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RESUMO

Os cofatores de ferro-enxofre [Fe-S] estdo entre os mais versateis e antigos cofatores
enzimaticos encontrados na natureza. As células tém explorado as propriedades eletronicas e
estruturais destes cofatores inorgénicos para uma ampla variedade de atividades incluindo a
transferéncia de elétrons, a catalise e a ativacdo de substratos. Um grande nimero de proteinas
esta envolvido na biogénese dos cofatores [Fe-S], e este processo pode ser dividido em trés
etapas principais: (i) formacdo do enxofre elementar, (ii) montagem do cofator [Fe-S], e (iii)
insercdo do cofator em apoproteinas. As plantas realizam fotossintese e respiracdo, dois
processos que requerem proteinas Fe-S, sendo 0s Unicos organismos em que a biossintese destas
proteinas € compartimentalizada. Diversos fatores afetam o desenvolvimento das plantas, entre
eles, a temperatura baixa, fator limitante a produtividade e a distribuicdo geogréafica das plantas,
incluindo Eucalyptus grandis, uma espécie com grande importancia econdmica. Devido a esse
fato, foi realizada uma analise transcricional dos genes codificados pelo sistema ISC de
biossintese de cofatores [Fe-S] NFS1, ISAL e ISU1 de E. grandis por meio de PCR quantitativa
(RT-gPCR), ap6s plantulas desta espécie serem submetidas ao tratamento de frio. O gene NFS1
teve sua expressao reprimida nas primeiras 48 horas de tratamento, porém, apds esse periodo
observa-se um aumento da expressao génica em relacdo a condicdo controle. O genes ISUL e
ISAL apresentaram maior expressdo génica nas primeiras duas horas de tratamento, diminuindo
drasticamente logo apds este periodo. Foi verificado um aumento na quantidade relativa de Fe e
S nos nas plantulas submetidas ao tratamento de frio, indicando um possivel aumento na
quantidade de cofatores [Fe-S] requeridos para o reestabelecimento da homeostase celular. As
bactérias, por sua vez, desenvolveram pelo menos trés sistemas de biossintese, altamente
conservados, que estdo envolvidos na formacdo dos cofatores [Fe-S], sendo estes NIF, ISC e
SUF. Em muitas proteobactérias, a regulacdo da producdo de cofatores [Fe-S] pelos sistemas ISC
e SUF é controlada por uma unica proteina, IScR, pertencente a familia de reguladores Rrf2. A
proteina IscR possui um dominio de ligagdo ao DNA na regido N-terminal e um segundo
dominio de ligacdo de cofatores com trés residuos de cisteinas (Cys) altamente conservados. A
ligacdo de um cofator do tipo [2Fe-2S] reprime a transcri¢do do seu proprio promotor in vitro. O
genoma de Azotobacter vinelandii ndo inclui um sistema SUF completo e, portanto, permite o
estudo dos efeitos da regulacdo de IscR ndo relacionada a SUF. No presente trabalho,
objetivamos analisar a expressdo do operon isc em linhagens selvagens e mutantes para IscR de
A. vinelandii por meio das técnicas de sequenciamento do transcritoma e RT-qPCR. As
substituicdes das Cys*?, Cys'®, His'%" e a delec&o de 120 pb da regido codificadora do segundo
dominio de IscR levaram a indu¢do de um aumento da expresséo de todo o operon isc. Notou-se
também uma diferenca fenotipica clara no tamanho das coldnias portadoras das substituicdes de
Cys e His, sendo estas menores em relacdo & linhagem selvagem. As substituicdes das Cys™ e
Cys'*!, ou ainda a dupla substituicdo Cys*®**'* ndo levaram a alteracéo da expressido do operon. A



ligacdo ou ndo do cofator [Fe-S] é, portanto, responsavel pela regulacdo do operon isc em A.
vinelandii, bem como, de outros operons codificadores de proteinas envolvidas em cadeias
tranportadoras de elétrons.

Palavras-chave: Eucalyptus grandis, Azotobacter vinelandii, cofatores [Fe-S], RT-gPCR,
estresse por frio e IscR.



ABSTRACT

The iron-sulfur clusters [Fe-S] are among the oldest and most versatile enzyme cofactors found
in nature. The cells have explored the structural and electronic properties of these inorganic
clusters for a wide variety of activities including electron transfer, catalysis and activation of
substrates. A large number of proteins is involved in the biogenesis of the [Fe-S] clusters, and
this process can be divided into three main steps: (i) formation of elemental sulfur, (ii) assembly
of the [Fe-S] cluster and (iii) insertion into apoproteins. Plants perform photosynthesis and
respiration, two processes that require Fe-S protein, and in these organisms the synthesis of these
proteins is compartmentalized. Several factors affect the development of plants, among them, the
low temperature is a limiting factor to productivity and geographical distribution of plants,
including Eucalyptus grandis, a specie with great economic importance. Due to this fact, we
performed a transcriptional analysis by quantitative PCR (RT-gPCR) of the genes encoded by
the E. grandis [Fe-S] cluster ISC system NFS1, ISAL and ISU1 after seedlings were submitted to
the chilling treatment. The NFS1 gene expression is repressed in the first 48 hours of treatment,
but after this period there was an increase in gene expression relating to the control condition.
The genes ISU1 and ISA1 showed higher gene expression in the first two hours of treatment,
followed by a sharp decrease. There was an increase in the relative amount of Fe and S in the
seedlings subjected to cold treatment, indicating a possible increase in the amount of [Fe-S]
clusters, required for the reestablishment of cellular homeostasis. Bacteria have developed at
least three synthesis systems, highly conserved, which are involved in the formation of Fe-S
proteins, NIF, ISC and SUF. In many proteobacteria, the regulation of clusters production by ISC
and SUF is controlled by a single protein, IscR, belonging to the Rrf2 regulators family. The
protein IscR has a DNA binding site at the N-terminal domain and second cofactors binding
domain with three cysteine residues (Cys) highly conserved. The binding of a [2Fe-2S] cluster
represses the transcription of its own promoter in vitro. The genome of Azotobacter vinelandii
does not include a full SUF system and thus permits the study of the effects of IscR regulation
unrelated to SUF. In this study, the aim was to analyze the expression of isc operon in wild type
and mutant strains of A. vinelandii IscR by the techniques of the transcriptome sequencing and
gRT-PCR. The replacement of Cys*?, Cys*™ His*" and a deletion of 120 bp region encoding the
second IscR domain led to an increased expression of the whole isc operon. It also showed a
clear phenotypic difference in colonies size in the strains carrying the substitutions of His and
Cys, it was smaller compared to the wild type strain. The replacement of Cys*® and Cys™'*, or the
double substitution Cys*®*** not led to an altered operon expression. The [Fe-S] cluster binding
or not, is therefore responsible for the regulation of the isc operon in A. vinelandii as well as of
other operons encoding proteins involved in electron tranport chains.

Keywords: Eucalyptus grandis, Azotobacter vinelandii, [Fe-S] cluster, RT-qPCR, cold stress
and IscR.
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REFERENCIAL TEORICO

1. COFATORES FERRO-ENXOFRE

1.1 Caracterizacao geral

Tem sido proposto que as formas iniciais de vida no planeta Terra teriam sido formadas
na superficie de minerais de sulfeto de ferro, sugerindo um papel importante do ferro (Fe) e do
enxofre (S) (Wachtershduser 1992, Wachtershauser and Huber 2007). A abundancia dos
elementos Fe e S na Terra pré-biotica, juntamente com a versatilidade estrutural e quimica dos
cofatores Ferro-enxofre [Fe-S], facilitaram a selecdo dos mesmos como grupos prostéticos para
diversas proteinas, permitindo que essas adquirissem novas funcdes (Py and Barras 2011). A
descoberta de novas proteinas Fe-S e cofatores [Fe-S] resultou na apreciacdo da sua ampla
diversidade estrutural e funtional, que certamente sdo reflexos da versatilidade dos elementos
formadores (Beinert et al. 1997).

Os cofatores [Fe-S] sdo grupamentos prostéticos funcionalmente versateis e amplamente
distribuidos, sendo encontrados em praticamente todas as formas vivas. A descoberta deste
cofator foi realizada na década de 1960, sendo identificados e caracterizados por espectroscopia
e métodos de quimica analitica como grupos prostéticos acido-resistentes contidos em uma
classe de proteinas carreadoras de elétrons denominadas ferredoxinas (Beinert et al. 1997). Esses
cofatores podem conter os elementos ferro e enxofre em diferentes proporcdes molares. Os tipos
mais comuns sdo o rébmbico [2Fe-2S] e o cubano [4Fe-4S], porém existem também do tipo [3Fe-
4S], presentes em ferredoxinas bacterianas do tipo I, e os mais complexos [8Fe-7S] pertencentes
ao cofator P (do inglés, P cluster) da enzima nitrogenase MoFe . O acoplamento de dois
cofatores [2Fe-2S] permite a formacdo do cofactor [4Fe-4S], e este pode dar origem aos tipos
mais complexos [3Fe-4S] e [8Fe-7S] pela perda de um elemento Fe ou fusdo dos cofatores
(Figura 1) (Beinert et al. 1997, Johnson et al. 2005).
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Tipo Estrutura  Estado de Oxidagdo
SO [2Fe-2S)%*
[2Fe-2S] >< "( ‘ [2Fe-2S]*

[3Fe-4S)*

X_ [3Fe-4S)°

Vs = [3Fe-4S]

[4Fe-4S] y\ ; [3Fe-4S)*
]S

[4Fe-4S]°*

[4Fe-4S)**

[4Fe-4S]*

[3Fe-4S] [4Fe-4S°

[8Fe-8S)>*
[8Fe-83)"*

sl "’< >" [BFe-7S]**
R

[8F6-7S] [Bre‘7s]?o

Figura 1: Tipos, estruturas e estado de oxidacdo dos cofatores [Fe-S]- Formas mais
comumente encontradas na natureza (Adaptado de Johnson et al. 2005).

A ligacdo dos cofatores [Fe-S] a cadeias polipeptidicas ocorre por meio da coordenacéo
de ions de Fe, positivamente carregados por doadores de elétrons fornecidos por diversas cadeias
laterais de aminoacidos. Os cofatores sdo coordenados as suas proteinas mais comumente por
residuos de cisteina (Cys), com ligacdo ao elemento Fe. Cofatores com maior nuclearidade, de
uma maneira geral, ndo se apresentam complexados a suas proteinas por ligantes de cisteinas,
podendo estes estar ligados aos residuos de histidina (His), acido aspartico (Asp), serina (Ser) ou

cadeias protéicas com presenca de grupamento lateral do tipo amida.
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Existem proteinas Fe-S nas quais o cofator ndo contém somente Fe como metal. A
proteina nitrogenase MoFe contém um agrupamento chamado de cofator FeMo, formado por
[7Fe-9S-Mo] (Einsle et al. 2002). Esta proteina também serve de exemplo para proteinas que
utilizam mais de um tipo de cofator. Apesar da aparente diversidade na estrutura global,
reatividade e propriedades eletronicas dos cofatores [Fe-S], os polinucleares partilham uma
caracteristica estrutural comum: sdo construidos a partir de [2Fe - 2S] (Frazzon and Dean, 2003).
Apesar do grande nimero de proteinas Fe-S identificadas, ndo foi descrito um motivo consenso
para predicdo de ligacdo de cofator [Fe-S]. Entretanto, algumas estruturas primarias sdo
reconhecidas como provaveis ligadoras de cofatores [Fe-S]. Estes incluem o posicionamento
conservado de residuos de cisteina como 0 motivo CX4CX,CX3,C para cofatores [2Fe-2S] de
plantas e ferredoxinas de mamiferos, e 0 motivo consenso CX;CX,CXy 49C para cofatores do
tipo [4Fe-4S]. Usualmente um residuo de prolina (Pro) ou glicina (Gly) flanqueiam uma das

cisteinas conservadas (Lill et al. 2006).

Devido a sua ampla variedade funcional e estrutural, as proteinas Fe-S, estdo envolvidas
em diversos processos bioldgicos e possuem diversas fungdes. A mais comum € a transferéncia
de elétrons (ferredoxinas), a qual se baseia na propensdo do Fe alternar-se entre os estados
oxidativos +2 (Fe?*, fon ferroso) e +3 (Fe**, fon férrico). Em um ambiente proteico, os cofatores
[Fe-S] podem adotar potencias redox entre -500 mV a + 300 mV (Meyer 2008). Além da
transferéncia de elétrons, os cofatores [Fe-S] estdo envolvidos, na sinalizacdo redox, ligacdo e
ativacdo de substrato (p. ex., Acetil-CoA sintase, desidratases, enzimas com radical S-
adenosilmetionina- SAM), regulacdo da expressao génica (proteinas IscR, SoxR, FNR, IRP),
reparo de DNA (helicase), regulacdo da atividade enzimatica (ferroquelatase, glutamina
fosforribosil-1-pirofosfato (PRPP) amidotransferase), doacdo de enxofre (biotina sintase),
estrutural (endonuclease 11, proteina MutY), estoque de Fe (ferredoxinas, poli-ferredoxinas),
reducdo dissulfidica (ferredoxina:tioredoxina redutase, heterodissulfido redutase), transferéncia
de elétrons acoplados (Rieske, nitrogenase), modificacdo de uridinas de RNA transportadores
(tRNAS) e sintese de 2-tiouridina e 4-tiouridina (Beinert 1996, Mulholland et al. 1998, Porello et
al. 1998, Dai et al. 2000, Kiley and Beinert 2003, Lauhon 2002).

Os cofatores [Fe-S] constituem em grande parte o sitio de ligacdo de substrato de diversas

enzimas redox e ndo-redox. Um sitio de ligacdo e ativacdo de substrato pode ser estabelecido de
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trés diferentes formas: (i) ligacdo ndo cisteinica em um unico elemento Fe do cofator [4Fe-4S]
pode facilitar a ligacdo e ativacdo do substrato (Beinert et al. 1996); (ii) a incorporacdo de um
heterometal ao cofator [Fe-S] pode ser requerida para a ligagéo ou ativacdo do substrato (Dobbek
et al. 2001); (iii) envolvendo a ligacdo de um sitio de ligacdo ao subtrato metélico a um sitio de

Fe de um cofator do tipo [4Fe-4S] via residuo cisteinil (Doukov et al. 2002).

Sabe-se que certas apoformas de proteinas Fe-S que contém cofatores dos tipos [2Fe-2S]

e [4Fe-4S] podem ser ativadas in vitro pela simples adicdo de S* e Fe*"**

. Essa observacao leva
ao conceito de que cofatores [Fe-S] podem ser espontaneamente incorporados as suas proteinas
correspondentes in vivo. Porém este ponto de vista ndo é compativel com a toxicidade fisioldgica
de Fe e S em niveis necessarios para a maturacao in vitro. Entretanto, como o Fe na forma férrica
ou ferroso e o0 S na forma de sulfito sdo toxicos in vivo, foi proposta a existéncia de uma ou mais
maquinarias biossintéticas para a montagem dos cofatores [Fe-S] em células vivas. Apds o
trabalho pioneiro do grupo do Dr. Dennis R. Dean (Fralin Biotechnology Center, Virginia
Polytechnic Institute and State Univesity, Blacksburg, VA, EUA) sobre a funcdo da nitrogenase
de Azotobacter vinelandii, diversas maquinarias biossintéticas foram descobertas baseadas em
evidéncias bioquimicas e analises genéticas em bactérias e organismos eucarioticos. Entre as
maquinarias descritas estdo os sistemas NIF (Fixacdo de Nitrogénio, do inglés Nitrogen
Fixation), ISC (Cofator Ferro-enxofre, do inglés Iron Sulfur Cluster) e SUF (fator de utilizacdo
do enxofre, do inglés Sulfur Utilization Factor) em bactérias e o CIA (Proteinas de associacdo
citossdlica do cofator Ferro-enxofre, do inglés Cytosolic lron-sulfur protein Assembly) em

leveduras (Lill and Muhlenhoff 2006, Takahashi and Tokumoto 2002).

1.2 Sistemas de Formacao e associagdo de Cofatores [Fe-S] em Bacterias

1.2.1 Sistema NIF

NIF foi o primeiro sistema de biossintese de cofatores [Fe-S] identificado e descrito
sendo utilizado exclusivamente para a maturacdo da nitrogenase de A. vinelandii sob condigdes
de fixacdo de nitrogénio. Entretanto existem algumas excessfes em que alguns genes similares

do sistema NIF foram identificados em organismos ndo fixadores de nitrogénio, como por
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exemplo, o de Helicobacter pylori (Olson et al. 2000) e o de Entamoeba histolytica (Ali et al.
2004).

A partir de um estudo com A. vinelandii que visava analisar o cofator FeMo (Ferro e
Molibdénio) da enzima nitrogenase, foi descrito o primeiro modelo para a formacdo bioldgica
dos cofatores [Fe-S]. A nitrogenase é uma enzima cataliticamente inativa em condi¢des ndo-
nitrificantes e é produzida somente por organismos fixadores de nitrogénio (diazotroficos). Esta
enzima é composta por duas proteinas, denominada de proteina MoFe e proteina Fe. A proteina
MoFe contém os sitios de ligacdo ao subtrato e o de reducédo, além de dois tipos de cofatores
[Fe-S], um [Mo-7Fe-9S] e um cofator P [8Fe-7S]. As subunidades o e 3 desta proteina séo
codificada pelos genes nifD e nifK, respectivamente e constitui um tetramero de 240 kDa. A Fe
proteina é a fornecedora de elétrons para a reducdo do substrato e contém um Gnico cofator do
tipo [4Fe-4S]. Esta proteina é codificada pelo gene nifH e constitui um dimero de 60 kDa
(Frazzon and Dean 2002, Rubio and Ludden 2008).

Com base em diversos outros estudos, foram estabelecidos os principais genes envolvidos
na fixacdo do nitrogénio, sendo eles: nifH, nifD, nifK, nifY, nifB, nifQ, nifE, nifN, nifX, nifU,
nifS, nifV, nifW, nifZ. Os genes nif HDK codificam a nitrogenase, enquanto os genes nif LA tem
funcdo regulatéria. Todos os demais genes estdo envolvidos na formacdo, associacdo e
transferéncia dos cofatores para a nitrogenase (Frazzon and Dean 2002, Hu et al. 2007, Rubio
and Ludden 2008). Diversos estudos demonstraram que a inativacdo de diferentes genes nif
resulta em uma maturagdo defeituosa das proteinas MoFe ou Fe. Porém a delegdo dos genes nifS
e nifU acarreta em uma diminuicdo substancial, mas ndo definitava da atividade da enzima
nitrogenase. Com base nestas informacdes, foi formulado um modelo pelo qual as proteinas
NifU e NifS produzem cofatores [Fe-S] destinados a maturacdo da nitrogenase. Quando estas
proteinas s@o inativadas, outras proteinas poderiam restituir esta funcdo, porém, em niveis muito

baixos (Jacobson et al. 1989).
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1.2.1.1 NifS, uma cisteina desulfurase

A purificacdo e o0s ensaios enzimaticos com a proteina NifS confirmaram o papel da
mesma como sendo uma cisteina desulfurase, e sua expressao ocorre somente em condicdes de
fixacdo de nitrogénio. A enzima purificada € um homodimero dependente da coenzima piridoxal
fosfato (PLP, do inglés, pyridoxal phosphate) (Zheng et al. 1993). Devido ao fato das enzimas
dependentes de PLP catalizarem diversas reacOes de eliminagdo e substituicdo envolvendo
aminoacidos e seus derivados, foi observado no espectro ultravioleta (UV)-visivel o efeito da
adicdo de um aminoacido individual em NifS. Foi percebida uma perturbacdo exclusivamente
associada a adicdo de vL-cisteina. Também foi demonstrada a liberacdo de S da L-cisteina,
rendendo L-alanina e S elementar ou sulfeto de hidrogénio, dependendo da presenca ou ndo de
um agente redutor na mistura da reacdo (Figura 2; Kaiser et al. 2000, Mihara et al. 2002).

Posteriormente foram descritas mais caracteristicas da enzima NifS como: (i) a cisteina

325 ¢ altamente reativa com agentes alquilantes; (ii) a proteina alquilada é

do sitio ativo, Cys
inativa; (iii) a substituicdo da Cys** por Ala elimina a atividade da proteina; (iv) vinilglicina e -
alilglicina formam ligacGes covalentes com o sitio ativo da proteina, o que inibe sua atividade; e
(v) a formacdo de persulfito pode ser percebida na posicdo do residuo Cys®*® quando NifS é

incubada com concentragcfes equimolares de L-cisteina e substrato (Zheng et al. 1994).

