencing gel. The G+A sequencing ladder was prepared according to
the Sure Track Footprinting Kit (Sigma) manufacturer’'s recommendations.
Autoradiography of the dried gels was conducted at -70°C, using preflashed X-
ray film and an intensifying screen.

Data analysis. Two dimensional optical scans of the footprint
autoradiographs were obtained using a Biorad GS-700 imaging densitometer.
We set a spatial resolution of 56 um (450 dpi) and a pixel depth of 12 (12 bit
precision). The optical density was processed by using the Molecular Analyst

TM/PC program. The fractional protection (P) of the sites was determined by the
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method of Brenowitz et al. (1986). Energetic parameters for the interaction of the
02 protein with the a-coixin binding sites, and the end points for each transition
curve, were estimated by simultaneous nonlinear least-squares analysis, using
the multivariate secant (DUD) iterative method of the NLIN SAS program. The
convergence criterion used, specifies the program to continue the iterative
process until the decrease in SSE (square sum error) is 10-8 and the maximum
change among the parameters is 106. The G4SINGULAR option, which
specifies that a g4 or Moore-Penrose inverse is used in parameter estimation if
the Jacobian is (or become) of less than full rank, was used. The NLIN SAS
program uses a linearized form of a nonlinear model for the analysis of
confidence contours, consequently it predicts a symmetrical confidence interval
which is an underestimate of a true confidence interval. The reliability of the
parameter estimation process was evaluated by the cross-correlation coefficient,
considering a critical limit of ~0.96. In order to evaluate the uniqueness of the
estimated parameters, multiple least-squares parameter estimations were
performed with a variety of different starting values for the parameters, such that
all of these converged to the same set of parameter estimates.

An if/then logic was used to assign the data point to the correct equation
described in the Results. To treat quantitative footprinting data as transition
curves (Brenowitz et al., 1986), the final equation used in fitting the fractional
protection data (P) and the appropriate fractional saturation function (Y) was:

P=L+U-L)*Y
where L and U are fitted lower and upper end points to the observed transition
curves.

At each iteration of the nonlinear least-square procedure used to fit the Y
(fractional saturation) value observed, the fitted Y was used to correct each total
protein concentration, [Pt], to the free protein concentration, [Pf], according to
the relationship:

[Pf] = [Pt] - [P-DNA], and
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[P-DNA] = Y * [DNA]
where [P-DNA] represents DNA-bound protein.

Construction of plasmids for the transient expression assay

All sequence position numbers refer to the ATG initiation codon.

The reporter vectors P285m1GUS, P285m2GUS, P285m3GUS,
P285m4GUS, and P285m5GUS were constructed by excising the 285-bp (295-
bp for m5) EcoRI-Ncol fragment from the counterpart clones P285m1, P285m2,
P285m3, P285m4, and P285m5 and inserted into the P285a-CGUS vector
(Yunes et al., 1994b), which was digested with the same enzymes, replacing the
normal 285-bp a-coixin promoter fragment. Vector P285m6GUS was obtained by
digesting P285m5GUS with Xhol, filling the recessed ends with klenow, and
recircularizating with T4 DNA ligase. Vector P285m7CUS was obtained by
deleting a 100-bp fragment spanning the O2u site, by digesting P285m5GUS
with EcoRI and Xhol, filling ends with klenow, and recircularizating with T4 DNA
ligase. Vector P285m8GUS was obtained by deleting a 100-bp fragment
spanning the O2d site, by digesting P285m5GUS with Xhol and Apal, making
blunt ends with T4 DNA polymerase, and recircularizating with T4 DNA ligase.
Since the putative TATA box was also deleted, P285m8GUS was not assayed in
the protoplasts transfections.

pRTO2Coix is an effector vector containing the Coix O2-homologous
cDNA sequence spanning from -212 to 1406, placed under control of the
CaMV35S promoter of pRT101 (Topfer et al., 1987). From the incomplete Coix
02 cDNA clone pCO2-1 (Vettore et al., in preparation), the sequence spanning
from +382 to +1406 was amplified by PCR and inserted in the Accl and Kpnl
sites of KS, giving rise to the clone KSO2+382/1406. The primers for PCR were
the reverse sequence primer and the oligonucleotide 02C382
5 -TTCGGCACGTCGACCTCGTGGCCTTC-3" (National Biosciences, Inc.,
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Plymouth, MN), which creates an Accl restriction site (underlined) at position
+382, without changing the amino acid sequence.