@ :
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Figura 2: Mecanismo de funcionamento da cisteina desulfurase NifS e de outras proteinas
NifS-like: (i) formagdo de uma base de Shiff entre a cisteina livre no sitio ativo da desulfurase
(Cys*®) e 0 PLP; (ii) formacédo de uma ligacéo persulfito por meio de um ataque nucleofilico por
um anion tiolato do sitio ativo (Cys>?® para NifS, Cys®**® para IscS e Cys>** para SufS) no S do
substrato (L-cisteina) e posterior liberacdo de alanina; (iii) transferéncia do S para diferentes
biomoléculas, tais como a proteina arcabouco Fe-S (Py and Barras 2010).
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A enzima NifS representa uma ampla classe de cisteinas desulfurase que utilizam -
cisteina para a mobilizagdo de S para formacdo de cofatores [Fe-S]. Estas proteinas podem ser
classificadas em dois grupos distintos com base na composicao das suas sequéncias: as do grupo
1 apresentam a sequéncia consenso SSGSACTS e as do grupo Il a sequéncia consenso
RXGHHCA (Mihara et al. 2002). O gene cysE1 é co-transcrito com o gene nifS e codifica uma
O-acetil serina sintase, a qual cataliza um passo limitante na biossintese de cisteinas. Com base
neste argumento é proposto que cysEl controla o pool de cisteina para a atividade de NifS
(Evans et al. 2001, Zheng et al. 1998).

1.2.1.2 NifU, uma proteina arcabouco

A proteina NifU serve de arcabouco para a biossintese de cofatores [Fe-S]. Quando
purificada apresenta-se sob a forma de um homodimero e contém um cofator permanente do
tipo [2Fe-2S] (Dos Santos et al. 2004, Agar et al. 2000). A analise da sequéncia primaria de

NifU permitiu a identificacdo de trés dominios altamente conservadas: (i) a regido N-terminal

106

com trés residuos de cisteina altamente conservados (Cys®, Cys® e Cys*®): (ii) um dominio

central contendo quatro residuos de cisteina conservados ( Cys'®’, Cys'®®, Cys'"® e Cys'™),

compativel com o motivo de ligacdo do cofator [2Fe-2S] onde se localiza o cofator permanente,
e (iii) a regido C-terminal com dois residuos de cisteina altamente conservados (Cys®'* e Cys*'®)

(Figura 3; Dos Santos et al. 2004).

C272 C275

Figura 3: Estrutura da proteina NifU: regido N-terminal (azul), dominio central (verde) e
regido C-terminal (amarelo). Destacados estdo os residuos de cisteinas utilizados para
ancoramentos dos cofatores [Fe-S].
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Enquanto o dominio central de NifU possui um dominio de ligacdo ao cofator permanente
do tipo [2Fe-2S], as regides N e C-terminais possuem sitios para a formacao de cofatores [Fe-S]
transientes destinados a maturacdo da nitrogenase (Agar et al. 2000, Dos Santos et al. 2004). O
cofator [2Fe-2S] permanente possui um papel redox relacionado a aquisicdo de Fe para a
montagem do cofator, liberacdo do persulfito de NifS, liberacdo do cofator [Fe-S] transiente de
NifU ou provimento de elétrons para a reducdo de S elementar (S°) a S? (Frazzon and Dean
2003). A confirmacéo da formagdo de cofatores transientes em NifU foi obtida pela combinacao
de dados analiticos, de ressonancia de Raman de absor¢do, os quais permitiram demonstrar a
formacdo de um cofator 1abil do tipo [2Fe-2S]** na porcdo N-terminal, quando esta é incubada
com Fe?, L-cisteina e quantidades cataliticas de NifS purificada (Yuvaniyamaet al. 2000).

Aproximadamente um cofator [2Fe-2S] transiente € montado por cada homodimero de
NifU e esses cofatores séo labeis e liberados rapidamente. O envolvimento da porgao C-terminal
de NifU na montagem dos cofatores [Fe-S] transientes foi sugerida com base na funcdo de
proteinas paralogas de cianobactérias, plantas e organismos superiores que suportam a formacao
de cofatores transientes dos tipos [2Fe-2S]°* ou [4Fe-4S]** (Léon et al. 2003, Tong et al. 2003).
Em resumo, NifU é capaz de suportar a formacdo de cofatores [Fe-S] transientes, o que sustenta
a hipotese de que NifU é uma proteina arcabouco na formacdo de cofatores [Fe-S] para a

maturacao da nitrogenase.

1.2.1.3 Complexo NifUS

Foi demonstrado por Yuvaniyama et al. (2000) que NifU pode interagir com NifS
formando um complexo transiente necessario a liberacdo do S elementar por NifS. Esse
complexo ndo é mantido por uma ligacdo forte como demonstrado por duas estratégias: (i):,
NifU ndo foi co-purificada com NifS quando esta foi isolada de extratos de A. vinelandii
cultivadas em condicdes de fixacdo de nitrogénio; (ii) a imunoprecipitacdo especifica de NifU ou
NifS de extratos de A. vinelandii ndo resultou em co-precipitacdo. Entretanto, NifU e NifS
podem formar um complexo transiente, pois a mistura equimolar de NifU e NifS resultou no
aparecimento de um novo pico durante a cromatografia com coluna de exclusdo por tamanho

guando comparado com as amostras de NifU ou NifS resolvidas individualmente pela coluna
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(Yuvaniyama et al. 2000). Em estudos in vitro foi verificado que NifS ndo € necessaria para a
transferéncia do cofator [Fe-S], porém é requerida para o carregamento do cofator em NifU. Isto
demonstra que a ativacdo da proteina Fe da nitrogenase € realizada por NifU e NifS juntas
(complexo NifUS). A biossintese do cofator FeMo e do cofator P na proteina MoFe também

envolve o complexo NifUS (Agar et al. 2000, Dos Santos et al. 2004, Yuvaniyama et al. 2000).

1.2.2 Sistema ISC

Com base na habilidade das linhagens duplo mutantes com delecdo de NifS e NifU em
produzir baixos niveis de nitrogenase ativa e de se multiplicarem lentamente em condi¢fes de
fixacdo de nitrogénio, sugeriu-se que haveria uma maquinaria com expressao basal dedicada a
formacdo de cofatores [Fe-S], independente destes genes e proteinas (Jacobson et al. 1989). A
partir de células de A. vinelandii com atividade de cisteina desulfurase e cultivadas em condicdes
de ndo fixacdo de nitrogénio, foram realizados ensaios bioquimicos como micro-sequenciamento
de oligopeptideos obtidos por digestdo triptica, e entdo foi isolada e analisada a sequéncia de
DNA correspondente a regido gendmica de A. vinelandii. Desta andlise, foram identificados nove
genes com funcdo relacionada a biossintese de cofatores [Fe-S], designados: cysE2, iscR
(proteina regulatéria), iscS (cisteina desulfurase), iscU (proteina arcabouco), iscCA (proteina
arcabouco e/ou possivel doadora de Fe), hscB (co-chaperona), hscA (chaperona), fdx
(ferrodoxina) e orf3/iscX (Figura 4; Zheng et al. 1998). Desde entdo, foi estabelecido que o
sistema ISC esta presente em procariotos e eucariotos, e é o sistema enddgeno fundamental de
biossintese de cofatores [Fe-S] em procariotos, incluindo Escherichia coli e A. vinelandii
(Frazzon and Dean 2003).

Azotobacter vinelandii, Escherichia coli

Figura 4: Organizagdo dos genes do sistema ISC em Escherichia coli e Azotobacter

vinelandii.
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A maquinaria de biossintese ISC consiste basicamente de uma cisteina desulfurase (IscS)
e proteinas arcabouco (IscU e/ou IscA) onde ocorre a montagem dos cofatores [Fe-S]. Uma
ferrodoxina (Fdx) com cofator do tipo [2Fe-2S] reduz o S da cisteina a sulfeto, e o cofator [Fe-S]
ligado transientemente é transferido das proteinas arcabouco para apoproteinas (apo). A
transferéncia a partir de IscU é realizada com o auxilio das chaperonas HscA e HscB (Figura 5;
Lill et al. 2009).

ISC machinery

Cya\’ Fe2+
<050
q: HscB
Fdxe J /
Cys -
y ..
IscA
: .

Bacterial
Fe-5 proteins

Figura 5: Modelo para biogénese de proteinas Fe-S pelo sistema ISC em bactérias- Uma
cisteina desulfurase (IscS), que libera S elementar (representado pelos circulos amarelos) e -
alanina a partir da c-cisteina. Ocorre a formacdo de um cofator [Fe-S] transiente nas proteinas
arcabouco IscU e/ou IscA. A ferrodoxina (Fdx) reduz o S da cisteina a sulfeto e o cofator [Fe-S]
ligado transientemente é transferido das proteinas arcabouco para apoproteinas (apo) para que
seja coordenado em residuos especificos (Lill et al. 2009).

1.2.2.1 IscS, uma cisteina desulfurase

IscS, bem como NifS, pertence ao grupo | de cisteinas desulfurases, apresentando em sua
sequéncia 0 motivo SSGSACTS. A proteina foi purificada de E. coli como um homodimero de

90 kDa e que contém PLP como cofator (Flint 1996). A estrutura cristalografica desta proteina
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foi resolvida com resolucdo de 2.1 A, onde foi possivel observarque mudancas conformacionais
significativas devem ocorrer para que a Cys*?° do sitio ativo participe da catalise (Cupp-Vickery
et al. 2003). Apesar da grande similaridade de sequéncia primaria do sitio ativo com NifS, estas
proteinas ndo sdo equivalentes in vivo, pois o fendtipo da delecéo de iscS néo é recuperado com a
expressao de NifS, quando A. vinelandii € multiplicado em condicdes de fixacdo de nitrogénio. A
proteina IscS € essencial para A. vinelandii pois sua delecdo é letal (Zheng et al. 1998).
Entretanto, em E. coli, a delegdo de iscS causa defeitos severos no crescimento, mas estes nao
sdo letais para a bactéria (Lauhon and Kambampati 2000, Schwartz et al. 2000). A proteina IscS
também fornece S para outras rotas metabolicas ndo relacionadas com a biossintese de cofatores
[Fe-S], como, por exemplo, a biossintese de tiamina ou molibdopterina e modificacdes pds-
traducionais de tRNAs (Mihara and Esaki 2002, Ikeuchi et al. 2006).

1.2.2.2 IscU, uma proteina arcabouco

A sequéncia primaria de IscU é consideravelmente conservada com relagdo ao dominio
N-terminal de NifU, incluindo os trés residuos conservados de cisteina, sugerindo que IscU é
uma proteina arcabouco do sistema ISC. Experimentos in vivo, utilizando A. vinelandii como
modelo, revelaram que apo-IscU e holo-IscU apresentam conformacfes distintas e que a
montagem de cofatores [Fe-S] € um processo dinamico gque involve a associacdo e a dissociacao
de IscU e IscS (Figura 6; Raulfs et al. 2008).
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Figura 6: Proposta de montagem in vivo do cofator [2Fe-2S] em Azotobacter vinelandii-
Representacdo do complexo formado por IscS e IscU no qual o cofator [Fe-S] é montado. Este
complexo alterno entre os estados “protegido” e “exposto”, permitindo a entrada de Fe e sulfeto.

Por fim, o complexo holo-IscU IscS é formado e se dissocia em holo-IscU e IscS (Adaptado de
Raulfs 2009).

Os residuos de maior importancia para a coordenacdo do cofator [Fe-S] em IscU sdo:
Cys¥, Cys®, Cys'® e His'® (Johnson et al. 2006). Entretanto, foi relatado por Raulfs et al.
(2008) que o residuo (Asp® é importante para a transferéncia do cofator e, portanto, estaria
envolvido na sua orientacdo juntamente com os residuos de cisteina. A substituicdo desse residuo
por uma Ala acarreta na estabilizacdo e consequente ndo-transferéncia do cofator pela proteina
IscU (Raulfs et al. 2008). Em E. coli, IscU e IscS podem formar um complexo heterotetramérico
com a formagéo de uma ponte de dissulfeto entre o residuo Cys*?® de IscS e Cys®® de IscU. Em
A. vinelandii esse mesmo complexo é formado, porém a ponte de dissulfeto envolve qualquer um
dos 3 residuos Cys. (Kato et al. 2002, Nuth et al. 2002). IscU também possui um motivo
conservado Leu-Pro-Pro-Val-Lys (LPPVK) que € critico para a interagdo com as chaperonas
HscA e HscB (Cupp-Vickery et al. 2003).
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Foi demonstrado que apo-lscU em solucdo pode apresentar duas conformacdes distintas,
uma porcao desordenada e outra ordenada (exceto para os residuos de ligacdo a metais) e os dois
estados podem se interconverter em milisegundos. A conformagdo ordenada pode ser
estabilizada pela adi¢do de zinco (Zn), por mutacdo sitio-dirigida pela substituicdo do Asp39Ala
e, além disso, por estrutura assimétrica trimérica do cofator [2Fe-2S] (Kim et al. 2009). Esses
resultados concordam com dados obtidos por andlises espectroscépicas de ressonancia nuclear
magnética (NMR, do inglés, Nuclear Magnetic Ressonance) de IscU de Thermatoga maritima,
onde IscU exibe uma estrutura terciaria variavel e diferentes arranjos conformacionais (Bertini et
al. 2003).

Analises in vivo sobre a biossintese de cofatores [Fe-S] em IscU feitas com A. vinelandii
demonstraram uma producao serial de apo-lscU, um complexo IscU-IscS e uma forma labil de
IscU carregada com um cofator do tipo [2Fe-2S]. Entretanto, ndo foi observado o acumulo de
formas IscU carregadas com cofatores do tipo [4Fe-4S] (Raulfs et al. 2008). A provavel razdo é
que estas formas sdo extremamente labeis para purificacdo ou pelo curto tempo de meia-vida in
vivo. Outra possivel explicacdo € que a taxa de montagem de cofatores [4Fe-4S] in vitro é muito
lenta e o processo requer diversas horas (Unciuleac et al. 2007). Resumidamente, a reconstrucao
de IscU de A. vinelandii pode ser feita com a adicdo de IscS, cloreto férrico (FeCls) e L-cisteina,
e revela a formacdo sequencial de cofatores [Fe-S]: (i) um cofator do tipo [2Fe-2S] por dimero,
dois cofatores [2Fe-2S] por dimero, e um cofator [4Fe-4S] por dimero (Figura 7; Agar et al.
2000).

Em conclusdo: IscU in vivo serve como arcabouco para a formacdo de cofatores [Fe-S]
destinados a maturacdo de proteinas Fe-S; ambas as formas de IscU (apo e carregada com
cofator [Fe-S] podem ser acumuladas in vivo e estas formas sé@o conformacionalmente distintas.
Finalmente, o processo de montagem de cofatores [Fe-S] é dindmico e envolve a associagédo e a
dissociacdo de IscS e IscU (Raulfs et al. 2008).
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Figura 7: Modelo para a montagem de cofatores [Fe-S] na proteina arcabouco IscU e
subsequente transferéncia para apoproteinas — A montagem de cofatores em IscU € feita a
partir da formacdo de IscU contendo um cofator [2Fe-2S] por dimero, dois cofatores [2Fe-2S]
por dimero e, por fim, um cofator [4Fe-4S] por dimero. Neste modelo, as chaperonas, HscA e
HscB sdo utilizadas para a maturacgao das proteinas Fe-S com cofator do tipo [2Fe-2S] (como por
exemplo, Fdx). A formacdo de IscU carregada com cofator [4Fe-4S] é dependente da atividade
da proteina Fdx, e é especificamente envolvida na maturacao de proteinas [4Fe-4S], o que inclui
a maior parte das proteinas Fe-S de E. coli (Adaptado de Py and Barras 2010).

1.2.2.3 Ferrodoxina

Elétrons sdo necessarios para a reducdo do S elementar liberado da cisteina a sulfeto. A
ferrodoxina (Fdx) € uma proteina Fe-S que medeia a transferéncia de elétrons em diversas
reacOes metabdlicas, sendo responsével por esta transferéncia na biogénese de cofatores [Fe-S]
pelo sistema ISC em A. vinelandii e E. coli. A Fdx recebe elétrons das ferrodoxinas redutases
(Fdxr), e esses elétrons séo obtidos de NADH ou NADPH (Barras et al. 2005).

1.2.2.4 HscA e HscB, proteinas chaperonas

Apos a formagédo do cofator [Fe-S] em proteinas arcabouco, a transferéncia do cofator
para apoproteinas é realizada com o auxillio de duas proteinas adicionais, HscA e HscB (também
conhecidas como Hsc66 e Hsc20) que apresentam alto grau de similaridade com DnaK e Dnal
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respectivamente. Sao proteinas com atividade ATPase intrinseca. HscA é uma chaperona Hsp70
e HscB uma proteina J co-chaperona. O envolvimento destas proteinas na maturacédo de proteinas
Fe-S foi primeiramente sugerido com base na proximidade e ligacdo destes genes com genes isc

em bactérias.

Ensaios de ressonancia plasménica de superficie (SPR, do inglés, Surface Plasmon
Ressonance), ATPase e calorimetria de titulacao isotérmica (ITC, do inglés, Isothermal Titration
Calorimetry) revelaram a interacdo entre IscU e HscA ou HscB. IscU parece ser um substrato
nativo e as chaperonas regulam a transferéncia do cofator [Fe-S] para apoproteinas (Hoff et al.
2000).0 motivo conservado LPPVK, localizado proximo ao terceiro residuo de cisteina
conservado é necessario para a interacdo das formas apo ou holo-IscU com HscA, e estimula a
hidrolise de nucleotideo em HscA (Cupp-Vickery et al. 2004). Esta interacdo é reforcada com
HscB que se liga e estabiliza as formas ordenadas de IscU, entregando esta para HscA e
estimulando a atividade ATPasica (de HscA). Esse complexo esta relacionado somente com a
entrega de cofatores do tipo [2Fe-2S] (Vickery and Cupp-Vickery 2007, Kim et al. 2009).

Dada a importancia das proteinas Fe-S no metabolismo intermediario, € surpreendente o
fato da inativacdo dos genes iscS e iscU de E.coli resultar em linhagens mutantes viaveis. Isso é
interessante, pois, a manipulacdo genética dos componentes da maquinaria ISC em A. vinelandii
é complicada devido ao fato dos genes iscS, iscU, hscB, hscA e fdx serem essenciais (Johnson et
al. 2006). Essa discrepancia foi resolvida quando outro sistema de biossintese de cofatores [Fe-
S], o sistema SUF foi descoberto em E. coli, que possui um conjunto completo de genes suf ndo

codificados pelo genoma de A. vinelandii (ver adiante, sessdo 1.2.3).

1.2.2.5 IscR, uma proteina reguladora da transcricao

Em diversas B- e y- proteobactérias, a regulacdo da producéo de cofatores [Fe-S] pelos
sistemas ISC e SUF ¢ controlada por uma unica proteina, IscR, da familia de reguladores Rrf2
(Giel et al. 2006, Schwartz et al. 2001). IscR contém uma regido de ligacdo ao DNA na porcéao
N-terminal formada por uma estrutura do tipo helix-turn-helix (HTH) e um segundo dominio

altamente conservado com trés residuos de cisteina, um provavel local de ligagdo do cofator [Fe-
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S]. Com base no contexto gendmico e homologia de sequéncia, IscR foi descrita como
reguladora do operon iscRSUA (Schwartz et al. 2001). IscR é um fator de transcricdo que
contém um cofator [2Fe-2S], e atua como repressor ou ativador na expressdao de mais de 40
genes em 20 operons preditos em E. coli sob condi¢Bes aerdbicas e anaerdbicas (Giel et al.
2006).

Enquanto o papel de IscR reprimindo a maquinaria ISC é claramente estabelecido, o
modo pelo qual a atividade de IscR é regulada para manter a quantidade adequada de cofatores
[Fe-S] ndo é bem entendido. A inativacdo da rota de biossintese ISC diminui a repressdo do
promotor iscR, sugerindo que o cofator [2Fe-2S] é necessario para a funcdo de repressor
(Schwartz et al. 2001). Consistente com esta observacdo, a limitacdo de Fe ou S também
desreprime o promotor IscR (Outten et al. 2004, Gyaneshwar et al. 2005). Com base nos dados
expostos anteriormente, Schwartz et al. (2001) propuseram que esse € um mecanismo de
retroalimentacédo (feedback). Quando estd aumentada a concentracdo intracelular de proteinas Isc
e Hsc, e de Fe*? e cisteina, IscR ira adquirir um cofator [2Fe-2S], sendo entdo capaz de se ligar

ao DNA e reprimir a transcri¢do do operon isScRSUA-hhscBA-fdx-IscX .

A proteina IscR é uma proteina Fe-S e o cofator é necessario para a repressao da
transcricdo do operon isc, do qual faz parte (Schwartz et al. 2001). Nesbit et al. (2009)
demonstraram que o cofator [2Fe-2S] ndo é necessario para IscR exercer sua funcdo como
regulador em alguns promotores alvo. A presenca do cofator para a regulacdo parece depender
do tipo de sequéncia de ligacdo a IscR (Giel et al. 2006). Sdo descritos até hoje, duas sequéncias
motivo, a do tipo 1, com 25 pares de bases (pb) (ATASYYGACTRwWwWwWYAGTCRRSTAT) e do
tipo 2, com 26 pb (AWARCCCYTSnGTTTGMnGKKKTKWA): [M=A/C, R=A/G, S=GIC,
W=A/T, Y=C/T]. Sequéncias do tipo 1 requerem [2Fe-2S]-IscR para sua repressdo, ja as
sequéncias do tipo 2, por sua vez, ndo requerem cofator [Fe-S] para a sua ativacdo (Nesbit et al.
2009).

Estudos posteriores demonstraram que a proteina IscR, em sua forma apo, ativa a
expressdo dos genes do operon suf em E. coli. Quando o cofator estd presente, a holo-IscR
reprime a expressao do operon isc, quando esta ausente, apo-IscR ativa a expressao dos genes suf

(Figura 8). Desta maneira, a regulacéo IscR-dependente permite o aumento da expressédo de dois
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sistemas, ISC e SUF, sob condicfes de estresse oxidativo ou deplecao de Fe, condi¢cdes na qual

IscR é encontrada mais comumente na sua forma apo (Giel et al., 2006).

isch iscS iscl)  iscA hscB hscA fhe
l Transcription l
iscRSUA hscBA—fdx

Translation l

|
@ ©o

Figura 8: Regulacdo do operon isc de Azotobacter vinelandii pela proteina IscR- A
apoproteina IscR (apo-IscR) é maturada pela rota ISC, e na sua holoforma (holo-IscR) reprime o
promotor a montante de iscR. Os genes codificadores das chaperonas HscA, HscB e da Fdx
podem ser transcritos separadamente dos demais genes (iscRSUA), por promotores a montante
de hscA e hscB.

A funcao regulatoria de IscR também esta envolvida na viruléncia e na patogenicidade de
diversos organismos como Shigella flexneri, na qual a maxima expressao dos genes suf esta
associada a viruléncia, e Erwinia chrysanthemi (Rincon-Enriquez et al. 2008, Runyen-Janecky et
al. 2008). A delecdo de IscR em Pseudomonas aeruginosa resultou em fendtipos sensiveis ao
peréxido de hidrogénio (H.0,) e, em Burkholderia malleli, a aumento da sensibilidade ao 6xido
nitrico (Choi et al. 2007, Jones-Carson et al. 2008).

1.2.2.6 IscA, uma ligadora de ferro

IscA é uma proteina capaz de ligar Fe e doar esse metal para a formagdo transiente de
cofatores [Fe-S] em IscU na presenca de IscS e L-cisteina (Ding and Clark 2004). Estudos
geneticos em Saccharomyces cerevisiae confirmaram esta atividade ja que a delecdo de

homologos de iscA resultou em acimulo de Fe na mitocondria e em proteinas Fe-S deficientes.

As proteinas do tipo A canbnicas possuem trés residuos de cisteina altamente

conservados, dispostos em dois segmentos proximos a regidao terminal (X3;CXg3CGCXe). Esses
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motivos sdo essenciais para a funcdo in vivo (Jensen and Culotta 2000). A capacidade de ISCA
ligar Fe é consistente com modelos estruturais obtidos por cristalografia de raios-X, que
permitiram revelar que a proteina funcional ocorre como um tetrdmero com um canal central,
formado pela associagdo de quatro mondmeros de IscA. E dentro deste canal que estdo
localizados os trés residuos de cisteina conservados de cada mondémero, que sdo projetados
formando um “bolso de cisteinas”. Esse bolso pode rapidamente acomodar o Fe mononuclear na
proteina (Cupp-Vickery et al. 2004). A substituicdo de duas cisteinas em E. coli (Cys® e/ou

101

Cys ") por Ser aboliu completamente a atividade de ligagdo ao Fe de IscA, sugerindo que estas

cisteinas estdo envolvidas na ligacdo do Fe a proteina (Yang et al. 2006).

IscA parece previnir a formacdo de hidroxido férrico, um composto biologicamente
inacessivel, sob condi¢des aerdbicas. A subsequente adicdo de L-cisteina mobiliza o centro de Fe

em IscA e o Fe é transferido para a montagem do cofator [Fe-S] em IscU (Yang et al. 2006).

1.2.3 Sistema SUF

Mutacdes alterando diversos componentes do sistema ISC, em A. vinelandii séo letais,
sugerindo que este sistema é essencial para a bactéria. Em contraste, linhagens de E. coli, com
delecdo de todo o sistema ISC continuam viaveis, indicando a existéncia de um sistema acessorio
adicional de biossintese de cofatores [Fe-S]. Esse sistema foi descoberto subsequentemente e

denominado SUF, do inglés, Sulfur Utilization Factor.

O sistema SUF de E.coli consiste de seis genes organizados em um operon sufABCDSE.
O operon foi originalmente identificado em E. coli pela desestabilizacdo da proteina FhuF (que
contém um cofator do tipo [2Fe-2S]) em mutantes sufS ou sufD. FhuF é uma proteina com
funcdo de ion ferrico redutase, a qual permite a utilizacdo de ferrioxamina B ou é&cido
rodotordlico com fonte de Fe. Os primeiros estudos genéticos realizados permitiram mostrar que
a expressdo dos genes suf € regulada pelo repressor Fe-dependente Fur, e é induzida em
condicdes de deficiéncia de Fe. Este operon também faz parte do regulon de estresse oxidativo
OxyR-dependente, que € um regulador transcricional responsivo a peroxido de hidrogénio
(H20,).
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Analises das sequéncias primarias das proteinas codificadas pelo operon suf, permitiram
identificar SufS como uma cisteina desulfurase e SufA exibiu identidade significativa quando
comparada com IscA, incluindo as trés cisteinas conservadas. Com base nesses resultados, ficou
evidente o papel do sistema SUF na biossintese de cofatores [Fe-S]. Por outro lado, mutantes suf
de E. coli ndo apresentaram fendtipo alterado em condi¢Ges normais de cultura (Patzer and
Hantke 1999, Zheng et al. 2001). Estudos do operon suf do patdgeno vegetal E. chrysanthemi,
também permitiram demostrar que a expressao dos genes suf pode ser induzida sob condicdes de
deficiéncia de Fe (Nachin et al. 2001). A funcdo deste operon na formacéo de cofatores [Fe-S]
foi estabelecida em E. coli por meio da combinacdo de mutantes para o sistema ISC e SUF. A
inativacdo de um dos sistemas (ISC ou SUF) em E. coli ndo leva a letalidade. Porém quando os
dois sistemas sdo inativados simultaneamente, o resultado é letal. Como as mutagdes nos genes
suf ndo causam defeitos severos na atividade de proteinas Fe-S, o sistema SUF € considerado
como um contribuinte menor na biossintese dos cofatores [Fe-S]. Entretanto, trabalhos
posteriores mostraram que SUF é um sistema vital de biossinte de cofatores [Fe-S] sob condicdes
de estresse, tais como estresse oxidativo ou falta de Fe (Barras et al. 2005, Fontecave et al. 2005,
Riboldi et al. 2011). Com base nisso, é razoavel que sistemas semelhantes ao SUF (SUF-like)
formem a base de biossintese de cofatores [Fe-S] em cloroplastos de plantas, que foram

provavelmente herdados de uma cianobactéria ancestral (Balk and Lobreaux 2005).

1.2.3.1 Proteinas arcabouco, complexo SufBCD

Em 2003, dois grupos distintos descreveram a atuacdo das proteinas SufBCD formando
um complexo compacto e, por meio de um trabalho sistematico, foi estabelecido que o complexo
SufBCD atua como arcabougo para a montagem de cofatores [Fe-S]. SufB e SufD possuem
homologia de sequéncia na regido C-terminal, e é justamente essa a regido envolvida na
complexagdo com SufC, permitindo a formagdo do complexo SufBC,D. (Loiseau et al. 2003,
Outten et al. 2003). Além do complexo SufBCD, foram também descobertos os complexos
SufBC e SufCD, que podem existir nas formas: 2B-2C ou 2C-2D (Petrovic et al. 2008, Wada et
al. 2009). A proteina SufC contém um motivo ATPase, e SufB pode acelerar a quebra de ATP
em SufC (Rangachari et al. 2002). Analises de sequéncia mostram que SufB contém um motivo

de ligacdo a cofator [Fe-S] do tipo C-X2-C-X3-C, porém esse ndo é altamente conservado
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(Ayala-Castro et al. 2008). Em E. coli, SufB possui 13 residuos de cisteina na por¢do N-terminal,
recebe sulfeto do complexo SUfSE e ainda coordena um cofator do tipo [4Fe-4S]". Este cofator
é transiente, caracterizando o complexo como uma proteina arcabouco alternativa. O complexo
SufBCD contém quatro cisteinas altamente conservadas e seis parcialmente conservadas (Outten
et al. 2003).

SufE, é a proteina que recebe o S de SufS, e interage com SufB para a transferéncia do S,
e essa interacdo ocorre somente se SufC estiver presente. Utilizando a combinacgéo de técnicas de
interacdo proteina-proteinas e montagem de cofatores [Fe-S] in vitro, os papéis do complexo
SufBCD e da proteina SufA durante a biossintese de cofatores [Fe-S] foi caracterizado. Esses
estudos permitiram revelar que SufA interage com o complexo SufBCD para receber o cofator
formado de novo em SufBCD. Neste contexto, deve ser observado o fato de algumas bactérias e
archaea apresentarem complexos homdlogos a SufBCD ou SufBC, mas nédo proteinas arcabouco
IscA/SufA ou IscU/SufU (Outten et al. 2004).

Embora o sistema SUF ndo apresente uma Fdx, foi relatada a presence de uma molécula
de FADH, ligada ao complexo SufBC,D, provavelmente envolvida na reducdo do cofator
(Wollers et al. 2010). No sistema Suf presente em bactérias gram — a proteina SufU esta ausente,
por sua vez em bactérias gram + a presenca de SufU foi observada. (Figura 9). Neste
microganismos a proteina SufU funciona como a proteina arcabouco do cofator [Fe-S], pois em
SufB apenas uma das 13 Cys presentes em E. coli é conservada (Riboldi et al. 2011).

Escherichia coli (Gram-negativa)

)
o DR s

Figura 9: Representacdo grafica da organizacdo génica do operon suf em Escherichia

Enterococcus faecalis (Gram-positiva)

|

coli e Enterococcus faecalis.
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1.2.3.2 SufS e SufE

SufS é uma cisteina desulfurase do tipo Il, diferentemente de NifS e IscS, e sua atividade
pode ser drasticamente incrementada pela presenca de SufE (até 50 vezes). SufE é um
homodimero que se liga fortemente a SufS, formando um complexo e recebendo S de SufS
(Loiseau et al. 2003, Ollagnier-de-Choudens et al. 2003). A proteina SufS de E. coli corresponde
a um homodimero, dependente de PLP, cujo sitio ativo apresenta um residuo essencial, a Cys*“.
O sitio ativo de SufS possui um residuo de cisteina (Cys') orientado para o interior da proteina,
0 que ndo é observado em IscS, pois essa apresenta um loop acessivel ao solvente. Essa
diversidade estrutural pode estar envolvida na diferenca de atividade entre as duas proteinas, ja

que SufS, sem ativador, apresenta uma atividade 20 vezes maior (Fuji et al. 2000).

1.3 Sistemas de Formacao de Cofatores [Fe-S] em Plantas

Com a publicagcdo dos primeiros genomas de plantas modelo e algas, ficou claro que
diversas rotas de montagem de cofatores [Fe-S] estavam presentes. A maior parte dos genes de
Arabidopsis thaliana foi caracterizada, revelando que plastideos, mitocondrias e citosol tém
separadamente, mas nao totalmente independentes, maquinarias de montagem de cofatores [Fe-
S]. A distribuicdo espacial dos componentes de montagem reflete a historia endossimbidtica das
células vegetais (Balk and Lobréaux 2005). Grande parte destas proteinas é essencial para o
desenvolvimento embrionario. Aproximadamente 100 classes de proteinas vegetais contém
cofatores [Fe-S] na sua estrutura, e infere-se que 2% do conteldo de S encontrado nestes
organismos seja proveniente dos cofatores [Fe-S], reforcando a importancia destes para a
manutencdo da vida (Kessler and Papenbrock 2005). Em plantas sdo encontradas as seguintes

maquinarias, SUF e ISC, que serdo descritas nas proximas sessoes.
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1.3.1 SUF, a maquinaria plastidial

1.3.1.1 O complexo SufBCD

Assim como em bactérias, as proteinas SufB, SufC e SufD formam um complexo
funcional em plantas como proteinas arcabougo. Porém, nestes eucariotos, essas proteinas estéo
localizadas nos cloroplasto, devido a endossimbiose. As proteinas de A. thaliana SufB
(AtNAP1), SufC (AtNAP7) e SufD (AtNAP6) tém localizagdo celular confirmada em
cloroplastos (Xu et al. 2005). As trés proteinas sdo membros da superfamilia de transportadores
ABC de A. thaliana AtSufB ou AtSufC podem complementar mutantes sufB ou sufC de E. coli,
indicando que esse complexo de ATPase esta envolvido na biossintese de cofatores [Fe-S] em A.
thaliana (Xu and Moller 2004, Xu et al. 2005). ATP e NADPH s&o essenciais para a formagéo
de cofatores [Fe-S], como ja foi demonstrado na Fdx de espinafre (Takahashi et al. 2001).
Entretanto, ndo existem evidéncias diretas demonstrando que elas sdo responsaveis pelo

metabolismo Fe-S.

Geralmente, os genes semelhantes a sufB, sufC e sufD estdo representados nos genomas
vegetais por uma Unica copia. Entretanto, duas cépias de sufB (At4g04770 e At5g44316) estdo
presentes em A. thaliana. Porém o RNA menssageiro de At5g44316 ndo foi detectado, indicando

que este pode ser um pseudogene (Xu and Moller 2011).

1.3.1.2 SufS-SufE

O genoma de A. thaliana codifica duas cisteinas desulfurases, uma mitocondrial, AtlscS
(NFS1), e outra plastidica AtSufS (AtNFS2). As linhagens de plantas em que a expressdao do
gene AtNFS2 foi significativamente reduzida apresentaram cotilédones severamente cloroticos e
as plantas morreram ainda no estadio de plantula. Em plantas com silenciamento induzido do
gene AtNFS2, foi observado clorose, estrutura cloroplastidica desorganizada e atraso no
crescimento, tratando-se de plantas eventualmente necroticas, morrendo antes de gerarem

sementes. As linhagens silenciadas apresentaram redugdo da disponibilidade de todas as

39



proteinas Fe-S cloroplastidicas testadas. Estes resultados indicaram que a proteina AtNFS2 ¢

necessaria para a maturacdo de todas as proteinas Fe-S do cloroplasto (Xu and Moller 2011).

A proteina AtSUfE1l possui um dominio semelhante a SufE (SufE-like) e outro
semelhante a BolA (BolA-like), e esta estrutura é conservada em arroz (Oryza sativa), milho
(Zea mays) e alamo (Populus trichocarpa). Porém, tal estrutura ndo é encontrada em bactérias
como E. coli, por exemplo, e em cianobactérias como Synechocystis ou Chlamydomonas
reinhardtii. A razéo pela qual os dominios Suf e BolA fundiram-se formando AtSufEl em A.
thaliana ainda ndo é clara. Entretanto, proteinas do tipo BolA sdo frequentemente encontradas
adjacentemente a glutarredoxinas (Grxs) em diversos organismos procariéticos. A Grx € outro
componente para a montagem de cofatores [Fe-S]. E discutida a possibilidade da interacdo Grx-
BolA ser necessaria para o controle do status de Fe em organismos em que estas duas proteinas

estdo presentes (Rouhier et al. 2010).

Além de SufE1l, o genoma de A. thaliana codifica duas outras proteinas plastidiais com
dominio SufE, SufE2 e SufE3. A proteina recombinante SufE2 purificada de E. coli, pode
aumentar a atividade de cisteina desulfurase de AtNFS2 em até 40 vezes. A expressdo de
AtSUfE2 em A. thaliana é flor-especifica, com alta concentracdo em grdos de pélen. AtSufE3
contém dois dominios semelhantes a SufE (SufE-like), um similar ao bacteriano SuftE e outro
similar ao dominio de quinolinato sintase, NadA. O gene AtSUfE3 é expresso em baixos niveis
em todas as partes da planta (Murthy et al. 2007). Da mesma forma que SufEl, SufE3 é
encontrada somente em vegetais superiores, entretanto estruturas semelhantes a NadA (NadA-
like) sdo extremamente conservadas de bactérias a plantas superiores.

As plantas possuem trés ativadores de mobilizacdo de S por CpNifS (=AtNFS2, Cp ¢
referente a localizacdo cloroplastidica) e se espera que alguns desses possam se complementar
mutuamente. Ainda assim, o fen6tipo embrio-letal de mutantes de A. thaliana knockouts para
sufELl e sufE3 indica que eles ndo podem se complementar. O gene sufEl ndo pode
complementar sufE3 porque ndo tem atividade de quinolinato sintase. O gene sufE2 ndo pode
complementar a perda de sufE1l nos tecidos vegetais porque € somente expresso no polen
(Murthy et al. 2007).

40



1.3.2 ISC, a maquinaria mitocondrial

Nas mitocondrias vegetais, a maquinaria responsavel pela montagem de cofatores [Fe-S]
é a maquinaria ISC. As principais proteinas desta rota sdo uma cisteina desulfurase (NifS/NFS1)

do tipo 1, e uma proteina arcabougo com um unico dominio (IscU/ISU).

No primeiro passo para a monatgem do cofator, o persulfeto é entregue a proteina ISU
pela cisteina desulfurase NFS1. A proteina NFS1 de A. thaliana foi expressa em E. coli,
fusionada a tiorredoxina (TRX) e, desta forma, foi capaz de catalisar a liberacdo de 12 nmol
sulfeto/min/mg. A proteina NFS1-TRX recombinante também foi capaz de mediar a montagem
do cofator [2Fe-2S] na proteina arcabouco AtISU1 (Frazzon et al. 2007). NFS1 também interage
com uma pequena proteina de aproximadamente 14 kDa, a 1sd11/1SD11, que € necessaria para a
estabilidade da cisteina desulfurase (Adam et al. 2006). ISD11 é altamente conservada em todos
0s eucariotos, e um gene de cdpia Unica é encontrado no genoma de A. thaliana (Richardsand
van der Giezen 2006). Estudos combinando experimentos de fluorescéncia biomolecular e duplo-
hibrido em leveduras permitiram demonstrar que NFS1 também interage com SUFEL. Apesar da
maior parte desta proteina (SUFEL) estar localizada em plastideos, quando superexpressa na
forma de uma proteina de fusdo com a proteina de fluorescéncia amarela otimizada (EYFP, do
inglés Enhanced Yellow Fluorescent Protein), a proteina também foi observada nas mitocdndrias
(Xu and Moller 2006).

O segundo estagio para a montagem do cofator nas mitocéndrias vegetais envolve a
transferéncia do cofator [Fe-S] de ISU1 e a insercdo em uma apo-proteina alvo (Figura 10). Em
leveduras e bacteérias, essa transferéncia € mediada por uma chaperora Hsp70 (DNA-J-like ou
Proteina tipo J). Por outro lado, em alguns fungos e celulas humanas, ndo foi descrito até o
momento uma Hsp70 especializada e a proteina envolvida na importacdo e dobramento de outras
proteinas trabalha em parceria com uma proteina tipo J para a montagem de cofatores [Fe-S]
(Busi et al. 2006). Ensaios de fluorescéncia biomolecular e duplo-hibrido de leveduras
permitiram mostrar que a proteina J de A. thaliana, denominada HSCB, interage com a proteina
arcabouco AtISUL. O gene codificador de HSCB de A. thaliana também complementa leveduras

mutantes Ajacl, deficientes naproteina J (Xu et al. 2009).
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Figura 10: Modelo de montagem de cofatores [Fe-S] na mitocéndria de plantas- Estagio 1:
mobilizacdo de S e montagem do cofator [Fe-S] na proteina arcabouco; estagio 2: transferéncia
do cofator [Fe-S] da proteina arcabougo para uma apo-proteina alvo (Balk and Pilon 2011).