The upstream +1 to +382 coding region, plus the untranslated leader
sequence, were obtained from the Coix O2 genomic clone (Vettore et al., in
preparation). By comparison with the maize O2 cDNA clone 6-1 (Schmidt et al.,
1990), the putative site for transcription initiation in the Coix O2 genomic clone
was identified at position -212. The Coix 02 sequence from -212 to +382 was
amplified and inserted in the EcoRI and Accl sites of KS, giving rise to the clone
KS02-212/374. The oligonucleotides for the PCR were 02C-212
5"-GCTCGAATTCTGCACGCACAAGGCCTCA-3’ and 02C+374
5-GCCACGAGGTCGACCTCCAATT-3" (National Biosciences, Inc., Plymouth,
MN), which creates an EcoRI and Accl restriction sites (underlined), respectively.
All the PCR-derived clones were verified by sequencing

Subsequently, in a tripartite ligation the whole Coix O2 cDNA sequence
was assembled. The 594-bp EcoRI-Accl fragment from KS02-212/374, plus the
1024-bp Accl-Kpnl fragment from KS0O2+382/1406, were inserted in the EcoRl
and Kpnl sites of the pRT101 vector, resulting in the pRTO2Coix.

Transient expression assays in tobacco mesophyll protoplasts

Transient expression assays in tobacco mesophyll protoplasts were
performed essentially as described previously (Yunes et al., 1994b). Because of
the limiting amount of protoplasts it was not possible to include all treatments
(the different reporter vectors) in a single protoplast preparation. Five
independent protoplasts preparations were used. The overall treatments were
analyzed in a partially balanced incomplete block design, where each block
corresponds to a protoplast preparation. The P285a-CGUS:pRTO2Coix
treatment was included in all protoplasts preparations, as a control. For each
independent protoplast preparation, the GUS activity was normalized to the

average expression directed by this treatment.
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Ten micrograms of the reporter vector alone or with 20 pg of the
pRTO2Coix effector vector, plus sonicated salmon sperm DNA to a final amount
of 43 ng were used in the transformation of each aliquot of protoplast. The total
number of replicas per treatment was 11, 5, 5, 5, 3, 3, 3, 4and 18, 11, 8, 8, 9, 6,
11, 4 for the normal, m1, m2, m3, m4, m5, mé6, and m7 templates alone and
cotransfected with O2, respectively. Ten micrograms of protein was used in the

fluorimetric GUS assay (Jefferson, 1987).
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Figure legends

Figure 1. Binding of Coix O2.homologous protein to oligonucleotides containing
normal and truncated O2 target sites. (a) A portion of the a.coixin promoter
sequence spanning the O2 target region (boxed) is shown. The palindromic and
GCN4.like sequences are depicted (inner boxes). The sequences of the
oligonucleotides used in the mobility shift assay are given bellow. The flanking
sequence (small caps) of oligo.B, which do not align with the a-coixin promoter,
are part of the newly created restriction sites. (b) Mobility shift assay using
oligoA or oligoB and increasing amounts of the protein extract containing the
N-terminal truncated Coix O2 protein at final concentrations of 25 ng (lanes 2
and 7), 125 ng (lanes 3 and 8), 250 ng (lanes 4 and 9), and 500 ng (lanes 5 and
10). In lanes 1 and 6, no protein was added. The position of the free probe (fp),
lower band (lw), and upper band (up) is shown. (¢) Mobility shift assay using the
oligo.B probe mixed with different fold molar excess of the unlabeled oligo.B
(lanes 3 to 8) or the 63.mer Oct.1 oligonucleotide (lanes 9 and 10) as specific or
nonspecific competitors for the binding activity, respectively. In lane 1 no protein
was added. In lanes 2 to 10 the amounts of protein extract used corresponds to

25 ng of the N-terminal truncated Coix O2 protein.

Figure 2. Mapping and site directed mutagenesis of the O2 target sequence in
- the a.coixin promoter. (a) The O2 target region (shaded) in the a.coixin promoter
is shown. The GCN4- and b.32like sequences, together with the palindrome are
depicted (inner boxes), and the 5" TGAC.3" motifs are indicated by arrows. (b)
Considering the upstream and downstream inverse TGAC repeats as half-sites
(arrow), the linked binding sites O2u and O2d, respectively, were outlined. (c)
Sequence of the O2 target region in the eight different mutant templates
obtained by site directed mutagenesis. The mutagenized nucleotides (small

caps) are circled. In m5 and m6, the inserted nucleotides (small caps) are shown
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ladder should be read C+T when referring to the sequence shown in Figure 2. (b)
Mobility shift assay using the same labeled fragments (m7 and m8) as in (a), and
increasing N-terminal truncated Coix O2 protein concentrations: 0.25 ng (lanes 1
and 6), 0.5 ng (lanes 2 and 7), 2.5 ng (lanes 3 and 8), and 5 ng (lanes 4 and 9).
In lane 5, no protein was added. The position of the free probe (fp) and the
protein-DNA complex (arrow) is shown. The diamond indicates the position of a
band corresponding to the vector plasmid, which derives from an incomplete

purification of the insert fragment.

Figure 5. Individual-site titration data for the interaction of the Coix O2-
homologous protein with the normal and mutant a-coixin promoter templates.
Panels show titration data for the binding of the integral Coix O2 protein to the
adjacent O2u (red circles) and O2d (green squares) sites. The fractional
saturation is plotted against the log of the total O2 protein concentration. The
solid curves are the result of simultaneous nonlinear least-square fit to all of the
data. The dashed line in the mutant template panels (m7 to m8) represents the
isotherm for the O2 binding to site O2d in the normal template, and was included

to facilitate comparisons. Estimated relative interaction energies are in Table 2.

Figure 6. Transactivation of normal and mutant a-coixin promoters by the Coix
O2-homologous protein in tobacco protoplasts. (a) Schematic representation of
chimeric reporter and effector constructs used to analyze the interaction between
the O2 protein and the a-coixin promoter. P2850-CGUS, GUS gene under the
control of the normal a-coixin promoter. P285m1GUS to P285m7GUS, GUS
gene under the control of the mutant promoters m1 to m7 described in Figure 2.
The promoter is represented as a shaded arrowhead, and sites O2u and O2d as
open ovals. pRTO2Coix, Coix 02 gene under the control of the CaMV 35S
promoter (arrowhead). The translated sequence of the O2 cDNA is represented

as a box. Restriction enzyme sites are A, Accl; Ap, Apal; B, BamHI; E, EcoRI;
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over the site’s sequence. In m7 and m8, the sequence resulted from the deletion

of one of the binding sites is shown in small caps.

Figure 3. Footprint of the Coix O2-homologous protein to the normal and mutant
a-coixin promoter templates. The DNA templates, normal, and m7 to m4 are
indicated above each panel. The positions of the O2u and O2d binding sites are
indicated to the left of the upper (normal) panel. For the sequence of the m17 to
m4 mutant templates refer to Figure 2. Bracketed on the right are blocks of
bands used to calculate the extent of saturation of each site. The asterisk
indicates the position of a mutated nucleotide. The concentrations of the integral
Coix O2 protein added to each lane were: lanes 2, 9, 16, 23, and 30, no addition;
lanes 3, 10, 17, 24, and 31, 18.7 nM; lanes 4, 11, 18, 25, and 32, 37.5 nM; lanes
5,12, 19, 26, and 33, 56.2 nM; lanes 6, 13, 20, 27, and 34, 74.9 nM; lanes 7, 14,
21, 28, and 35, 93.7 nM. Lanes 1, 8, 14, 22, and 29 show the G+A sequencing
ladder. Note that the G+A sequencing ladder should be read C+T when referring

to the sequence shown along the left of the upper panel.