Em A. thaliana, a familia génica ISU, AtISU1-3, codifica peptideos muito semelhantes
com seus homologos em bactérias e outros eucariotos. Utilizando a técnica de fusdo de IscU a
proteina de fluorescéncia verde (GFP, do inglés, Green Fluorescent Protein), o gene de fusdo
foi expresso em protoplastos foliares e ensaios de imunodetegdo foram realizados com extratos
organelares, mostrando que ISU é uma proteina mitocondrial, reforcando a teoria de que outra
maquinaria de montagem de cofatores [Fe-S], independente de ISU existe nos plastideos (Leon
et al. 2002). Analisando o genoma de arroz (Oryza sativa) dois genes IscU foram identificados.
A expressdo do gene OslscUlem células epidermais de cebola ocasiounou a localizacdo da
proteina na mitocondria. Analises de northern blotting permitiram demonstrar que o0 gene

OslscUL1 é reprimido em raizes de arroz sob deficiéncia de Fe (Tsugama et al. 2009).

O fenotipo das plantas na qual os genes AtlscUl, AtlscU2, AtlscU3;ou AtlscS foram
silenciados por interferéncia de RNA (RNAI), indicou que AtlscS e as trés proteinas IscU sdo
essenciais para 0 crescimento e o desenvolvimento normal das plantas. Este fato ndo €
surpreendente, visto que a maquinaria mitocondrial de montagem de cofatores [Fe-S] é
necessaria para a biossintese de componentes da cadeia respiratoria € compostos essenciais

como, por exemplo, biotina, lipoato e Moco (Frazzon et al. 2007).

A proteina AtSufEl também possui localizacdo mitocondrial; ela interage com AtlscS

para aumentar a atividade da cisteina desulfurase. O mutante AtsufEl de A. thaliana é
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embrionario letal, e ndo é complementado pela producdo da proteina contendo peptideo sinal
para plastideo ou mitocondria. Isso demonstra que o reestabelecimento organela especifico de
AtSUfE1 ndo é suficiente, a ponto de permitir o progresso do embrido. Isso também revela que a
mobilizacdo de S mediada por AtSufEL é crucial nas duas organelas. Por este motivo, AtSufEl
deve ser considerado um componente importante da maquinaria ISC de A. thaliana (Xu and
Moller 2006).

Nas proximas sessdes serdo abordados os organismos escolhidos para realizacdo deste
trabalho. Eucalyptus foi o género selecionado para o estudo envolvendo as proteinas montadoras
de cofatores [Fe-S] em vegetais, devido a sua importancia econdmica e ser objeto de estudo no
Laboratorio de Biologia Molecular Vegetal (LBMV) da Universidade Federal do Rio Grande do
Sul (UFRGS). O resfriamento também € introduzido, pois € um dos estresses abioticos que
limitam a produtividade e distribuicdo geogréfica de Eucalyptus. Este estresse foi 0 selecionado
para as analises de transcri¢do génica realizadas neste trabalho.

No capitulo I1, sdo abordadas as proteinas bacterianas, e 0 organismo modelo empregado
foi A. vinelandii, pois é uma bactéria de facil manipulacdo genética e utilizado no Laboratério de
Metaloenzimas da Virginia Polytechnic Institute and State University, Virginia Tech, Estados

Unidos da América.

2. EUCALYPTUS GRANDIS

2.1 O género Eucalyptus e Eucalyptus grandis

O género Eucalyptus pertence a familia Myrtaceae e é composto por mais de 700
espécies. A Ultima classificacdo taxonémica de Eucalyptus inclui Corymbia e Angophora como
subgéneros de Eucalyptus, porém alguns taxonomistas ainda reconhecem esses como géneros
(Brooker 2000). O género Eucalyptus é originario da Australia, composto por espécies de clima
temperado e subtropical, mas de facil adaptacéo a outras condigdes climaticas. O nome eucalipto

deriva do grego: eu (bem) e kalipto (cobrir), referindo-se a estrutura globular arredondada de seu
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fruto, caracterizando o opérculo que protege bem as suas sementes. A diversidade de espécies
decorre, entre outros, ao habito alégamo, da resposta a pressdao de selecdo causada pelas

alteracfes do ambiente e do proprio processo de deriva e especiagao.

A madeira de eucaliptos possui fibras delgadas, curtas, rigidas e de granulagdo reduzida.
O numero de fibras por grama é alto e as microfibrilas apresentam uma pequena angulacdo em
torno do eixo da fibra. Todas essas caracteristicas proporcionam uma estrutura adequada para a
producdo de papel de alta qualidade e alta opacidade, o0 que € de grande interesse comercial. Os
eucaliptos sdo conhecidos por rapida taxa de crescimento, forma reta, capacidade de crescer em
diversos climas e solos, e boa qualidade de madeira tanto para produtos sélidos como producéo
de celulose. Variacdes genéticas inter e intra-especificas sdo responsaveis pela diversidade
fenotipica e a ampla adaptabilidade fez com que arvores do género Eucalyptus sejam plantadas
em todo o mundo (Eldridge et al. 1994).0 eucalipto é plantado na maioria das regides de clima
tropical e subtropical do mundo, entre as latitudes 40°N e 45°S (Gonzéales 2002).A maioria das
espécies do género Eucalyptus sdo arvores tipicas de floresta altas, atingindo alturas que variam
entre 30 e 50 metros (Hall et al. 1970). Algumas espécies podem atingir excepcionalmente 100

metros de altura, sendo consideradas as arvores florestais latifoliadas mais altas do mundo.

O plantio comercial de Eucalyptus constitui uma das melhores alternativas para atender
as diversas demandas da sociedade no que diz respeito ao consumo de produtos de base florestal,
tanto para a producdo de papel, celulose e derivados, como na area de siderurgia. Por outro lado,
este consumo vem atrelado as exigéncias de sustentabilidade da producdo de biomassa florestal
(Santos 2005). Devido a caracteristica de rapido crescimento e a qualidade de suas fibras, o
Eucalyptus € a arvore mais comumente plantada no mundo, mais especificamente, para a
fabricacdo de papel. Porém, apesar de amplamente distribuida, sua extens&o é restrita a algumas

areas por apresentar sensibilidade ao congelamento (Kayal et al. 2006).

No Brasil, as espécies de Eucalyptus mais utilizadas na silvicultura sdo o Eucalyptus grandis
(55%), Eucalyptus saligna (17%), Eucalyptus urophylla (9%), Eucalyptus viminalis (2%),
hibridos de E. grandis e E. urophylla (11%) e outras espécies (6%; Silva 2005). A espécie E.
grandis Hill ex-Maiden, pertence ao subgénero Symphyomyrtus, ocorre naturalmente na
Australia, entre as latitudes 25 e 33°S, e nas regides central (latitude de 21°S) e norte (latitude 16
a 19°S) de Queensland, em altitudes desde o nivel do mar até 600 metros, podendo chegar a
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1.100 metros na regido norte de Queensland. A temperatura maxima média nessas regides varia
de 24 a 30° C e a minima média varia entre 3 e 8° C. E uma espécie que apresenta porte alto,
atingindo de 45 a 55 metros de altura, podendo alcancar até 75 metros (Morais 1988). E. grandis
é uma das espécies mais plantadas no mundo, considerada uma das espécies mais versateis e
indicadas para uso multiplo. A madeira de E. grandis é leve e facil de ser trabalhada, sendo
utilizada intensivamente na Australia e na Africa do Sul como madeira de construcdo, quando
oriunda de plantagdes de ciclo longo. A madeira produzida em ciclos curtos é utilizada para a
fabricacdo de caixas. Plantacfes convenientemente manejadas podem produzir madeira de
excelente qualidade para serraria e laminacdo (Santos 2005). A madeira de E. grandis também é
considerada de baixa estabilidade, mas de elevada permeabilidade. Esta espécie apresenta um
bom desenvolvimento em regiBes de clima tropical e subtropical, além de conter um 6timo teor
de celulose (em torno de 48%) e possuir um bom crescimento volumétrico. E a principal fonte de
matéria-prima para a producdo de pasta de celulose e papel no Estado de Sdo Paulo (Santos
2005). A maior restricdo encontrada pelas industrias esta nos elevados indices de ligninas em sua

madeira, sendo estes de cerca de 24% de lignina total (Colodette et al. 2004).

E. grandis ¢ uma espécie suscetivel ao cancro do eucalipto, causado pelo fungo
Cryphonectria cubensis (Ferreira 1997). Entretanto, em virtude de suas caracteristicas
silviculturais e a qualidade de sua madeira, é a espécie mais explorada no Brasil para a geracdo
de hibridos de alta produtividade. No Brasil, seu cultivo em escala econémica deu-se a partir de
1904, com o trabalho do agronomo silvicultor Edmundo Navarro de Andrade, para atender a
demanda da Companhia Paulista de Estradas de Ferro. Os programas de melhoramento genético
comecaram a surgir na década de 1970, com o objetivo de encontrar espécies mais adaptadas as
condi¢bes ambientais e propiciar o aumento do conjunto genético e da qualidade das plantas
(Brune and Zobel 1981).

Atualmente, o Brasil situa-se entre 0os 10 maiores paises em areas de florestas plantadas
no mundo, contando com 6,4 milhGes de hectares. Destes, cerca de 4,8 milhdes estéo florestados
com espécies dos géneros Pinus e Eucalyptus. Esses plantios estardo concentrados nos Estados
de Sdo Paulo, Bahia, Espirito Santo, Amapa, Minas Gerais, Para, Parana, Santa Catarina, Mato
Grosso do Sul e Rio Grande do Sul (Revista da Madeira, nimero 125). As florestas plantadas no

Brasil crescem em ritmo acelerado. As areas cobertas com Pinus e Eucalyptus passaram dos
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1.769.000 hectares em 1990 para 1.923.000 em 2010, e dos 2.964.000 para 4.913.800 hectares

no mesmo periodo, respectivamente.

2.2 O Genoma de Eucalyptus

Para um futuro energético sustentavel € necessario o entendimento das bases moleculares
do crescimento e adaptacdo das plantas lenhosas para a producdo adequada de biomassa. O
género Eucalyptus esta na lista do Departamento de Energia dos Estados Unidos como cultura
produtora de energia, como por exemplo, para a sintese de biocombustiveis. O sequenciamento
de genomas € essencial para a compreensdo da base das propriedades e para a extensao destes
atributos a outras espécies. A genémica também permite a adaptacdo de eucaliptos para a
producdo de energia verde em regifes que atualmente ndo podem ser cultivadas, como por

exemplo, o sudeste dos Estados Unidos (JGI-Joint Genome Institute).

2.2.1 Dados obtidos no sequienciamento do genoma

A cobertura do sequenciamento foi de 8 vezes e 0 genoma de E. grandis é composto por
aproximadamente 691 Mb agrupados em 4952 scaffolds. Aproximadamente 641 Mb estdo
arranjados em 32.762 sequéncias contiguas (~ 7.3% de gaps). Mais de 300 scaffolds sdo maiores
que 50 kb, representando 94.2% do genoma. Foram identificados 44.974 loci contendo
transcritos codificadores de proteinas. Destes, 41.204 estdo mapeados nos 11 principais grupos
de ligacdo ou conjuntos de cromossomos (92%). Quanto a analise de transcritos, 9.961
transcritos apresentaram formas de splicing alternativo. Destes 9.763 estdo mapeados nos 11
principais grupos de ligacdo/ conjuntos de cromossomos (98%). Todos estes dados obtidos pelo
JGI  (Joint Genome Institute) estdo depositados no sitio do  Phytozome

(http://www.phytozome.net/eucalyptus.php). O Phytozome € um projeto conjunto do

Departamento de Energia dos Estados Unidos (Joint Genome Institute e do Center for Integrative
Genomics) para facilitar estudos genémicos comparativos entre espécies vegetais. Em 2011 foi
langada no Phytozome v. 7.0 a primeira montagem do genoma de E. grandis BRASUZ1 e a

anotacdo preliminar.
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3. O FRIO COMO ESTRESSE ABIOTICO AS PLANTAS

O estresse causado pelo frio é fator ambiental que mais limita a produtividade agricola.
Baixas temperaturas tém um enorme impacto sobre a sobrevivéncia e a distribuicdo geografica
das plantas, e estas diferem em sua tolerancia frente a temperaturas de resfriamento (0-15 °C) e
congelamento (<0 °C). Diversas alteracbes fisiologicas e moleculares ocorrem durante a
aclimatacdo ao frio. Entre elas, a transcricdo, a ativacdo e a repressdo de genes por baixas
temperaturassdo de importancia central. A reprogramacdo da expressdo génica resulta na
acumulacdo ndo s6 de proteinas protetoras, mas também de metabdlitos, alguns dos quais tem
efeito protetor (Thomashow 1999). O frio induz alteragdes nos componentes celulares, incluindo
variacOes sobre taxas de &cidos graxos insaturados (Cossins 1994), composicdo de glicerol-
lipideos (Lynch and Thompson 1982), mudanc¢as na composicdo de proteinas e carboidratos e

ativagdo de canais de ions (Knight et al. 1996).

As temperaturas de resfriamento caracterizadas como estresse sdo aquelas
demasiadamente baixas para o crescimento vegetal normal, mas ndo suficientes para a formagéo
de gelo. Como consequiéncia direta do resfriamento pode ocorrer danos que se caracterizam
principalmente pela descoloracdo ou lesdes nas folhas. Com o resfriamento de raizes, a planta

reduz sua capacidade de captacdo de dgua e pode murchar (Taiz & Zeiger, 2004).

As baixas temperaturas afetam a absorcdo de agua e nutrientes, bem como a fluidez da
membrana, influenciando drasticamente o metabolismo celular, reduzindo as taxas de reacdes
bioquimicas. As membranas das células vegetais sdo constituidas de uma bicamada lipidica
entremeada com proteinas e esterdis. As propriedades fisicas dos lipideos tém grande influéncia
sobre as atividades das proteinas integrais de membrana como, por exemplo, H*-ATPase,
transportadores e proteinas formadoras de canais que regulam o transporte de ions e outros
solutos, assim como o transporte de enzimas das quais depende o metabolismo.As membranas
celulares séo estruturas fluidas. Baixas temperaturas podem reduzir a sua fluidez, causando um
aumento na rigidez. E também por meio de mudangas na fluidez da membrana, conformagio de
proteinas e &cidos nucléicos e/ou concentracdo de metabolitos (algum metabdlico especifico, ou
o status redox) que células vegetais percebem o estresse causado pela baixa temperatura (Orvar
et al. 2000). Resumidamente, a sensibilidade das celulas vegetais ao resfriamento tem sido
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atribuida a transicdo de fases das membranas lipidicas (Wu et al. 1997), ao bloqueio das funcdes
de traducdo, a modificacdo nos plastideos (Tokuhisa et al. 1998) e ao desbalango metabdlico
(Levitt 1980).

Algumas proteinas sdo sintetizadas em plantas em resposta ao frio, bem como a
desidratacdo. Como exemplo, podemos citar as proteinas de choque térmico (do inglés, heat
shock proteins ou HSPs). Elas atuam como chaperonas protegendo as proteinas associadas
durante os processos de desidratacdo e reidratagdo, mantendo suas estruturas terciarias e
minimizando a agregacdo e degradagdo das proteinas (Feder and Hofmann 1999). Estudos com o
gene hsp70 de espinafre mostraram que esta proteina contribui significativamente para a
tolerancia ao congelamento por meio da estabilizacdo de proteinas e contra a desnaturacéo
induzida pelo frio (Anderson et al. 1994). A insercao de cofatores [Fe-S] em apoproteinas, como
visto anteriormente, requer a interacdo entre uma proteina arcabouco, na qual o cofator é
montado e uma sistema de chaperonas, usualmente formado por uma chaperona altamente

especializada como a Hsp70 e sua co-chaperona J (Craig and Marszalek 2002).

Além de regulacdo da transcricdo, a expressao génica é regulada pos-transcricionalmente
com o pre-processamento do mMRNA, estabilidade do mMRNA, a exportacdo do nucleo e de passos
da traducdo. Estudos revelaram que a regulacdo pos-transcricional desempenha um papel critico
durante a aclimatacdo ao frio (Chinnusamy et al. 2007).0 splicing do pré-mRNA é um processo
nuclear crucial para a sintese de mMRNAs funcionais de genes que contém introns, e este processo
¢ acoplado com a exportacdo nuclear dos mMRNAs. Além disto, o splicing alternativo em resposta
ao desenvolvimento e estimulos ambientais permite que as células sintetizem diferentes proteinas
a partir de um anico gene. Em trigo, foi demonstrado que dois genes COR podem reter introns
em seus mMRNAs maduros sob estresse pelo frio (Mastrangelo et al. 2005).

A familia de RNA helicases DEAD-box esta envolvidano metabolismo de RNA como,
por exemplo, na transcri¢do, processamento, decaimento de RNA e transporte nucleo-citoplasma
(Cole and Scarcelli 2006). O papel de uma helicase DEAD-box (LOS4) na exportacdo de mRNA
e resposta a estresses abioticos em plantas, foi descrito a partir da analise de mutantes los4 (do
inglés, low expression of osmotically responsive genes 4) de A. thaliana, sensiveis ao
resfriamento (Gong et al. 2002). O genoma de ervilha codifica duas helicases, PDH45 e PDH47,
que sdo superexpressas sob diversos estresses abioticos, incluindo frio e acido abscisico (ABA,;
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Vashisht et al. 2005). Estas observacdes sugerem que as RNA helicases DEAD-box séo criticas
para a exportacdo de mRNA e /ououtras funcdes importantes para a tolerancia ao frio e outros
estresses abidticos. Muito comumente presentes em enzimas envolvidas na sintese de acido
nucléicos, os cofatores [Fe-S] sdo componentes essenciais em diversas maquinarias de
processamento de DNA em praticamente todos os aspectos do metabolismo de acidos nucléicos,
incluindo a replicacdo do DNA, reparo, recombinacdo e transcricdo bem como na modificacao e
regulacdo da trancricdo e traducdo do RNA. Os cofatores [Fe-S] ndo espontaneamente
associados a proteina-alvo, mas sdo inseridospor meio de vias biossintéticas (ja descritas
anteriormente), envolvendo proteinas transportadoras de cofatores [Fe-S] e compartimentos
especializados, incluindo as mitocondrias (Lill and Muhlenhoff 2006, Bandyopadhyay et al.
2008). Um aumento na expressdo relativa dos genes NFS1 e ISD11 foi observado quando
Glycine max foi exposta ao tratamento de frio. Esse aumento foi acompanhado da maior
atividade das proteinas citosdlicas dependentes de cofatores [Fe-S], aldeido oxidase (AO) e
xantina desidrogenase (XD), denotando a relacdo direta entre a resposta ao frio e 0 aumento na
expressdo dos genes codificadores de proteinas envolvidas na biossintese de cofatores [Fe-S]
(Heis et al. 2011).

4. AZOTOBACTER VINELANDII

A familia Pseudomonadaceae compreende o género Azotobacter, constituido por
eubactérias Gram-negativas pertencentes ao grupo das y-proteobactérias, as quais possuem um
complexo de parede celular que consiste de uma membrana externa e uma camada interna
peptidoglicano contendo &cido muramico e mureina. Estas bactérias multiplicam-se por fissdo
binaria, vivem no solo e em aguas doces, e as celulas séo grandes e ovoides com didametros de

1,5 a 2,0 micrdmetros (um; Garcia et al. 2002).

As bactérias do género Azotobacter sdo quimio-organotroficas, usam agucares, alcoois e
sais inorganicos para se multiplicar. Quando em vida livre, utilizam uma média de 10 mg de

nitrogénio por grama de carboidrato (glicose) consumido e esta atividade exige de molibdénio
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(Mo), que pode ser parcialmente substituido por vanadio (Va). O pH étimo para o crescimento

quando fixam nitrogénio € de 7,0-7,5. (Allman et al. 1990).