Figure 4. Binding of the Coix O2-homologous protein to different mutant
templates bearing separated or detached O2u and O2d sites. (a) Dnase |
protection experiment. The DNA templates m5 to m8 are indicated above each
panel. For the sequence of the m5 to m8 mutant templates refer to Figure 2.
- Bracketed on the right are blocks of bands used to calculate the extent of
saturation of each site. The concentrations of the integral Coix O2 protein added
to each lane were: lanes 2, 9, 16, and 23, no addition; lanes 3 and 10, 30.9 nM;
lanes 4 and 11, 93.7 nM; lanes 5 and 12, 156.4 nM; lanes 6 and 13, 218.3 nM;
lanes 7 and 14, 281.0 nM. Lane 17, 7.5 nM; lane 18, 9.4 nM; lane 19, 18.7 nM;
lane 20, 56.2 nM; lane 21, 93.7 nM. Lane 24, 56.2 nM; lane 25, 93.7 nM; lane
26, 234.2 nM; lane 27, 374.7 nM; lane 28, 515.2 nM. Lanes 1, 8, 14, and 22

show the G+A sequencing ladder. For m5, m6, and m8 the G+A sequencing
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H3, Hindill; K, Kpnl; N, Ncol; P, Pstl; S, Sall; Sm, Smal; Sp, Sphi; X, Xbal; Xh,
Xhol. (b) GUS activities observed in the transiently transformed tobacco
protoplasts. Ten micrograms of the reporter vectors, P2850-CGUS (normal) or
P285m1GUS to P2856m7GUS (m1 to m7), were transfected alone (white bars) or
together with 2fold molar excess of the effector plasmid pRTO2Coix (shaded
bars). GUS activity was normalized according to the expression from the
P285a-CGUS + pRTO2Coix (normal, shaded bar) co-transformation. The values
represent the mean normalized GUS activity, and standard deviation (8) is
represented by an error bar. Lowercase letters over the bars represent the
significant differences (P<0.05) between activities as determined by analysis of

variance and LSD test, using the Statistica program (StatSoft)

Figure 7. Comparison of the O2 double binding sites with the ocs-elements.
Homologous O2u and O2d site sequences are outlined by open and shaded
boxes, respectively. The homologous 5" TGAC-3" motifs are indicated by arrows.
Note that sequence divergence observed both within the ocselements, and
between ocs.elements and the O2 binding sites, are comparable. The putative
binding sites of the O2 target sequences are 2 bp closely allocated, if compared
with the ocs.elements. The sources are a.zein 22kD (Muth et al., 1996), mas b,

mas e (Fox et al., 1992), ocs, nos, ags, CaMV35S (Bouchez et al., 1989).
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Table 1. Microscopic binding constants parameters used in writing equations for

each template DNA.

Template Intrinsic binding constants Cooperative
DNA Upstream site Downstream site  binding constants
normal ku kd Kud

m1 kum1 kd Kudm1
m2 ku kdm2 Kudm2
m3 Kum1 kdm2 Kudm3
m4 Ku kdma4 Kudm4
mb kums kd Kudms
mé6 kums kd Kudmé
m7 - kd -

m8 kums5 - -
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Table 2. Relative microscopic Gibbs free energies of O2/a-coixin promoter

interactions resolved by footprint titration of normal and mutant binding sites®.

Template Intrinsic binding energies Cooperative Total binding
DNA Upstream site Downstream site energies energies®
normal AGu AGd AGud AGtnormal
-9.96+0.06 -10.2410.02 -2.5240.05 -22.72
m1 AGum1 AGd AGudm1 AGt1
-8.91+0.18 -10.24+0.02 -1.5940.18 -20.74
m2 AGu AGdm2 AGudm2 AGt2
-9.96+0.06 -9.131£0.24 -2.64+0.18 -21.73
m3 AGum1 AGdm2 AGudm3 AGt3
-8.91+0.18 -9.13+0.24 0.36+0.34 -17.68
m4 AGu AGdm4 AGudm4 AGt4
-9.96+0.06 -8.98+0.32 -1.4910.34 -20.44
mb AGums AGd AGudms AGt5
-7.65+0.04 -10.24+0.02 -2.05+0.08 -19.94
mé6 AGums AGd AGudmé AGte
-7.65+0.04 -10.24+0.02 -0.7310.06 -18.62
m7 - AGd - AGt7
-10.24+0.02 -10.24
m8 AGums - - AGt8
-7.65+0.04 -7.65

® Relative free energies (in Kilocalories per mole) are presented with 67%
confidence intervals (see Methods) according the two site cooperativity model.
® The total free energy of binding (AGt) corresponds to the sum of AGi and AGi

values.

° Relative free energies are related to the corresponding microscopic equilibrium
constants, ki (Table I), by the relationship AGi=-RT In ki.
4 Data from normal and mutant DNA templates were analyzed simultaneously.
They are shown separately in Table only to facilitate comparisons. The square
root of variance for this simultaneous analysis was 0.066.



Table 3. Individual site loading free energies (AGL,) from isotherms separately
fitted to each template and those from isotherms resolved by the simultaneous

least-squares analysis®.

Template Isotherm AGLu AGLumt AGLums AGLd AGLdm2 AGLdm4
DNA resolution

normal separately -11.27 -11.24
simultaneous -11.34 -11.39

m1 separately -10.19 -10.44
simultaneous -10.10 -10.64

m2 separately -11.01 -10.85
simultaneous -10.94 -10.79

m3 separately -8.63 -9.06
simultaneous -8.70 -8.97

m4 separately -10.37 -10.03
simultaneous -10.42 -10.02

mb separately -9.65 -10.24
simultaneous -9.48 -10.47

mé separately -8.53 -10.40
simultaneous -8.33 -10.29

m7 separately -10.53
simultaneous -10.24

'm8 separately -7.61
simultaneous -7.65

2 AGL, values (in Kilocalories per mole) were calculated by numerical integration
according to Ackers et al. (1983).
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Figure 2
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Figure 3
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Figure 4
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DISCUSSAO’

Apos a formulagao da hipotese do “operon” por Jacob e Monod (1961) e
desde que foi estabelecido que a regulagdo da expressdo génica era mediada
por proteinas, a tentativa da compreensdao molecular das interagées destas
proteinas com os promotores, operadores e “enhancers” correspondentes aos
seus alvos de regulacdo tem sido um dos tdpicos centrais na Biologia Molecular.
Isto porque o entendimento do processo de regulagdo génica, requer a
elucidacdo de questées relacionadas a especificidade das interagoes proteina-
DNA, ou seja, de como uma proteina pode reconhecer e discriminar uma
sequéncia particular de DNA no contexto do genoma como um todo.

Em plantas, a grande maioria dos fatores reguladores da transcrigéo
descritos pertence a classe das bZIPs. Inicialmente, todas as bZIPs de plantas
cuja especificidade de ligagcdo ao DNA foi estudada mostraram-se capazes de
se ligar a sequéncias contendo o motivo central ACGT (lzawa et al., 1993,
Foster et al., 1994). Isto levou a conclusdo generalizada de que as bZIPs de
planta reconheciam apenas elementos cis com ACGT, variando a afinidade da
ligacdo - e portanto a especificidade - em fungdo das sequéncias flanqueadora
deste nucleo (Williams et al., 1992, Izawa et al., 1993).

Entretanto, todas as bZIPs estudadas, com excegdo da Opaco2 de milho
e da PosF21 de Arabidopsis (Schmidt et al., 1987; Aeschbacher ef al., 1991),
haviam sido isoladas por selegdo em bibliotecas de expressao, utilizando-se
como sonda uma sequéncia de DNA contendo o motivo ACGT (Meshi e
Iwabuchi, 1995). Portanto, era esperado que as proteinas codificadas pelos
genes de tais clones apresentassem afinidade por sequéncias contendo ACGT.

Logo, a inferéncia de que o nucleo ACGT é imprescindivel aos elementos cis

" Uma vez que cada um dos dois artigos apresenta uma ampla discussdo dos
resultados, esta sessdo consta de uma discussao geral, onde foi abordada a
contribuicdo de nosso trabalho para o entendimento da regulagdo génica em
plantas.
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reconhecidos pelas bZIPs em plantas era incorreta, visto que a amostra de
bZIPs estudada nao era representativa.

Outra questao a ser discutida é o fato de as varias bZIPs serem capazes
de reconhecer sitios distintos com ACGT central, ou seja, o fato de
apresentarem uma especificidade “relaxada” por sequéncias com ACGT (lzawa
et al., 1993). Este resultado poderia levar a duas interpretagdes: ou estas bZIPs
estariam realmente envolvidas na expressdo de uma ampla variedade de genes
e por isso apresentariam baixa especificidade para permitir a transativagéo dos
genes; ou entdo nem todas as sequéncias reconhecidas pela proteina in vitro
teriam uma fungéo in situ. A dltima hipotese foi mais aceita, e portanto postulou-
se que somente aquelas sequéncias com maior afinidade pela proteina
regulatéria seriam fisiologicamente importantes (Izawa et al., 1993).