A. vinelandii € um microrganismo de vida livre, fixador de nitrogénio e pode ser
encontrada em solos do mundo todo, possuindo caracteristicas de metabolismo energético de
nitrogénio relevante para a agricultura. A. vinelandii foi utilizado durante muito tempo como um
modelo para estudos bioguimicos e genéticos da fixacdo bioldgica de nitrogénio, a conversdo de
nitrogénio molecular (N,) em amdnia (NHs) pela enzima nitrogenase. E capaz de adaptar seu
metabolismo para diversas fontes de nutrientes aléem de carbono. Na falta deste, sofrerd um
processo de diferenciacdo para formar cistos composto de alginato, o que lhe d& resisténcia a
dessecacdo e a outros estresses quimicos e fisicos (Sadoff 1975). A.vinelandii foi citada como
uma das bactérias conhecidas com maior taxa respiratoria. O crescimento diazotréfico em
condicOes aerdbias é possivel, porque A. vinelandii pode ajustar as taxas de consumo de oxigénio
(protecéo respiratdria) mantendo baixo o nivel de oxigénio no citoplasma.

4.1 O Genoma de Azotobacter vinelandii

Dentro da familia Pseudomonadaceae dois dos principais géneros, Pseudomonas e
Azotobacter, tiveram seus genomas sequenciados. A sequéncia do genoma de A. vinelandii foi
publicada em julho de 2009 por Settbal e colaboradores. O cromossoma de A. vinelandii possuli
5.365.318 pb, dos quais 86.4% (4.635.830 pb) é codificador de RNA . Trata-se de um genoma
rico em GC (65.68%), e possui 5051 genes codificadores de proteinas. Apresenta 85 genes
relacionados a RNA, sendo assim distribuidos: 18 para RNA ribossomal (rRNA) e 64 para RNA
transportador (tRNA). Dentre os codificantes de rRNA, 6 para 5S rRNA, 6 para 16S rRNA e 6
para 23S rRNA. Dos genes codificadores de proteinas, 3547 (69.1%) possuem funcdo predita e
1504 (29.30%) possuem funcdo desconhecida. Os genes sem funcdo predita, 1202 (23.42%)
apresentam similaridade com genes de outras espeécies, e 302 (5.88%) nédo apresentam qualquer
similaridade (Setubal et al. 2009).

A partir de anélises filogenéticas, foi verificado que na familia Pseudomonadaceae, a

espécie mais proxima geneticamente a A. vinelandii é Pseudomonas stutzeri A1501. A
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comparacdo destes dois genomas permitiu mostrar que as duas espécies possuem complexos
respiratorios similares e que a regulacdo destas maquinarias, especialmente no nivel
transcricional, € muito importante para o ajuste das taxas de consumo de oxigénio com o intuito

de proteger processos sensiveis ao oxigénio (Setubal et al. 2009).

A fim de conciliar um estilo de vida aerdbico obrigatério com processos sensiveis ao
oxigénio, A. vinelandii possui proteinas respiratorias especializadas. A analise do genoma
reforcou a concepcao de que esta bactéria possui um metabolismo aerdbio estrito, pois ndo foram
encontrados genes que codificam proteinas de sistemas completos envolvidos na respiracao
anaerdbica (Setubal et al. 2009).
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OBJETIVOS

CAPITULO |

Geral:

Realizar uma analise transcricional dos genes NFS1, ISAl e ISU1 de E. grandis apés
diferentes estimulos por meio de PCR quantitativa precedidos de transcricdo reversa (RT-gPCR)
e hibridizacbes de microarranjos de DNA, relacionando os niveis de expressdo com o

metabolismo de Fe e S.

Especificos:
(i) Identificar os genes NFS1, ISA1 e ISU1 no genoma de E. grandis;

(ii) Verificar a resposta transcricional dos genes quando plantulas de E. grandis séo

submetidas ao estresse por frio;
(iii) Quantificar Fe e S nas amostras controle e tratada;

(iv) Relacionar o padrdo de expressdo dos genes NFS1, ISAL e ISU1 com a quantidade de

Fe e S e a formag&o de cofatores [Fe-S] em plantulas de E. grandis.
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CAPITULO Il

Geral:

Verificar a expressao global e dos genes do operon ISC em linhagens controle e mutantes
de A. vinelandii para as cisteinas da enzima IscR putativamente envolvidas na ligacao do cofator

[Fe-S] e determinar o papel das formas apo e holo desta proteina.

Especificos:
(i) Identificar os ligantes do cofator [Fe-S] na proteina IscR de A. vinelandii;

(i) Sequenciar transcritos de linhagens selvagens e mutantes iscR de A. vinelandii, e

analisar o transcritoma das mesmas;

(iii) Descrever um possivel mecanismo de regulacdo exercido por IscR em A. vinelandii.
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Abstract

Iron-sulfur [Fe-S] clusters are prosthetic groups required to maintain life processes including
respiration, photosynthesis, metabolic reactions, signaling and gene regulation. Many
environmental factor that affecting plant development and consequently limit the productivity
are regulated by Fe-S proteins. Eucalyptus grandis (and its hybrids) is the most planted tropical
tree for cellulose pulp and paper production which, under low temperatures, has its growth and
productivity severely reduced. Here we describe a transcriptional analysis of the E. grandis
NFS1, ISU1 and ISA1 genes involved in the biogenesis of [Fe-S] clusters. Microarray
hybridization analyses were carried out and leaves from E. grandis demonstrated higher
expression of these genes than vascular, xylem tissues. The response of these genes to chilling
stress on E. grandis seedlings was evaluated by RT-qPCR. In the first 16 hours of treatment, the
NFS1 gene was temporarily repressed. The ISA and ISU genes exhibited peaksof transcript levels
after 2 hours. These results suggest that these genes are related to cellular responses during

chilling stress, in order to increase the iron and sulfur metabolism.

Keywords: [Fe-S] clusters; abiotic stress; Eucalyptus grandis, RT-gPCR; cold response.
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Introduction

Iron sulfur [Fe-S] clusters are versatile biological modules that can be found in nearly all
living organisms (Muhlenhoff and Lill 2000). They are prosthetic groups required to maintain
fundamental life processes, where they are involved in numerous enzymatic reactions including
electron transfer during photosynthesis, respiration and nitrogen fixation, metabolic reactions of
the Calvin and Krebs cycles, but also in sensing, signalling and regulating gene expression. Plant
cells carry, through photosynthesis and respiration, two distinct processes that require significant
amounts of Fe-S proteins (Balk and Lobreaux 2005). Plants are unique in the way Fe-S protein
biogenesis is compartmentalized and adapted to specific needs of the eukaryotic and
photosynthetic cell. The most prominent Fe-S proteins are those of complexes I, Il and 11l of
bacterial and mitochondrial respiratory chains; photosystem | and ferredoxin of photosynthesis;
nitrogenase of azototrophic bacteria and aconitase of the Krebs cycle (see reviews (Balk and
Lobreaux 2005; Lill and Muhlenhoff 2005, 2008)). Findings in yeast demonstrated that,
mitochondria are the primary site of [Fe-S] cluster formation. Mitochondria not only produce
their own set of Fe-S proteins but, most importantly, they are also required for the maturation of
cytosolic Fe-S proteins (Kushnir et al. 2001). It was also reported that the downregulation of
nonmitochondrial Fe-S protein biogenesis is sufficient to cause increased genomic instability in
cells with intact mitochondrial function. The mitochondrial dysfunction stimulates nuclear
genome instability by inhibiting the production of proteins that contain [Fe-S] clusters, which are

essential for the maintenance of nuclear genome integrity (Veatch et al. 2009).
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The primary function of mitochondria is cellular energy supply, but they also fulfill a
variety of other metabolic tasks such as the urea cycle and the biosynthesis of heme and amino
acids (Kushnir et al. 2001). Indeed, a new biosynthetic function of mitochondria has been added
to this list, namely the maturation of extra-mitochondrialFe-S proteins. As a result, the basic
energy metabolic pathways and systems required for growth and development, the assimilation
of nutrients, and the response to stress depend on Fe-S proteins (Frazzon et al. 2007). For the
synthesis of [Fe-S] clusters, mitochondria use a complex protein toolbox which is termed “iron
sulfur cluster (ISC) assembly machinery” primarily described in Azotobacter vinelandii(Zheng et
al. 1998). The machinery of [Fe—S] cluster biogenesis is represented by at least three distinct, yet
structurally and functionally related systems, designated NIF, ISC and SUF (Johnson et al.
2005). While the NIF system is required by nitrogen-fixing bacteria, the ISC system represents
the housekeeping system for Fe-S protein maturation in most living cells. The SUF system is
involved in sulfur mobilization, occurs in numerous bacteria, in archaea, and in plant
chloroplasts, but is absent in fungi and metazoa (Loiseau et al. 2003). NFS and NifS-like
enzymes are present in almost all organisms and fulfill their main functions during [Fe-S] cluster
synthesis. Accordingly, they have a cysteine desulfurase activity that is required for the
mobilization of sulfur from L-cysteine by the simultaneous release of L-alanine (Zheng and
Dean 1994; Zheng et al. 1993). The ISC system also encodes ISU1 and ISA1 denominated as
scaffold proteins and responsible for [Fe-S] cluster assembly and delivery to target proteins. IscU
(ISU1) is a truncated version of NifU, containing only the N-terminal transient-cluster binding
domain well known in NifU. The sequential assembly of [2Fe-2S] and [4Fe-4S] clusters was
demonstrated to occur in the IscU scaffold protein. Both, the [2Fe-2S]** and [4Fe-4S]** clusters

in this protein are reductively labile and degraded (Agar et al. 2000; Unciuleac et al. 2007). IscA-
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type proteins provide an alternative scaffold for cluster assembly or/and are involved in Fe
binding (Krebs et al. 2001). The existence of three conserved cysteine residues in all IscA

proteins allowed the proposal that both cluster types are subunit bridging (Yang et al. 2006).

Plant growth and productivity is adversely affected by nature’s wrath in the form of
various abiotic and biotic stresses. Various anthropogenic activities have accentuated such
existing stress factors. Abiotic stress in fact is the principal cause of crop failure worldwide,
reducing average yields for most major crops by more than 50% (Mahajan and Tuteja 2005). The
most crucial function of plant cell is to respond to stress by developing defense mechanisms.
Proteins mayplay a role in signal transduction, anti-oxidative defense, anti-freezing, heat shock,
metal binding, anti-pathogenesis or osmolyte synthesis (Qureshi et al. 2007). To overcome these
limitations and improve production efficiency in the face of a burgeoning world population,
more stress tolerant crops must be developed (Khush 1999). Cold, drought, and high salinity,
which all cause dehydration damage to the plant cell, are the most common environmental
stresses that influence plant growth and development, limiting productivity in cultivated areas
worldwide (EI Kayal et al. 2006). Among woody angiosperms, the most common strategy for

surviving freezing is deciduousness, accompanied by winter dormancy (Cavender-Bares 2007).

Due to its fast growth and fiber quality, Eucalyptus is the most commonly planted
hardwood in the world, in particular for paper industry. However, although widely distributed, its
extension is mostly restricted to southern tropical areas because of freezing sensitivity (El Kayal
et al. 2006). Eucalyptus, as well as many other plant species, develops increased freezing
tolerance in response to low but nonfreezing temperatures. This adaptive response, known as

cold acclimation, takes place on the time scale of days or weeks as a result of a combination of
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physiological and metabolic changes depending on transcriptome modifications (Thomashow

1999).

Previous studies have shown that cold-acclimation involves a series of morphological and
biochemical changes in leaves and other organs that increase freezing tolerance of plants adapted
to temperate climates (Ball et al. 2004). The root chilling of Eucalyptus regnans changed the
water potential gradient, indicating that root conductance was reduced by only the increased
viscosity of water during chilling (Brodribb and Hill 2000). Cold-responsive genes encoding
molecular chaperones including a spinach hsp70 gene and a Brassica napushsp90 gene (Krishna
et al. 1995) may contribute to freezing tolerance by stabilizing proteins against freeze-induced
denaturation. In vivo and in organellar experiments indicate that the hsp70, Ssql and the J-
protein Jacl function together to assist in the biogenesis of [Fe-S] cluster centers in the

mitochondrial matrix (Dutkiewicz et al. 2003).

The aim of the present study was to determine the transcriptional regulationof the E.
grandis NFS1, ISU1 and ISA1l genes underchillingstress, three key genes involved in the
biogenesis of [Fe-S] clusters. Our results showed that ISC machinery genes could be related to
responses to chilling stress, increasing the iron and sulfur metabolism for the assembly of [Fe-S],

necessary to cell components repair.
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Material and methods

cDNA Library construction and sequencing

Seeds of E. grandis were surface sterilized by sequentially soaking in 70% ethanol for 2
min, 1% (v/v) active chlorine solution for 15 min and five times in sterilized water. Seeds were
then placed in culture flasks (5 cm in diameter, 8 cm high) containing the Murashige & Skoog
(MS, Invitrogen) complete medium solidified by 0.7% (w/v) Phytoagar (Duchefa) and left to
germinate in the dark for two days at 26+/-2 °C. After germination, flasks were transferred to a
culture room with a 16 h photoperiod at the same temperature. Total RNA was extracted from
60-days old E. grandis seedlings using Concert Plant RNA Purification Reagent (Invitrogen)
according to the manufacturer’s instructions for multi RNA minipreps. Messenger RNA was
extracted by the employment of the Oligotex mRNA Purification System (Qiagen). A total
mRNA amount of 5 ug was finally used for cDNA library construction by the Superscript

Plasmid System with Gateway Technology for cDNA Synthesis and Cloning Kit (Invitrogen).

Plasmid DNA preparation was carried out in 96-well microplates using standard methods
based on alkaline lysis and filtration in Millipore filter plates. Plasmid samples were sequenced
using the automatic sequencer ABI-PRISM 3100 Genetic Analyzer armed with 50 cm capillaries
and POPG6 polymer (Applied Biosystems). DNA templates (30 to 45 ng) were labeled with 3.2
pmol of primer GlyptsRevl (5’-ATAGGGAAAGCTGGTACGC-3’) or M13 -40 forward (5°-
GTTTTCCCAGTCACGACGTTGTA-3’, Amersham Biosciences) and 2 uL of BigDye
Terminator v3.1 Cycle Sequencing RR-100 (Applied Biosystems) in a final volume of 10 uL.

Labeling reactions were performed in a GeneAmp PCR System 9700 (Applied Biosystems)

60



termocycler with an initial denaturing step of 96 °C for 3 min followed by 25 cycles of 96 °C for
10 sec, 55 °C for 5 sec and 60 °C for 4 min. Labeled samples were purified by isopropanol
precipitation followed by 70% ethanol rinsing. Precipitated products were suspended in 10 pL
formamide, denatured at 95 °C for 5 min, ice-cooled for 5 min and electroinjected in the
automatic sequencer. Sequencing data were collected using the software Data Collection v1.0.1
(Applied Biosystems). Data generated were processed by a suite of programs available at the
Universidade Catolica de Brasilia (http://genoma.embrapa.br/genoma/genolyptus) prior to
assembly with the PHRED (Ewing and Green 1998; Ewing et al. 1998) and PHRAP
(http://phrap.org/) algorithms. Accepted ESTs were selected based on a minimal length of 250 bp

with every base having a quality of PHRED higher than 20.

Plant material and treatment

Culture flasks containing four E. grandis surface-sterilized seeds each were prepared.
After germination, plants were grown in vitro for 4 months at 25 °C under a 16 h photoperiod.
Plants of three flasks were submitted to chilling by leaving them at 4 °C for 0, 2, 4, 8, 16, 24, 48
and 96 h. A 24 h recovery period at 25°C was followed for 3 points (24, 48 and 96 h). Control
plants were maintained at 25 °C in the incubator until harvesting. After the simultaneous
overnight cultures at 25 °C, all plants were harvested and immediately frozen and stored in liquid
nitrogen. Therefore, three biological samples represented by three flasks, each one containing

four plants, were processed and evaluated independently for each treatment: chilling and control.
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Bioinformatics analysis

Clustered DNA sequences of the Genolyptus Project Database, derived from expressed
sequence tags (ESTs) obtained from cDNAs generated from different Eucalyptus tissues, organs
or growth conditions, were the primary data source for this work [GenBank accession humbers
from HO763666 to HO769458 and from HS047685 to HS075494. Putative ISA1, ISU1 and
NFS1 cDNAs were identified by sequence homology. BLASTx and BLASTn programs available
at The National Center for Biotechnology Information (NCBI) homepage were used to confirm
the identity of the ESTs. Proteins from other species were extracted from the NCBI RefSeq
database. The species and their respective access numbers are as follows (NFS1 / ISUL / ISA1,
respectively): Eucalyptus grandis (bankit1099050 / bankit1099030 / bankit1099047), Oryza
sativa japonica (NP_001062914 /NP_001043783 /BADA44876), Populus trichocarpa
(estExt_Genewisel v1.C LG _VI10255 /eugene3.00150565 lestExt_Genewisel v1.C
LG_X3413), Vitis vinifera (CA022685 /CA066090 /CAO015918), Arabidopsis thaliana
(At5g65720 /At4g22220 /At2g16710),Mus musculus (CAAL10916 /NP_079802 /NP_081197),
Gallus gallus (NP_001026018 / XP_417318 [/ -), Ostreococcus tauri (CAL52881 / -
/CAL55019), Physcomitrella patens (XP_001773635 /XP_001785718 / -), Pongo pygmaeus
(Q5RDE7 / -/ -), Homo sapiens (NP_066923 /Q9H1K1 /AAG59854), Escherichia coli
(ACB18360 /NP_289086 /YP_541841), Azotobacter vinelandii (AAC24472 /ZP_00418131
[ZP_00418130), Canis lupus familiaris (- / XP_534722 / -), Picea sitchensis (- / ABK21226 / -),

Equus caballus (XP_001501842 / - / -)and Chlamydomonas reinhardtii (- / - / XP_001697636).

Protein sequence alignments were carried out using Clustalw
(www.ebi.ac.uk/Tools/msa/clustalw2/) with default parameters. Phylogenetic analysis was

performed with the Molecular Evolutionary Genetic Analysis (MEGA) Package Version 4.0
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(Tamura et al. 2007) with the Neighbour-Joining method. All gap and missing data in the
alignments were analyzed using a pairwise deletion. The molecular distances of the aligned
sequences were calculated with MEGA 4.0 according to the p-distance parameter and complete
deletion. The bootstrap test was performed with 1.000 replications. The parsimony analysis were
implemented in the PAUP 4.0 software package (Swofford 1993). Maximum-parsimony trees
were obtained by 100 random addition heuristic search replicates and the tree bisection-

reconnection (TBR) branch-swapping option.

Microarray Analysis

Oligonucleotide microarray hybridization experiments were carried out by Roche
NimbleGen and were previously described by (de Oliveira et al. 2011). In total, 21.432 unigenes
were selected from the Genolyptus EST dataset to compose a basic chip. Ten cDNAs encoding
known human proteins were also included in chips as negative controls. Nine oligonucleotides,
50 bp long, distributed throughout each sequence and with close melting temperatures were
designed and synthesized for each sequence consensus or singleton. Probes were randomly
distributed on two blocks of each chip in duplicated form, adding up to 385.856 features per
chip. Therefore, each chip was composed of two blocks (technical replicate) containing the same
collection of randomly distributed probes, and 18 hybridization values were collected for each
gene from every chip. A total of ten identical chips were produced. Two chips were hybridized
with cDNA samples from E. grandis mature leaves, four chips were destined to E. grandis
xylem, and four chips were hybridized with cDNA samples from E. globulus xylem. After

submission of total RNA samples to NimbleGen, prepared as described above, cDNAs were
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labeled with Cy3 and hybridizations, washing, scanning, data collection and initial data
normalization were performed according to NimbleGen’s standard protocols.Microarray results
are available at the Gene Expression Omnibus (GEO) under accessions from GSM786737 to
GSM786746. Final analyses were performed using MultiExperiment Viewer (MEV;
www.tm4.org/mev) developed at The Institute for Genomic Research (TIGR). Data
normalization was performed using the 2" method (Livak and Schmittgen 2000) and t-test
was performed using SSPS15. Relative expression of the genes in E. grandis leaves or xylem
was calibrated with the EQrNFS1 xylem fluorescence values, and relative expression between

xylems was calibrated with E. grandis fluorescence values.