Entretanto, os estudos de especificidade de ligagdo de bZIPs de planta
que levaram a esta premissa eram feitos com o uso de sequéncias curtas de
DNA (oligonucleotideos) aleatoriamente desenhadas, em que se variavam dois
ou trés nucleotideos em torno de um nicleo ACGT (lzawa et al., 1993). Isto
porque, excecdo feita ao caso da proteina 02, ndo se conhecem quais genes
estdo sob o controle de quaisquer das bZIPs, e portanto, ndo se conhecem os
elementos cis naturalmente reconhecidos por elas, de tal modo que os
resultados obtidos nestes experimentos devem ser interpretados com certa
cautela.

Trabalhando com a Opaco2, tinha-se a vantagem de poder analisar os
genes que estdo sob seu controle; ou seja, havia a possibilidade de analisar a
especificidade de ligagdo de um fator bZIP de plantas com seus sitios naturais
de interacdo com o DNA. Ao mesmo tempo, pela comparagédo dos resultados
obtidos em milho e Coix, poder-se-ia vislumbrar tendéncias evolutivas com
respeito a tal especificidade de ligagao.

Ao contrario do proposto na hipdtese generalizada que julgava
imprescindivel a presenga do motivo ACGT (Schmidt et al., 1992), e apesar do

descrédito dado por Izawa et al. (1993) ao trabalho referente a determinagao do

90



sitio de ligagdo da proteina O2 no gene b-32 (Lohmer et al., 1991), verificou-se
que o sitio de ligagdo da O2 no gene da a-coixina nao apresentava o citado
motivo ACGT (Yunes et al., 1994b). Resultados semelhantes foram obtidos do
estudo da interagdo da proteina O2 e outra bZIP, a TGA1a, com o promotor de
um gene de lectina de ervilha (de Pater et al.,, 1994), e mais recentemente da
analise da interagao do fator O2 com um gene de proteina de reserva de trigo
(Holdsworth et al., 1995). Embora ndo se saiba ainda da existéncia de fatores
regulador tipo Opaco2 em ervilha ou trigo, estes resultados corroboram a idéia
de que o motivo ACGT néo é fundamental, pelo menos para algumas das bZIPs.

O panorama que surgia dos estudos de afinidade de ligagdo das bZIPs a
oligonucleotideos artificialmente desenhados sugeria que a regulagéo exercida
por um fator de transcricdo sobre um dado gene-alvo era fungéo da presenga de
um sitio de ligacdo altamente especifico, cuja sequéncia primaria de
nucleotideos permitiria uma alta afinidade de ligagdo. Paradoxalmente, os
resultados obtidos do estudo dos sitios naturais de ligacdo da O2 mostravam
que um mesmo fator de transcri¢do seria capaz de regular genes relacionados,
como os da a-zeina de 22 kDa e a-coixina de 25 kDa, através de sitios de
ligacao bastante diferentes.

Esta ultima constatagdo, conjuntamente com dados obtidos da analise
dos genes da B-coixina e B-zeina (Cord Neto et al, 1995), onde uma nova
sequéncia de ligagdo da proteina O2 foi encontrada, indica que a especificidade
de ligacdo de um fator ao DNA, e por conseguinte o padrao especifico de
expressao espacial e temporal de seus genes-alvo, ndao parece ser devido
unicamente a presenga de uma sequéncia especifica e conservada de
nucleotideos nos elementos cis-regulatérios.

Nenhum dos sitios naturais descritos para a proteina O2 (Lohmer et al.,
1991; Schmidt et al., 1992; Yunes et al., 1994b; Cord Neto et al., 1995)
corresponde a sequéncia de maior afinidade por O2 descrita nos estudos de
ligacdo a oligonucleotideos (lzawa et al., 1993). Resultado semelhante foi

descrito para o caso da proteina GCN4 (Hill et al., 1986), e mesmo para o
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operador lac de Escherichia coli (Simons et al., 1994). Este fato sugere que
durante o processo evolutivo o aumento na especificidade de interagao
proteina/DNA nao foi maximizado, o que esta de acordo com predi¢bes teoricas
feitas por Berg e von Hippel (1987) ao abordar, por um metodo mecano-
estatistico, a questdo da selegio de sitios de ligagdo ao DNA pelas proteinas
regulatérias.

A teoria descrita por Berg e von Hippel (1987) parte do pressuposto de
que sequéncias especificas tém sido positivamente selecionadas no promotor
dos genes, de forma a possibilitar uma certa afinidade de ligagédo ou atividade
biolégica. Por outro lado, em oposigdo a esta tendéncia tem-se as mutacoes
fortuitas introduzindo desordem no sistema.

A evolugdo tenderia entdo a atuar tanto no aumento da complexidade
estrutural da proteina regulatéria, aperfeicoando o processo de discriminagéo do
DNA pela proteina e vice-versa, como no tamanho da sequéncia-alvo no DNA,
de forma a diminuir a probabilidade de que haja interagdo proteina-DNA ao
acaso. Ambas as estratégias fariam com que a ligagéo fosse o suficientemente
seletiva para evitar a interagao do fator com pseudositios no DNA.

Espera-se entdo que quanto maior for a complexidade estrutural da
proteina regulatoria, menor poderd ser o sitio alvo; entretanto, neste caso,
menor podera ser também a variabilidade permitida em ambos os componentes,
proteina e sequéncia de DNA. Diz-se entdo que a interagao proteina-DNA, por
ser altamente precisa, atingiu um grau maximo de especificidade. A alta
especificidade de ligagdo é vantajosa na medida em que permite que a célula
reduza seu investimento na producéo da proteina necessaria para obter niveis
apropriados de interagdo com as sequéncias-alvo especificas. Entretanto, tal
vantagem é contrabalanceada pelos efeitos muito mais danosos que as
eventuais mutagdes causariam numa situagdo como esta, bem como, pelos
problemas decorrentes de pequenas flutuagdes na concentragdo da proteina
(Berg, 1978; von Hippel e Berg, 1986).
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Ao contrario, como mostram os resultados obtidos no estudo da
especificidade de ligacdo da proteina O2, evolutivamente parece ser mais
vantajosa uma condicdo onde a interagdo proteina-DNA seja flexivel. Tal
flexibilidade deve ser suficiente para que a maioria das eventuais mutagoes
pontuais, tanto na proteina quanto no sitio do DNA, tenham uma pequena
influéncia no processo regulatério sem todavia serem letais. Desta forma, ao
invés de maximizar a especificidade da interagao, a tendéncia evolutiva é no
sentido de minimizar a maxima perda de especificidade (Berg e von Hippel,
1987).

Em decorréncia disto, nem a proteina regulatéria, nem a sequéncia no
DNA serdo os melhores ligantes, e por este motivo, os resultados de medigao
da afinidade de ligagao da proteina a oligonucleotideos acima citados devem ser
interpretados com cautelosamente.

Uma analise mais minuciosa do local de ligagdo da O2 no promotor da
a.coixina mostrou que o mesmo era composto por dois sitios adjacentes. E
importante lembrar que este nao é um fato isolado, ja que tanto para o gene
b-32 (Lohmer et al., 1991) quanto para o da a-zeina de 22 kDa (Muth et al.,
1996) também foram descritos multiplos sitios de O2, alguns dos quais
localizados em posi¢des adjacentes.

Através de experimentos de “footprint” quantitativo demonstrou-se que a
ligacio da proteina O2 a estes sitios adjacentes do promotor da a-coixina ocorre
de maneira cooperativa, uma caracteristica também prevista no modelo
evolutivo de Berg e von Hippel (1987): um fator regulatério menos
discriminatorio requer um sitio maior no DNA, cuja chance de ocorrer ao acaso
no genoma seja menor, de forma a reduzir a um nivel aceitavel a existéncia de
pseudositios de alta afinidade; por sua vez, um sitio maior requer um dominio
protéico de ligagdo ao DNA maior, maximizando assim a especificidade da
interagao proteina-DNA. Ao contrario, a formagdo de dimeros e/ou a
cooperatividade permitem que a proteina regulatéria se torne capaz de

reconhecer um sitio maior sem no entanto maximizar a especificidade de
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ligacdo. Obviamente, o custo por este ndo-aumento na especificidade da
interagédo proteina-DNA determina um novo requisito, como a necessidade de
interacbes proteina-proteina. Em suma, o que ocorre € que a combinagao de
processos especificos permite um relaxamento no requerimento pela
especificidade das reac¢des individuais.