Reverse transcription-quantitative (real-time) polymerase chain reaction (RT-qPCR)

Total RNA was extracted with the PureLink Plant RNA Purification Kit (Invitrogen)
according to the manufacturer’s instructions for multi RNA minipreps. About one pg of total
RNA was used for cDNA synthesis with an oligo(dT)1g primer and M-MLYV reverse transcriptase
(Promega). PCR amplification was carried out using specific primer pairs designed with the
employment of the IDT Integrated DNA Technologies Real-Time PCR Primer Design tool
(http://www.idtdna.com/scitools/Applications/Real TimePCR/). Primer sequences employed in
RT-qPCRs are listed in Table 1. RT-gPCR was carried out in an Applied Biosystem 7500 Real-
time Cycler. Histone H2B (Maroufi et al 2010) and ribonucleoprotein L23A (Czechowski et al.
2005) gene sequences were used as internal controls to normalize the amount of MRNA present
in each sample, using the 2**“* method (Livak and Schmittgen 2001). Three internal replications

per experiment were performed. ANOVA and Duncan analysis were performed using SSPS15.
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lon content determination

In order to determine mineral concentrations in the seedlings, a temperature digestion of
control and treated plants was performed (Zarcinas et al. 1987). These samples were prepared in
pyrex tubes with HNO3; and heated up to 140 °C. Elemental analysis was carried out by
Inductively Coupled Plasma (ICP) atomic absorption with the Vista MPX CDC optical emission
spectrometer (OES). Samples werediluted to 5% HNOj3. Peach leaves were used as standard
reference material (SRM 1547 from The National Institute of Standards & Technology). The

representation of these data was done using the Genesis software (Sturn et al. 2002).

Results

Phylogenetic analysis of Eucalyptus grandis NFS1, ISU1 and ISA1

A comparative amino acid analysis of the three E. grandis [Fe-S] assembly proteins
showed that the similarity of E. grandis sequences varied from 47 to 97% when compared with
different plant, animal and bacterial encoding sequences. ISUL presented a higher amino acid
similarity than ISA1, independently of the pairwise comparison that had been made between

protein sequences derived from monocots or dicots, animals or plants, and plants or bacteria.

Phylogenetic analyses were conducted with each Fe-S protein in separate. In the NFS1
phylogenetic analysis, bacteria, Vertebrata and Viridiplantae produced three independent
clusters, supported by high bootstrap values. The analysis showed that E. grandis NFS1
(EgrNFS1) clustered within the group of dicot sequences formed by those derived from

Arabidopsis, Ricinus, Populus, Carica and Vitis (Supplementary data 1).
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The ISA1 phylogenetic tree presented three main clusters of sequences, one
corresponding to Viridiplantae proteins, one with mammal-derived sequences and a third one
where sequences form gram-negative bacteria were placed, in a basal position. ISA1 from
Viridiplantae formed a main cluster, where Chlorophyta has a basal position in respect to the
Tracheophyta branch, where monocots and dicots form two separated clusters, but without

distinction among the dicot members (Supplementary data 2).

The ISUL phylogenetic tree, as observed for NFS1 and ISAL, has three distinct main
branches corresponding to gram-negative bacteria, in a basal position, mammals and
Viridiplantae. As expected, EgrISU1 clustered with the Viridiplantae group, where dicot and

monocot sequences were not effectively discriminated (Supplementary data 3).

Microarray analysis of [Fe-S] cluster assembly genes in Eucalyptus

In order to achieve a better understanding of the genes coding for [Fe-S] cluster assembly
proteins in E. grandis, total RNA was extracted from mature leaves and xylem tissues of field-
grown trees. Total RNA was converted into cDNA and submitted to microarray analysis with 50-
mer oligonucleotide chips containing 21,432 unique sequences from Eucalyptus (and 10 human,
control sequences). Our microarray results allowed us to observe that leaves from E. grandis
exhibited higher expression of NFS1 and SufA than xylem from the same species (Figure 1). The
expression of SufA, a plastidic gene, showed a differential expression as expected, due to the
higher activity of chloroplasts in leaf tissues. As can be observed in Figure 1, steady-state mMRNA

levels for EgriSU1 and EgriSAL were not statistically different between leaves and xylem.
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Another set of microarray analysis was conducted to evaluate possible differences in
steady-state mMRNA levels between xylems from E. grandis and E. globulus, one of the
Eucalyptus species with the best standards of wood for cellulose pulping. As shown in Figure 2,
the EgriSUL and EgrISAL genes exhibited significative higher mRNA levels in xylem tissues
from E. grandis. Both EgrNFS1 and EgrSufA exhibited similar levels of expression in the xylems

of both tree species.

RT-gPCR analysis of [Fe-S] assembly genes in Eucalyptus grandis

Considering the importance of Fe-S proteins in so many physiological responses and
processes in plant cells, we evaluated the pattern of mMRNA accumulation in E. grandis seedlings
after chilling treatment. A quantitative approach based on RT-qgPCR was employed to estimate
the mRNA levels for E. grandisNFS1, ISU1 and ISA1 in comparison with two generally-assumed
constitutive genes: histone H2B (Hays and Skinner 2001; Sterky et al. 2004) and
ribonucleoprotein L23A (Mrusek et al. 2005). EgrNFS1 showed a decrease in steady-state
MRNA levels in the first 16 hours, increasing them after 48 hours. During the recovery period
(24 h) at 25 °C, mRNA accumulation was maintained (Figure 3). EgriSA1 exhibiteda peak of
MRNA levels after 2 hours of cold treatment, but decreased the accumulation later (Figure 4).
EgriSU1 was also more expressed in the first two hours and later shown a repression pattern
(Figure 5).Furthermore, the mRNA level was analysed for EgHsp70 and it was higher than in

after 24 hours treatment and a recovery time until 48 hours (Figure 6).
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lon content determination

Using ICP-OES analysis was verified that the treatment increased the amount of iron and
sulfur in Eucalyptus plants. In control conditions, the concentration of iron was 180.25ug/g
while during stress condition such chilling it was increased to 268.8ug/g. Besides that, the total
quantity of sulfur in control plants was 2.53mg/g, and slightly increased to 2.71mg/g after

chilling treatment. Magnesium and manganese were also quantified during analysis (Figure 7).

Discussion

Temperature is a physical parameter that influences protein, DNA, membranes, and
chromosomes structures through thermodynamic properties. Generally these changes are rapid,
however, for a molecule or structure to be considered a sensor, any modification induced should
be upstream of a signaling cascade leading to a reply. Changes in temperature are perceived and
then transduced to the nucleus altering the transcriptome (Zeller et al. 2009). Chilling can lead to
reduced enzymatic activity, rigidification of membranes, destabilization of protein complexes,
stabilization of RNA secondary structure, accumulation of reactive oxygen species and
impairment of photosynthesis (Ruelland et al. 2009). One kind of response is the gene induction

and in our chilling experiment we observed for EgISU1 and EgISA1 a fast response (2 hours).

The primary metabolism, such as metabolism of carbon, nitrogen, sulfur or energy, need
to be modulated to establish a new homeostasis under chilling stress. The present results suggest
that the EgrNFS1, EgrISUL and EgrISAL genes maybe related to the E. grandis cellular response
to chilling stress, probably due to increases in the sulfur metabolism. Sulfur-containing defense

compounds (SDCs) are crucial for the survival of plants under biotic and abiotic stress (Rausch
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and Wachter 2005). It has been shown that sulfur metabolism mediate the modulation of plant
response to various abiotic stress factors (Biswal et al. 2008). Moreover, oxidative, pathogen
infection and heavy metal stresses appear to increase the sulfur demand, as these stresses
enhance the expression of sulfate transporters and enzymes of the assimilatory pathway
(Hawkesford and De Kok 2006). All together about 100 plant proteins contain [Fe-S] clusters
and it was estimated that about 2% of the bound sulfur can be found in [Fe-S] clusters (Kessler
and Papenbrock 2005). Observations of several plant species have led to the addition of
elemental sulfur, S°, to the list of SDCs (Williams and Cooper 2004).Possibly the supplying of

this compound is regulated by the catalytic activity of EQrNFS1.

While we cannot prove that the observed higher accumulation of the mRNAs was
entirely due to increases in the respective gene transcriptions, the up-regulation of the EgQrNFS1,
EgrISA1 and EgrISU1l genes could be directly correlated to increases in [Fe-S] cluster
biosynthesis and, hence, many other Fe-S proteins possibly related to the chilling stress response
or to plant recovery including the synthesis of repair enzymes. The expression of the A. thaliana
NFS1 gene was shown to be required for the activity of aldehyde oxidase (AO)enzymes that
depend on two [2Fe-2S] clusters, FAD and MoCo. A link between AtNFS1 and phytohormone
biosynthesis was shown through the strongly diminished activities of AOs in antisense NFS1
lines of Arabidopsis (Frazzon et al. 2007). The accumulation of Soybean AO and XDH were
higher in plants submitted to chilling treatment than in control. XDH activities were clearly
enhanced upon cold treatment while AO activities increased only moderately under these

conditions (Heis et al. 2011).

Many enzymes related to such primary metabolisms were shown to be induced by abiotic

stresses like chilling. For instance, cysteine synthase 1 is the enzyme responsible for the final
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step in cysteine biosynthesis, which is a key limiting step in the production of glutathione, a thiol
implicated in resistance to biotic and abiotic stresses (May et al. 1998). MS analysis in rice roots
observed the up-regulation of cysteine synthase 24 and 72 hours after chilling stress (Fold
change 1.38 and 1.59 respectively) (Lee et al. 2009). Two sulfur metabolism-related enzymes,
putative plastidic cysteine synthase 1 and S-adenosylmethionine synthetase were up-regulated
during chilling stress in another rice proteomic study (Yan et al. 2006). S-adenosylmethionine
synthetase 2 catalyzes the biosynthesis of S-adenosylmethionine (SAM), a precursor of ethylene
and polyamines (Yan et al. 2005). It has also been reported that there is a close correlation
between chilling tolerance and polyamine accumulation level in rice under chilling stress. The
energy metabolism in plant cells is well documented and also altered under chilling stress (Lee et
al. 1995) . The ATP synthase a and 3 chains are for instance degraded in rice under chilling
stress, which unavoidably resulted in decreased ATP production through photophosphorylation
and thus affecting the Calvin cycle in photosynthesis (Yan et al. 2005). It is possible that APS
reductase (Fe-S protein), which has glutaredoxin-like domain, can sense the redox condition.
Therefore, it is also possible that slight induction of APS reductase under stress condition can

regulate cysteine desulfurase activity of NFS1 (Kim et al. 2004).

In addition to a sulfur donor and scaffold proteins, the isc gene cluster encodes a
ferredoxin and two chaperones, the Hsp70-like HscA and its co-chaperone HscB. HscA and
HscB proteins are likely to serve as molecular chaperones that specifically assist in the
maturation of Fe/S proteins and these genes were shown to be crucial for [Fe-S] cluster
biosynthesis in Escherichia coli (Tapley and Vickery 2004). In a proteomic analysis of rice
seedlings during cold stress, Hsp70 was identified by MS/MS as a low temperature stress-

responsive protein (Hashimoto and Komatsu 2007). Another study with rice roots, identified in a
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two-dimension gel by MS and ESI-MS/MS three spots of chilling stress induced up-regulated
proteins corresponding to Hsp70 after 24 and 72 hours. The higher expression was also
confirmed by mRNA quantification (Lee et al. 2009). Moreover, the expression of one Hsp70

MRNA was increased during cold acclimation in spinach (Marshall et al. 1990).

Our inductively coupled plasma results concur with gRT-PCR findings, since the higher
expression of EgrISAL observed in chilling stress agree with the higher total iron content in the
same sample. In addition was reported that ISA1 was an iron binding protein and possibly is the
iron donor for [Fe-S] cluster formation, as deletion of ISA1l homologues resulted in the
accumulation of iron in mitochondria and a deficiency of iron—sulfur proteins (Balasubramanian
et al. 2006; Ding et al. 2004; Lill et al. 1999). This way, ISA1 might play a role in sensing the
iron condition and oxidative stress in cells, since the labile [Fe-S] cluster centers associated with
these proteins sense the capacity of cells to produce [Fe-S] clusters and thus pass on the

information as an intact [Fe-S] cluster to a regulatory protein (Kim et al. 2004).

One potential justification for such higher expression of EgrNFS1 in leaves is the
importance in yielding sulfur for plant defence, since leaves are much more exposed to stresses
than the internal, vascular tissues of the trunk. Many plant anti-pathogen compounds are sulfur
containing and known to accumulate in higher concentrations in leaves, including thionins
(Thomma et al. 2002), alliins (Jones et al. 2004) and glucosinolates (Griffiths et al. 1998). The
biosynthetic pathway for elemental sulfur production could therefore involve EgrNFS1. Thus,
this family of proteins (NifS/NFS/IscS/SufS) appears to play a broader role in the mobilization of

sulfur (Frazzon et al. 2007) and selenium (Tamaoki et al. 2008; VVan Hoewyk et al. 2005).
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We also checked in our microarray the expression pattern of EgSufA (plastid ISAl
ortholog) and, data’s shown that the expression is more increased in leaves than in xylem as
expected, due to higher activity of chloroplasts in leaf tissues (data not shown). Accumulated
evidence indicates that genomic homology and locus ordering between E. grandis and E.
globulus is very high (Marques et al. 2002). Nevertheless, regulatory regions could be
responsible for the differential patterns of gene expression which would result in phenotypic
variation (Grattapaglia 2004). Transcript levels measured by our microarrays could account for
genetic sources of variation associated with dominance and epistasis as well as for nongenetic
sources of variation, such as developmental and environmental variation (Kirst et al. 2005).
Differences were observed in the relative expression profiles of all four genes encoding [Fe-S]
cluster assembly proteins when comparing the xylems from two Eucalyptus species, suggesting
that these genes could be involved in part of the contrasting phenotypic characteristics of the
woods (differentiating xylems) from E. globulus and E. grandis. The up-regulation of the heat
shock proteins and cysteine synthase during cold stress, suggests that plants deal with the stress
through a complex defense mechanism and antioxidants could have a crucial role (Lee et al.
2009). Our data indicated that Fe-S proteins maybe involved in the plant recovery response after

chilling stress.

Acknowledgments

This work was supported by the Brazilian Ministry of Science and Technology (MCT) and
National Council for Scientific and Technological Development of Brazil (CNPq). J.F. (CNPq
302471/2009-0 and 470388/2009-9), G.P (CNPq 311361/2009-9) and R.M (CNPgq,
302684/2005-0) are research awardees from CNPqg and L.A.O. is a PhD Degree fellow from

CAPES. Special thanks for Dr. Paulo Celso (Lanagro-RS) for conducting the ICP-OS analysis.

72



References

Agar, J.N., Krebs, C., Frazzon, J., Huynh, B.H., Dean, D.R. and Johnson, M.K. (2000) IscU as a
scaffold for iron-sulfur cluster biosynthesis: Sequential assembly of [2Fe-2S] and [4Fe-4S]
clusters in IscU. Biochemistry 39: 7856-7862.

Balasubramanian, R., Shen, G.Z., Bryant, D.A. and Golbeck, J.H. (2006) Regulatory roles for
IscA and SufA in iron homeostasis and redox stress responses in the cyanobacterium
Synechococcus sp strain PCC 7002. Journal of Bacteriology 188: 3182-3191.

Balk, J. and Lobreaux, S. (2005) Biogenesis of iron-sulfur proteins in plants. Trends in Plant
Science 10: 324-331.

Ball, M.C., Canny, M.J., Huang, C.X. and Heady, R.D. (2004) Structural changes in acclimated

and unacclimated leaves during freezing and thawing. Functional Plant Biology 31: 29-40.

Biswal, B., Raval, M., Biswal, U. and Joshi, P. (2008) Response of Photosynthetic Organelles to
Abiotic Stress: Modulation by Sulfur Metabolism. In Sulfur Assimilation and Abiotic Stress in
Plants. Edited by Springer pp. 167-191, Berlin Heidelberg.

Brodribb, T.J. and Hill, R.S. (2000) Increases in water potential gradient reduce xylem
conductivity in whole plants. Evidence from a low-pressure conductivity method. Plant Physiol
123: 1021-1027.

Cavender-Bares, J. (2007) Chilling and freezing stress in live oaks (Quercus section Virentes):
intra- and inter-specific variation in PS 1l sensitivity corresponds to latitude of origin. Photosynth
Res 94: 437-453.

Czechowski, T., Stitt, M., Altmann, T. and Udvardi, M.K. (2005) Genome-wide identification

and testing of superior reference genes for transcript normalization. Plant Physiology 139:5-17

de Oliveira, L.A., Breton, M.C., Bastolla, F.M., da Silva Camargo, S., Margis, R., Frazzon, J.
and Pasquali, G. (2011) Reference Genes for the Normalization of Gene Expression in
Eucalyptus Species. Plant Cell Physiol. 53(2):405-22.

73



Ding, H., Clark, R.J. and Ding, B. (2004) IscA mediates iron delivery for assembly of iron-sulfur

clusters in IscU under the limited accessible free iron conditions. J Biol Chem 279: 37499-37504.

Dutkiewicz, R., Schilke, B., Knieszner, H., Walter, W., Craig, E.A. and Marszalek, J. (2003)
Ssqgl, a mitochondrial Hsp70 involved in iron-sulfur (Fe/S) center biogenesis. Similarities to and
differences from its bacterial counterpart. J Biol Chem 278: 29719-29727.

El Kayal, W., Navarro, M., Marque, G., Keller, G., Marque, C. and Teulieres, C. (2006)
Expression profile of CBF-like transcriptional factor genes from Eucalyptus in response to cold.
Journal of Experimental Botany 57: 2455-2469.

Ewing, B. and Green, P. (1998) Base-calling of automated sequencer traces using phred. Il. Error
probabilities. Genome Res 8: 186-194.

Ewing, B., Hillier, L., Wendl, M.C. and Green, P. (1998) Base-calling of automated sequencer
traces using phred. I. Accuracy assessment. Genome Res 8: 175-185.

Frazzon, A.P., Ramirez, M.V., Warek, U., Balk, J., Frazzon, J., Dean, D.R. and Winkel, B.S.
(2007) Functional analysis of Arabidopsis genes involved in mitochondrial iron-sulfur cluster
assembly. Plant Mol Biol 64: 225-240.

Grattapaglia, D. (2004) Integrating genomics into Eucalyptus breeding. Genet Mol Res 3: 369-
379.

Griffiths, D.W., Birch, A.N.E. and Hillman, J.R. (1998) Antinutritional compounds in the
Brassicaceae: Analysis, biosynthesis, chemistry and dietary effects. Journal of Horticultural

Science & Biotechnology 73: 1-18.

Hashimoto, M. and Komatsu, S. (2007) Proteomic analysis of rice seedlings during cold stress.
Proteomics 7: 1293-1302.

Hawkesford, M.J. and De Kok, L.J. (2006) Managing sulphur metabolism in plants. Plant Cell
Environ 29: 382-395.

Hays, D.B. and Skinner, D.Z. (2001) Development of an expressed sequence tag (EST) library
for Medicago sativa. Plant Science 161: 517-526.

74



Heis, M.D., Ditmer, E.M., de Oliveira, L.A., Frazzon, A.P., Margis, R. and Frazzon, J. (2011)

Differential expression of cysteine desulfurases in soybean. BMC Plant Biol 11: 166.

Johnson, D.C., Dean, D.R., Smith, A.D. and Johnson, M.K. (2005) Structure, function, and
formation of biological iron-sulfur clusters. Annual Review of Biochemistry 74: 247-281.

Jones, M.G., Hughes, J., Tregova, A., Milne, J., Tomsett, A.B. and Collin, H.A. (2004)
Biosynthesis of the flavour precursors of onion and garlic. Journal of Experimental Botany 55:
1903-1918.

Kessler, D. and Papenbrock, J. (2005) Iron-sulfur cluster biosynthesis in photosynthetic
organisms. Photosynthesis Research 86: 391-407.

Khush, G.S. (1999) Green revolution: preparing for the 21st century. Genome 42: 646-655.

Kim, S.K., Rahman, A., Bick, J.A., Conover, R.C., Johnson, M.K., Mason, J.T., Hirasawa, M.,
Leustek, T. and Knaff, D.B. (2004) Properties of the cysteine residues and iron-sulfur cluster of
the assimilatory 5'-adenylyl sulfate reductase from Pseudomonas aeruginosa. Biochemistry 43:
13478-13486.

Kirst, M., Basten, C.J., Myburg, A.A., Zeng, Z.B. and Sederoff, R.R. (2005) Genetic architecture
of transcript-level variation in differentiating xylem of a eucalyptus hybrid. Genetics 169: 2295-
2303.