Desta forma, a regulagédo da expressao génica nao depende somente da
especificidade de ligagdo de um determinado fator regulatério, mas € decorrente
em grande parte da combinagdo de interagbes entre varias proteinas
regulatérias. Em consequéncia disso, duas observagdes podem ser feitas:

(i) Contrariamente a algumas das concepgdes atuais, € evidente que um
elemento cis qualquer, apresentando forte ou fraca afinidade por um
determinado fator regulatério, ndo pode ser analisado em termos de sua
importancia fisiolégica quando separado do contexto molecular como um todo.
Prova disto é o relato de Muth et al. (1996) de que um sitio de baixa afinidade
pela proteina O2, isoladamente incapaz de mediar a ativagao da transcrigao por
02, possibilita niveis significativamente mais elevados de transcrigdo quando em
combinagdo com qualquer um dos outros dois sitios de ligagdo da 02
encontrados no promotor da a-zeina de 22 kDa.

(ii) A afinidade da interagdo proteina-DNA nao é fator determinante do
processo, ja que o fato de a proteina estar ligada ao DNA n&o € garantia de que
ocorrera a ativagédo da transcrigdo. De fato, conforme demonstrado em nosso
segundo trabalho, a estrutura tridimensional do complexo proteina-DNA formado
é tao importante quanto a afinidade da interagédo per se para a expresséo final
do gene, pois € o que em definitivo possibilita ou ndo a combinagéo dos varios

fatores que interagem e possibilitam a transcrigéo dos genes.
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CONCLUSOES

. O gene da a-coixina de 25 kDa contém no seu promotor uma regiao de 29
pares de base que é especificamente reconhecida pela proteina regulatéria
Opaco2 (02) de milho e Coix. A sequéncia deste elemento cis é
5-AAAATTGACTAGGAGACATGTCATCTCTA-3' e se encontra localizada
entre os nucleotideos -159 e -187 em relagdo ao A (+1) do codon ATG que
marca o inicio da tradugao.

. Este elemento cis é constituido por dois sitios adjacentes, aos quais a

proteina O2 é capaz de se ligar simultaneamente.

. O sitio mais distante do inicio de transcrigao foi chamado O2u e compreende

a sequéncia 5-TTGACTAGGA-3'. O sitio mais préximo foi chamado O2d e
compreende a sequéncia 5'-GACATGTCAT-3. Nenhum destes sitios contéem
o motivo central ACGT, descrito por varios autores como sendo importante
para a ligacdo de proteinas bZIP de plantas aos seus respectivos sitios no

DNA.

Os sitios O2u e O2d apresentam similaridade com a sequéncia reconhecida

pela proteina bZIP de levedura GCN4. Dentre todos os sitios de ligagdo da

proteina 02 descritos na literatura, estes asemelham-se mais aos

encontrados no promotor do gene b-32.

Os sitios O2u e 02d apresentam afinidade semelhante pela proteina 02. A

ligacdo da proteina O2 a um destes sitios facilita em aproximadamente 70

vezes a ligacao ao seéundo, o que caracteriza uma interagdo cooperativa da

proteina O2 com tais sitios.

. A presenga deste elemento cis é fundamental para a obtencéo de altos niveis
de transcricao mediada pela proteina O2. Os sitios O2u e O2d interagem de
maneira sinergistica na transcrigio mediada por 0O2. Parte do efeito
sinergistico na transcrigdo é devido a cooperatividade da ligag&o.

. Considerando os sitios individualmente, a ligagéo da proteina O2 ao sitio O2u

tem maior efeito na taxa final de transcricao do que a ligagao ao sitio O2d.
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8. A atividade transcricional ndo depende unicamente da energia total de
ligagdo da proteina O2 ao promotor, mas também da correta conformagao

espacial do complexo proteina-DNA.
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