Krebs, C., Agar, J.N., Smith, A.D., Frazzon, J., Dean, D.R., Huynh, B.H. and Johnson, M.K.
(2001) IscA, an alternate scaffold for Fe-S cluster biosynthesis. Biochemistry 40: 14069-14080.

Krishna, P., Sacco, M., Cherutti, J.F. and Hill, S. (1995) Cold-Induced Accumulation of Hsp90
Transcripts in Brassica-Napus. Plant Physiology 107: 915-923.

Kushnir, S., Babiychuk, E., Storozhenko, S., Davey, M.W., Papenbrock, J., et al. (2001) A
mutation of the mitochondrial ABC transporter Stal leads to dwarfism and chlorosis in the
Arabidopsis mutant starik. Plant Cell 13: 89-100.

Lee, D.G., Ahsan, N., Lee, S.H., Lee, J.J., Bahk, J.D., Kang, K.Y. and Lee, B.H. (2009) Chilling

stress-induced proteomic changes in rice roots. Journal of Plant Physiology 166: 1-11.

75



Lee, T.M., Lur, H.S. and Chu, C. (1995) Abscisic-Acid and Putrescine Accumulation in
Chilling-Tolerant Rice Cultivars. Crop Science 35: 502-508.

Lill, R., Diekert, K., Kaut, A., Lange, H., Pelzer, W., Prohl, C. and Kispal, G. (1999) The
essential role of mitochondria in the biogenesis of cellular iron-sulfur proteins. Biological
Chemistry 380: 1157-1166.

Lill, R. and Muhlenhoff, U. (2005) Iron-sulfur-protein biogenesis in eukaryotes. Trends in
Biochemical Sciences 30: 133-141.

Lill, R. and Muhlenhoff, U. (2008) Maturation of iron-sulfur proteins in eukaryotes:

Mechanisms, connected processes, and diseases. Annual Review of Biochemistry 77: 669-700.

Livak, K.J. and Schmittgen, T.D. (2001) Analysis of relative gene expression data using real-
time quantitative PCR and the 2(T)(-Delta Delta C) method. Methods 25: 402-408.

Loiseau, L., Ollagnier-de-Choudens, S., Nachin, L., Fontecave, M. and Barras, F. (2003)
Biogenesis of Fe-S cluster by the bacterial SUF system - SufS and SuftE form a new type of
cysteine desulfurase. Journal of Biological Chemistry 278: 38352-38359.

Mahajan, S. and Tuteja, N. (2005) Cold, salinity and drought stresses: An overview. Archives of
Biochemistry and Biophysics 444: 139-158.

Maroufi, A., Van Bockstaele, E., De Loose, M. (2010) Validation of reference genes for gene
expression analysis in chicory (Cichorium intybus) using quantitative real-time PCR. BMC

MolecularBiology. 11:15.

Marques, M., Brondani, V., Grattapaglia, D. and Sederoff, R. (2002) Conservation and synteny
of SSR loci and QTLs for vegetative propagation in four Eucalyptus species. Theor Appl Genet
105: 474-478.

Marshall, J.S., Derocher, A.E., Keegstra, K. and Vierling, E. (1990) Identification of Heat-Shock
Protein Hsp70 Homologs in Chloroplasts. Proceedings of the National Academy of Sciences of
the United States of America 87: 374-378.

76



May, M.J., Vernoux, T., Leaver, C., Van Montagu, M. and Inze, D. (1998) Glutathione
homeostasis in plants: implications for environmental sensing and plant development. Journal of
Experimental Botany 49: 649-667.

Mrusek, S., Classen-Linke, 1., Vloet, A., Beier, H.M. and Krusche, C.A. (2005) Estradiol and
medroxyprogesterone acetate regulated genes in T47D breast cancer cells. Molecular and
Cellular Endocrinology 235: 39-50.

Muhlenhoff, U. and Lill, R. (2000) Biogenesis of iron-sulfur proteins in eukaryotes: a novel task
of mitochondria that is inherited from bacteria. Biochimica Et Biophysica Acta-Bioenergetics
1459: 370-382.

Qureshi, M.1., Qadir, S. and Zolla, L. (2007) Proteomics-based dissection of stress-responsive
pathways in plants. J Plant Physiol 164: 1239-1260.

Rausch, T. and Wachter, A. (2005) Sulfur metabolism: a versatile platform for launching defence
operations. Trends Plant Sci 10: 503-5009.

Ruelland, E., Vaultier, M.N., Zachowski, A. and Hurry, V. (2009) Cold Signalling and Cold
Acclimation in Plants. Advances in Botanical Research, Vol 49 49: 35-150.

Sterky, F., Bhalerao, R.R., Unneberg, P., Segerman, B., Nilsson, P., et al. (2004) A Populus EST
resource for plant functional genomics. Proc Natl Acad Sci U S A 101: 13951-13956.

Sturn, A., Quackenbush, J. and Trajanoski, Z. (2002) Genesis: cluster analysis of microarray
data. Bioinformatics 18: 207-208.

Swofford, D.L. (1993) Paup - a Computer-Program for Phylogenetic Inference Using Maximum
Parsimony. Journal of General Physiology 102: A9-AQ9.

Tamaoki, M., Freeman, J.L. and Pilon-Smits, E.A. (2008) Cooperative ethylene and jasmonic

acid signaling regulates selenite resistance in Arabidopsis. Plant Physiol 146: 1219-1230.

Tamura, K., Dudley, J., Nei, M. and Kumar, S. (2007) MEGA4: Molecular Evolutionary
Genetics Analysis (MEGA) software version 4.0. Mol Biol Evol 24: 1596-1599.

77



Tapley, T.L. and Vickery, L.E. (2004) Preferential substrate binding orientation by the molecular
chaperone HscA. J Biol Chem 279: 28435-28442.

Thomashow, M.F. (1999) PLANT COLD ACCLIMATION: Freezing Tolerance Genes and
Regulatory Mechanisms. Annu Rev Plant Physiol Plant Mol Biol 50: 571-599.

Thomma, B.P., Cammue, B.P. and Thevissen, K. (2002) Plant defensins. Planta 216: 193-202.

Unciuleac, M.C., Chandramouli, K., Naik, S., Mayer, S., Huynh, B.H., Johnson, M.K. and Dean,
D.R. (2007) Vitro activation of apo-aconitase using a [4Fe-4S] cluster-loaded form of the IscU
[Fe-S] cluster scaffolding protein. Biochemistry 46: 6812-6821.

Van Hoewyk, D., Garifullina, G.F., Ackley, A.R., Abdel-Ghany, S.E., Marcus, M.A., Fakra, S.,
Ishiyama, K., Inoue, E., Pilon, M., Takahashi, H. and Pilon-Smits, E.A.H. (2005)
Overexpression of AtCpNifS enhances selenium tolerance and accumulation in Arabidopsis.
Plant Physiology 139: 1518-1528.

Veatch, J.R., McMurray, M.A., Nelson, ZW. and Gottschling, D.E. (2009) Mitochondrial
dysfunction leads to nuclear genome instability via an iron-sulfur cluster defect. Cell 137: 1247-
1258.

Williams, J.S. and Cooper, R.M. (2004) The oldest fungicide and newest phytoalexin - a
reappraisal of the fungitoxicity of elemental sulphur. Plant Pathology 53: 263-279.

Yan, S., Tang, Z., Su, W. and Sun, W. (2005) Proteomic analysis of salt stress-responsive

proteins in rice root. Proteomics 5: 235-244.

Yan, S.P., Zhang, Q.Y., Tang, Z.C., Su, W.A. and Sun, W.N. (2006) Comparative proteomic
analysis provides new insights into chilling stress responses in rice. Mol Cell Proteomics 5: 484-
496.

Yang, J.J., Bitoun, J.P. and Ding, H.G. (2006) Interplay of IscA and IscU in biogenesis of iron-
sulfur clusters. Journal of Biological Chemistry 281: 27956-27963.

78



Zarcinas, B.A., Cartwright, B. and Spouncer, L.R. (1987) Nitric-Acid Digestion and
Multielement Analysis of Plant-Material by Inductively Coupled Plasma Spectrometry.

Communications in Soil Science and Plant Analysis 18: 131-146.

Zeller, G., Henz, S.R., Widmer, C.K., Sachsenberg, T., Ratsch, G., Weigel, D. and Laubinger, S.
(2009) Stress-induced changes in the Arabidopsis thaliana transcriptome analyzed using whole-

genome tiling arrays. Plant J 58: 1068-1082.

Zheng, L.M., Cash, V.L., Flint, D.H. and Dean, D.R. (1998) Assembly of iron-sulfur clusters -
Identification of an iscSUA-hscBA-fdx gene cluster from Azotobacter vinelandii. Journal of
Biological Chemistry 273: 13264-13272.

Zheng, L.M. and Dean, D.R. (1994) Catalytic Formation of a Nitrogenase Iron-Sulfur Cluster.
Journal of Biological Chemistry 269: 18723-18726.

Zheng, L.M., White, R.H., Cash, V.L., Jack, R.F. and Dean, D.R. (1993) Cysteine Desulfurase
Activity Indicates a Role for Nifs in Metallocluster Biosynthesis. Proceedings of the National
Academy of Sciences of the United States of America 90: 2754-2758.

79



LEGENDS TO FIGURES

Figure 1: In silico analysis of microarray results comparing the relative gene expression profiles
of Eucalyptus grandis leaves and xylem. Expression observed for each [Fe-S] cluster encoding

genes was calibrated with NFS1 xylem fluorescence value.

Figure 2: In silico analysis of microarray results comparing the relative gene expression profiles
in Xylem of Eucalyptus grandis and Eucalyptus globulus. Expression observed for each [Fe-S]

cluster encoding genes was calibrated with Eucalyptus grandis fluorescence values.

Figure 3: Quantitative RT-PCR analysis of NFS1 gene expression from total RNA isolated from
Eucalyptus grandis treated seedlings. Results are expressed as the relative quantification of
amplification products using two internal controls, histone H2B (His) and ribonucleoprotein

L23A (Rib). Dark bars represent the samples with 24 hours recovery time at 25°C after chilling.

Figure 4: Quantitative RT-PCR analysis of ISA1 gene expression from total RNA isolated from
Eucalyptus grandis treated seedlings. Results are expressed as the relative quantification of
amplification products using two internal controls, histone H2B (His) and ribonucleoprotein

L23A (Rib). Dark bars represent the samples with 24 hours recovery time at 25°C after chilling.
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Figure 5: Quantitative RT-PCR analysis of ISUL gene expression from total RNA isolated from
Eucalyptus grandis treated seedlings. Results are expressed as the relative quantification of
amplification products using two internal controls, histone H2B (His) and ribonucleoprotein

L23A (Rib). Dark bars represent the samples with 24 hours recovery time at 25°C after chilling.

Figure 6: Quantitative RT-PCR analysis of Hsp70 gene expression from total RNA isolated from
Eucalyptus grandis treated seedlings. Results are expressed as the relative quantification of
amplification products using two internal controls, histone H2B (His) and ribonucleoprotein

L23A (Rib). Dark bars represent the samples with 24 hours recovery time at 25°C after chilling.

Figure 7: lon content quantification in chilling treatment and control samples.
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Figure 3
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Figure 4
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Figure 7
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SUPPLEMENTARY DATA

Supplementary data 1
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Supplementary data 2
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Supplementary data 3
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TABLE

Table 1: Primer sequences (5’-3”) employed in RT-gPCRs. Target genes and expected amplicon
lengths (bp) are indicated.

Gene Amplicon
Forward Reverse

name length

ISA1 130 GTAGATGACAAGCTCAGGTCTG AACATCCTCAACTGCCTCC

ISU1 89 GAAAGGGAAGCAGATGGAGG TGCAGTGTAACTTAACAGGTGG

NFS1 109 CATGGCTCATACGTCAATTCG CATCTCCCTTAGCTTCTCCAC
RibL23a 128 AAGGACCCTGAAGAAGGACA CCTCAATCTTCTTCATCGCA

His 127 GAGCGTGGAGACGTACAAGA GGCGAGTTTCTCGAAGATGT
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CAPITULO Il

IscR COMO REGULADOR TRANSCRICIONAL EM AZOTOBACTER VINELANDII
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1. INTRODUCAO

Estudos pioneiros envolvendo a caracterizacdo da proteina IscR foram inicialmente
coordenados pela pesquisadora Patricia Kiley da Universidade de Wisconsin, Madison-WI USA
utilizando como modelo o microrganismo E. coli. Nestes trabalhos, IscR é descrita como um
regulador transcricional que atua como repressor ou ativador da expressao génica em mais de 40
genes. Entre os genes regulados neste organismo, estdo genes com promotores induzidos
anaerobicamente (como por exemplo, dmsA, fdnG, frdA, hyaA, hybO, napF e narG),
relacionados a biossintese de cofatores [Fe-S] (iscR, sufA, yadR, yhgl), responsivos a estresse

oxidativo (sodA e soxS) e alguns com funcéo desconhecida (ydiU, yjiH e yqjl; Giel et. al. 2006).

Schwartz et al. (2001) descreveram que a proteina codificada por iscR atua como um
regulador negativo da maquinaria ISC de biossintese de cofatores [Fe-S]. Diversas evidéncias
suportam esta sugestdo. Primeiramente, uma porcao isolada de IscR contém um cofator do tipo
[2Fe-2S]. Segundo, a proteina IscR possui similaridade de sequéncia primaria com um familia de
reguladores transcricionais. Terceiro, a delecdo de iscR resulta na expressao elevada de genes de
montagem de cofatores [Fe-S] in vivo. Por fim, a inativagdo de iscS ou hscA, ambos necessarios
para a completa formacdo dos cofatores [Fe-S], também resulta na elevacdo dos transcritos dos
genes de montagem dos cofatores. Estas observacfes reforcam o modelo de regulacdo por
retroalimentacdo, onde a demanda para a maturacdo de proteinas Fe-S controla a expressao de

genes cujos produtos sdo necessarios para a formacao dos cofatores [Fe-S].

Este modelo sugere também que o pool celular de proteinas Fe-S imaturas é mais eficaz
no sequestro de cofatores [Fe-S] produzidos pela maquinaria biossintética do que a proteina IscR
imatura. A maneira como este processo é realizado é desconhecida, porém pode ser significativo
o fato de que apenas trés residuos de cisteina estdo localizados na sequéncia primaria de E. coli,
enquanto a maior parte das proteinas Fe-S possui quatro residuos envolvidos na coordenacéo de
cofatores [2Fe-2S].

Neste capitulo, sera abordada a regulagdo exercida por IscR em A. vinelandii, tanto no seu
proprio operon (isc) como em outros operons. Também serdo analisadas as sequéncias
promotoras dos genes regulados por IscR, bem como o requisito de ligacdo do cofator [Fe-S] em

IscR para que ocorra a regulagao.
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2. MATERIAIS E METODOS

2.1 Linhagens de Azotobacter vinelandii e construgdes plasmidiais

As linhagens de A. vinelandii utilizadas neste trabalho, bem como os plasmideos
utilizados na construcdo de mutantes e a respectiva descricdo dos gendtipos estdo listados na
Tabela 1. As diferentes linhagens foram construidas por meio da técnica de “Congression”, que
é definida como a transferéncia de dois marcadores genéticos simultaneamente. O procedimento
envolve a co-transformacédo de células de A. vinelandii competentes com duas fontes diferentes
de DNA, uma carregando a alteracéo desejada e outra um marcador seletivo, como por exemplo,

resisténcia a antibioticos.

As linhagens DJ1421, DJ1601 e DJ1696 estavam previamente presentes no banco de
linhagens do Laboratério do Dr. Dennis Dean, e as demais linhagens foram construidas neste
trabalho. DJ1601 possui um delegéo in frame de 120 pb no gene iscR, 0 que acarreta na perda
dos residuos de aminoécidos da posicao 21 a 60 da proteina IscR.

As demais substituicbes foram produzidas por meio da técnica de mutagénese sitio
dirigida. Para tal fim, foram realizadas reacGes de PCR utilizando oligonucleotideos especificos
para a mutacdo pontual desejada e um plasmideo contendo o fragmento de DNA de interesse. A
reacdo é tratada com a enzima Dpnl, que digere o DNA parental metilado, e posteriormente
analisada por restricdo enzimatica. Todos os plasmideos tiveram suas sequéncias confirmadas

também por meio de sequenciamento.
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Tabela 1: Plasmideos e Linhagens mutantes/selvagem de Azotobacter vinelandii utilizadas no
presente estudo.

Linhagem | Plasmideo | Substitui¢cfes de aminoacidos Origem

Laboratorio Dennis R.

DJ1421 pDB1316 None Dean, Virginia Tech

AR, contém uma delegdo em iscR | Laboradrio Dennis R.

DJ1601 pDB1490 | de 120 pb in-frame (remove os aa | Dean, Virginia Tech

21-60)

Laboratorio Dennis R.

DJ1696 pDB1507 IscR C92A Dean, Virginia Tech
DJ1950 pDB1212 IscR C98A Este estudo
DJ1969 | pDB1518 IscR C104A Este estudo
DJ1973 pDB1879 IscR H107A Este estudo
DJ1693 pDB1523 IscR C111A Este estudo
DJ1971 | pDB1846 IscR C98/111A Este estudo

2.2 Preparo de amostras e Extracdo de RNA

Células de A. vinelandii foram cultivadas em meio Burk a 32°C sob agitacdo de 300

rpm, utilizando-se glicose 2% como fonte de carbono. As células foram coletadas por

centrifugacdo a 14000 rpm durante 5 minutos quando a cultura atingiu uma densidade ética

(OD) em 600nm igual a 0,8. Posteriormente o sedimento celular resultante foi ressuspendido

em 2 volumes do reagente RNA Protect Bacteria Reagent (Qiagen) e novamente centrifugado

a 14.000 rpm durante 10 minutos. Os pellets foram estocados no freezer -20 °C para

subsequente extracdo do RNA. O RNA total foi isolado utilizando-se o kit RNeasy (Qiagen)

segundo instrucdes do fabricante.

95



2.3 Sequenciamento do Transcritoma de Azotobacter vinelandii

O sequenciamento das amostras de RNA de A. vinelandii foi realizado pelo Virginia
Bioinformatics Institue (VBI) da Virginia Polytechnic Institute and State Univesity
(Blacksburg, VA, EUA, utilizando-se a plataforma Illumina GA lix (Illumina). A qualidade
das amostras de RNA foi verificada com o equipamento Bioanalyzer 2100 (Agilent), e foi
considerado um score minimo de 8 para RNA Integrity Number (RIN). Um total de 10 pg de
RNA total para cada amostra, foi utilizado para a sintese de cDNA, conforme protocolo da
Illumina. No seqlienciamento, empregou-se uma réplica biologica A normalizagdo dos dados
foi realizada pela equipe de bioinformatas do VBI, coordenada pelo professor Roderick

Jensen.

Para complementar as analises e definirmos genes com diferenca significativa no
namero de transcritos, foi calculado o logaritmo na base 2 (log,) dos valores das diferencas de
expressao, e foram considerados relevantes os genes que obtiveram valores menores que -2 ou

maiores que +2.

2.4 Sintese de cDNA

Para fins de analises por RT-qPCR, 2 pg do RNA total das amostras de RNA de A.
vinelandii foram tratadas com DNAse | (Fermentas), conforme instrucdes do fabricante. A
sintese de cDNA foi realizada a partir de 1ug de RNA total e utilizando-se oligo d(T1g) como
oligonucleotideoiniciador. Antes de iniciar a transcricdo reversa, RNA e oligonucleotideo
foram diluidos em &gua livre de RNase até um volume de 10uL e incubados a 70 °C por 5
minutos. Apos este periodo, as amostras foram incubadas no gelo. A reacdo de transcricdo
reversa foi feita com a transcritase reversa do virus Moloney da leucemia murina (M-MLV,
do inglés, Moloney Murine Leukemia Virus - Promega) segundo instrucdes do fabricante,
utilizando-se o termociclador RoboCycler Gradient 96 (Stratagene). O cDNA foi diluido 50

vezes antes de ser utilizado como molde nos experimentos de RT-gPCR.
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2.5 Projecdo de Oligonucleotideos e Selecdo dos Genes Constitutivos para RT-qgPCR

Para acurada normalizacdo da quantidade de transcritos ap6s a qPCR, 0 programa
NormFinder (Andersen et al. 2004) foi utilizado para auxiliar na selecdo de dois genes mais
estaveis entre quatro frequentemente utilizados como constitutivos em bactérias. Com base
em trabalhos publicados, foram projetados primers para 0s seguintes genes: gyrB, rpoB, rpoD
e 16S (Pyla et al. 2009). Os oligonucleotideos foram projetados com base nas sequéncias
destes genes conforme presentes no genoma de A. vinelandii e disponiveis no sitio do NCBI
(National Center for Biotechnology Information). Foi utilizado o software Integrated (IDT)
Real PCR

(http://www.idtdna.com/order/predesignedassay.aspx?source=scitools). Os oligonucleotideos

SciTools Time

para 16S foram escolhidos com base no manuscrito publicado por Pyla et al. (2009). As
sequéncias dos oligonucleotideos estdo descritas na Tabela 2.

Tabela 2: Sequéncias dos oligonucleotideos iniciadores utilizados nas reacdes de RT-qPCR.

Gene Forward Primer (5°-3”) Reverse Primer (5°-3”)
trmH CACATTCCCTCGGATCCTTC GTGGTTTCCAGCTTTTCCTG
cysE2 TTGCTCGACCATCTGCAG TCCTTGGCATGATAATCGCTG
iscR TGCGACTGACAACCAAAGG AGGTAGGAAAGGGAAATGCC
IscS CTTCACTTTCGGTCGTTTCAC GACCCCATCCTTGTACATGTC
iscU TGCAGATCAAGGTCAACGAG GTTCTTGATGGTTTCGGCTTC
ISCA GTCGATCCCAAGAGCCTG GTTGAACTTGAAGCCTTCGTTG
hscB | CCTACCAGACGCTGAAAAGTC TCTTCACGCAACTCCATCTG
hscA | GTACCTTCGACATCTCCATCC CCTGCTCGACAATCCAGTTG
fdx ACCTGCCATGTGATAGTGC CACCAGATCCTCAGTGCC
iscX CCTGAAATGGACCGACGTAC TGCAGGTCGAGGAAATTGAG
rpoB CCTGGAATACGTTGGCTACC TGTCCTTGATCGCCTTGTTC
rpoD GTTACCTGACCTATGCCGAG AATACGTTGATCCCCATGTCG
gyrB | CAGGAGCAGTACATCAAGGAC CAGCTTTTCCAACGCAGC
16S CACCTGGACCGATACTGACAC CGAAGGCACCCATCAATCT
fixA TCATCCGCAAGATCATGGAAG | CATAGGTGAGCAACTGGTAGTC
petA GCTACTTCTGTCCCTGTCATG TCCACGCCGACAATGATC
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2.6 Experimentos de RT-qPCR

A abundancia relativa de transcritos durante as qPCRs foi detectada com o emprego do
corante intercalador SYBR Green | (Invitrogen) e as qPCRs foram realizadas em um volume
final de 20 pL no equipamento 7300 Real-Time PCR System (Applied Biosystems) utilizando-se
microplacas de 96 pocos. As misturas de reacdo foram compostas de 10uL de cDNA (50 vezes
diluido em agua ultrapura), 0,025 mM de desoxirribonucleosideos trifosfatados (dNTPs), 1 X
tampdo de reacdo, 0,25 U da Platinum Taq DNA Polymerase (Invitrogen), 3 mM de cloreto de
magnésio (MgCly), 0,1 X SYBR Green | e 200 nM de cada primer. As condi¢des de reagdo
utilizadas no experimento foram as seguintes: 1 ciclo de desnaturacdo a 95°C por 10 min,
seguido de 40 ciclos a 95°C por 15 seg (desnaturagdo), 10 seg de anelamento a 60°C e 15 seg de
extensdo a 72 °C. Ao término da PCR, andlises de curvas de dissociacdo foram conduzidas para
comprovacéo da especificidade de cada amplificagéo, utilizando-se o software que acompanha o

equipamento da Applied Biosystems.

Quatro réplicas bioldgicas para casa cDNA amplificado forma analisadas e, para cada
uma destas amostras, foram realizadas quatro réplicas experimentais. A expressdo relativa dos
genes foi calculada utilizando-se o método 27*““' (Livak and Schmittgen 2001) e 0s genes
referéncia foram selecionados com base nos valores de estabilidade determiandos nas analises

com o software NormFinder (Andersen et al. 2004).

Primeiramente, foi realizado um screening testando-se todos os genes do operon isc
(iscRSUA, hscBA, fdx e iscX) e dois genes localizados a montante do mesmo (trmH e cysE2),
com as linhagens mutantes para as cisteinas ligantes previamente descritas em E. coli (Cys*

104

Cys®, Cys'™) e a delecdo.
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2.7 Analise das regides promotoras de potenciais genes-alvo de IscR

As sequéncias a montante dos genes nfuA, dsbA, cycB, cycA, hupB e parB de A.
vinelandii ou dos operons hox, hyp, isc, fix e pet regulados negativamente por IscR foram
analisadas com a utilizacéo da ferramenta BPROM
(http://linux1.softberry.com/berry.phtml?topic=bprom&group=programs&subgroup=gfindb)
para a busca dos elementos conservados -35 e -10. Em cada uma das sequéncias, foi também
localizada sequéncias similares as de E. coli descritas como sitios de ligacdo da proteina IscR
(Giel et al. 2006).

2.8 Expressao e purificacdo da proteina recombinante IscR

O plasmideo pDB1037 (pET5A+::iscR) foi transformado em células competentes de E.
coli BL21 (DE3). Uma colénia foi utilizado para o pré-indculo e o crescimento em frasco de 2 L
contendo 500 mL de meio de cultura LB mais 100 ug/mL do antibi6tico Ampicilina a 37 °C. A
inducdo da expressdo foi feita com lactose 1% quando as células atingiram uma ODgg igual a
0.7. Quatro horas ap0s a inducdo as células foram coletadas, centrifugadas e estocadas a -20°C

para posterior analise.

O procedimento para a purificacdo se deu em condicdes de anaerobiose onde foram
utilizados 20 gramas de células dissolvidas em tampéao contendo 50 mM Tris-HCI pH 8, 0.1M
NaCl e os inibidores de protease PMSF (0.173g/mL) e pepstatina A (0.14mg/L). As células
foram lisadas utilizando-se o equipamento Nano DeBEE (BEE International) O lisado foi
centrifugado em tubos Ti 45, por 50 minutos a 35000 rpm. O sobrenadante foi coletado e
aplicado em uma coluna de afinidade HisTrap FF 1mL. A lavagem da coluna foi realizada com
0.1M de imidazole e a proteina foi eluida com tampéo contendo 50 mM Tris-HCI, 0.1M NaCl,
0.3M imidazole e pH 8. A eluicdo foi feita dentro de cuvetas de quartzo previamente
degaseificadas. As fragdes coletadas foram analisadas em gel de poliacrilamida 12% corado com

Coomassie blue.
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3. RESULTADOS

3.1 Andlise fenotipica de mutantes iscR de Azotobacter vinelandii

O fendtipo de cada uma das linhagens de A. vinelandii mutadas no gene iscR
conforme Tabela 1 foi observado em placas de Petri contendo meio de cultura de Burk
acrescido de glicose. As col6nias foram fotografadas e seus tamanhos comparados as
coldnias formadas pela linhagem selvagem (DJ1421; Figura 1). As substituicdes C98A
(DJ1950), C111A (DJ1693) e C98/111A (DJ1971) ndo produziram alteracdo fenotipica na
morfologia de col6nias, sendo que as mesmas apresentam coloracao verde saudavel. Por
outro lado, as substituicdes C92A (DJ1696), C104A (DJ1969), H107A (DJ1973) e a
delecéo de 120 pb (AR, DJ1601), levaram ao desenvolvimento de colbnias pequenas e a
coloracdo das mesmas foi marrom. Quando a multiplicacdo bacteriana foi monitorada em
meio de cultura liquido, as linhagens com coldnias menores (DJ1696, DJ1969, DJ1973 e
DJ1601) apresentam um crescimento muito lento em relagéo ao tipo selvagem e as demais

substituicdes.

Figura 1: Feno6tipo das coldnias em meio de cultura Burk-glicose
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3.2 Transcritoma

Para a andlise dos transcritomas de A. vinelandii, foram selecionadas trés
linhagens, a selvagem (DJ1421), a mutante contendo a delecédo de 120 pb (AR, DJ1601) e
a mutante contendo a substituicdo C92A (DJ 1696). Amostras de RNA total foram
preparadas a partir das culturas de cada linhagem e sequenciadas segundo protocolos e
instrumentos Illumina. As sequéncias resultantes forma normalizadas e 0s principais genes
regulados por IscR forma analisados. Os resultados obtidos estdo descritos na Tabela 3.
Nesta Tabela, sdo mostrados valores de expressdo absoluta e relativa. O dado de expressao
absoluta representa o nimero de transcritos por contagem (reads/counts) normalizado pelo
tamanho do gene. Esta normalizacdo € importante, pois genes com maior extensao (pb)
tendem a apresentar maior numero de transcritos (reads). A expressdo relativa é a razéo
do nimero de transcritos da amostra analisada frente ao tipo selvagem, e mostra quantas
vezes 0 gene € mais expresso na linhagem com delecdo ou substituicdo em relagdo a

linhagem selvagem.

Os genes do operon isc Sd0 super expressos nas duas amostras mutantes testadas
(DJ1601 e DJ1696), e variam de 14,78 a 4,47 vezes mais em relacdo a linhagem selvagem.
A linhagem DJ1601 apresenta valores um pouco maiores que a linhagem DJ1696. Estes
resultados sdo esperados, pois IscR é um regulador negativo do seu préprio operon, e a
delegdo de 120 pb do gene (DJ1601) exerce um efeito mais drastico sobre a atividade da
proteina codificada do que a substituicdo C92A (DJ1696). Como pode ser observado na
Tabela 3, o gene nfuA também teve sua expressao aumentada em ambas as amostras

derivadas dos mutantes de A. vinelandii.

Os operons petABC e fixABCX, apresentaram padrdo de expressao reduzida nas
versdes mutadas em relacdo a linhagem selvagem. Na linhagem DJ1601, os genes pet
apresentaram uma diferenca (fold-change) de 0,62 a 0,76 em relagéo aos seus equivalentes
na linhagem selvagem, enquanto os genes fix exibiram diferencas de 0,32 a 0,35.

Interessantemente, os genes pet e fix da linhagem DJ1696 apresentaram uma reducgéo
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ainda mais dréastica, com valores de 0,08 a 0,07 e 0,02 a 0,04 respectivamente, em relacéo
a selvagem (DJ1421)

Os genes dos operons hox (hoxKGZMLOQRTV) e hyp (hypABFCDE) néo
apresentaram expressao significativamente reduzida na linhagem DJ1601. Porém, a
linhagem DJ1696 exibiu redugdes de quantidade de transcritos na ordem de 0,09 a 0,16

para os genes hox e de 0,24 a 0,67 para 0s genes hyp.

Tabela 3: Valores de expressdo absoluta e relativa obtidos a partir das analises dos
transcritomas de Azotobacter vinelandii DJ1421 (WT), DJ1601 (delecdo de 120 pb) e
DJ1696 (substituicdo C92A).

Linhagens

AR (DJ1601) IscRC92A (DJ1696)
Genes WT N N N .

(DJ1421) Expressao Razéo Expresséo Razéo

absoluta AR/WT absoluta C2A/WT

iscR 206,06 3046,10 14,78 2679,10 13,00

iscS 421,79 9149,10 21,69 7109,53 16,86

iscU 517,13 7074,84 13,68 5182,90 10,02

. iSCA 401,82 4430,96 11,03 3671,02 9,14
"¢ TheeB | 32450 | 388433 11,07 | 303633 9,36
hscA 258,73 2616,40 10,11 2393,93 9,25

fdx 348,29 2829,63 8,12 2199,07 6,31

iscX 245,62 1588,69 6,47 1097,75 4,47

nfuA 532,84 3600,95 6,76 3493,17 6,56
petA | 1349,32 832,37 0,62 100,94 0,07

pet petB 1548,07 1072,26 0,69 103,64 0,07
petC 1333,41 1012,78 0,76 104,04 0,08

fixA 873,85 280,83 0,32 24,59 0,03

. fixB 790,34 275,78 0,35 31,84 0,04
fix fixC 858,62 300,21 0,35 23,98 0,03
fixX 1026,35 319,06 0,31 15,65 0,02
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hoxK | 358,65 | 272,62 0,76 41,79 0,12
hoxG | 356,62 | 300,12 0,84 40,19 0,11
hoxZ | 26653 | 226,07 0,85 28,66 0,11
hoxM | 147,71 115,99 0,79 15,51 0,10
hoxL | 78,63 51,10 0,65 12,02 0,15
hox I ox0 | 153.28 117,30 0,77 22,81 0,15
hoxQ | 217,05 | 187,59 0,86 24,01 0,11
hoxR | 203,04 | 224,19 1,10 18,82 0,09
hoxT | 130,10 | 125,10 0,96 20,77 0,16
hoxV | 93,87 79,79 0,85 12,10 0,13
hypA | 14316 125,87 0,88 35,02 0,24
hypB | 14844 | 124,87 0,84 35,66 0,24
hypF | 61,18 53,10 0,87 23,36 0,38
hyp hypC | 63,73 69,05 1,08 42,41 0,67
hypD | 90,00 75,55 0,84 40,68 0,45
hypE | 110,69 85,85 0,78 41,79 0,38

A partir dos valores de log,, foram encontrados 48 genes com expressdo alterada
na linhagem DJ1601 e 89 genes na linhagem DJ1696. Destes, 23 apresentaram expressao
alterada nas duas linhagens em relagdo a linhagem selvagem (Figura 2). A listagem

completa dos genes selecionados nesta analise esta descrita na Tabela 4.

DI1601 DI1696

Figura 2: Diagrama de Venn com o nimero de sequéncias diferencialmente expressas nas
linhagens mutantes DJ1601 e DJ1696 de Azotobacter vinelandii.
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Tabela 4: Lista dos genes diferencialmente expressos nas linhagens DJ1601 e DJ1696

Locus tag

Anotacéo

Razédo
AR/WT

Razao
C92A/WT

Genes com expresséo diferencial nas duas linhagens mutantes

DJ1601 e DJ1696

TonB-dependent receptor - transcription and

AVin13940 binding proteins/ other 021 0.07
Avin40370 Co-chaperone Hsc20 HscB 11.97 9.35
Avin40340 hypothetical protein 6.46 4.46
Avin04800 hypothetical protein 0.15 0.04
Avinl17040 ParB protein 0.23 0.24
Avin22980 Cobalamin synthesis protein 0.22 0.07
Avin01580 ABC transporter ATP-binding protein 5.10 6.68
Avin29210 hypothetical protein 0.20 0.11
Avin15360 hypothetical protein 0.20 0.19
Avin40390 Iron-sulfur cluster assembly scaffold protein 13.68 10.02
IscU
Avin04210 hypothetical protein 8.38 14.39
Avin40350 Isc ferredoxin 8.12 6.31
Avin29180 6-pyruvoyl-tetrahydropterin synthase 0.16 0.10
Avin29190 hypothetical protein 0.21 0.16
Avin13930 hypothetical protein 0.21 0.06
Avin40360 Fe-S protein assembly chaperone HscA 10.11 9.25
Avin29200 Trimeric LpxA-like superfamily protein 0.20 0.11
Avin23010 hypothetical protein 0.12 0.06
Avin40410 Iron-sulphur cluster assembly transcription 14.78 13.00

factor IscR
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Avin40380 Iron-sulfur biogenesis protein IscA 11.02 9.13
Avin06650 hypothetical protein 0.20 0.18
Avin28760 NfuA protein 6.75 6.55
Avin40400 Cysteine desulfurase IscS 21.69 16.85
Genes com expresséo diferencial somente na linhagem 1601

Avin01520 nitrogen fixation [2Fe-2S] ferredoxin, FeSlI 4.623 E-05 0
Avin10760 Glu/Leu/Phe/Val dehydrogenase 4.09 2.45
Avin03910 esterase, poly(3-hydroxybutyrate) depolymerase 4.25 2.84
Avin07980 Iron-containing alcohol dehydrogenase 5.58 1.06
Avin12190 fructose-specific multiphosphoryl transfer 412 2.13

protein

Avin24890 4-alpha-glucanotransferase 4.32 3.10
Avin24900 malto-oligosyltrehalose trehalohydrolase 5.29 291
Avin24910 glycogen synthase 4.12 2.23
Avin39700 2Fe-2S ferredoxin 0.17 0.26
Avin43320 glycolate oxidase FAD binding subunit , glcE 4.50 1.90
Avin38140 Bacterial outer membrane porin, OprD-family 0.23 0.31
Avin40090 outer membrane copper transport protein 0.21 0.33
Avin22830 TonB-dependent receptor 0.14 0.25
Avin25770 heat shock Hsp20 protein 4.16 2.09
Avin05680 Cytochrome ¢ Catalase, CCC 4.02 1.99
Avin25630 MtbH-like protein 4.44 0.29
Avin04290 hypothetical protein 31.24 1.60
Avin33240 hypothetical protein 4.74 2.14
Avin00380 Flavoprotein, WrbA family 4.32 2.29
Avin29170 hypothetical protein 0.23 0.26
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Avin01530 hypothetical protein 0.0002 0
Avin25640 Diaminobutyrate-2-oxoglutarate 4.70 1.51
aminotransferase
Avin01570 hypothetical protein 2.61247 E- 0
05

Avin22820 hypothetical protein 0.24 0.41
Avin27060 hypothetical protein 0.12 1.66
Genes com expressao diferencial somente na linhagem 1696

Avin02000 Cytochrome c4 0.66 0.23
Avin10510 4Fe-4S ferredoxin, FixP 0.36 0.034
Avin10520 electron transfer flavoprotein beta-subunit, FixA 0.32 0.028
Avin10530 electron transfer flavoprotein, alpha subunit, 0.34 0.04

FixB
Avin10550 FixX ferredoxin-like protein 0.31 0.015
Avin13060 ubiquinol-cytochrome c reductases, PetA 0.61 0.07
Avin13070 Cytochrome b/b6, PetB 0.69 0.06
Avin13080 ubiquinol--cytochrome c reductase, cytochrome 0.75 0.07
cl, PetC

Avind7940 cytochrome c5 protein 0.67 0.11
Avin50480 hydrogenase nickel incorporation protein HypB 0.84 0.24
Avin50490 hydrogenase nickel incorporation protein HypA 0.87 0.24
Avin50500 hydrogenase expression/formation protein HoxV 0.84 0.12
Avin50510 hydrogenase expression/formation protein HoxT 0.96 0.15
Avin50520 rubredoxin-type Fe(Cys)4 protein, HoxR 1.10 0.09
Avin50530 hydrogenase expression/formation protein HoxQ 0.86 0.11
Avin50540 hydrogenase expression/formation protein, 0.76 0.14

HoxO
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Avin50550 hydrogenase assembly chaperone HoxL 0.64 0.15

Avin50560 hydrogenase expression/formation protein, 0.78 0.10
HoxM

Avin50570 Ni/Fe-hydrogenase, b-type cytochrome subunit, 0.84 0.10
HoxZ

Avin50580 Membrane bound nickel-dependent 0.84 0.11

hydrogenase, large subunit, HoxG

Avin50590 Uptake hydrogenase small subunit [Precursor], 0.76 0.11
HoxK

Avin10540 electron-transferring-flavoprotein 0.34 0.027

dehydrogenase, FixC
Avin04570 Dimethylmenaquinone methyltransferase 0.30 0.24
Avin43920 histone-like bacterial DNA-binding protein, 0.52 0.10
hupB family
Avin24480 Type Il restriction enzyme, res subunit - DNA 0.95 22.10
metabolism

Avin23000 TatD-related deoxyribonuclease protein 0.26 0.13

Avin33460 general glycosylation protein 0.46 0.21

Avin10560 ferritin-like protein 0.34 0.031

Avin22970 RNA polymerase-binding DksA like protein 0.27 0.0831

Avin34440 carbon storage regulator, CsrA 0.66 0.21

Avin41840 Bacterial regulatory protein, LysR family 0.79 0.24

Avin24470 adinene-specific DNA-methyltransferase 0.92 29.56

Avin24510 cation efflux protein 1.72 4.77

Avin28680 hypothetical protein 0.58 0.23

Avin30180 hypothetical protein 0.26 0.06

Avinl11740 hypothetical protein 0.81 0.076

Avin29570 hypothetical protein 0.35 0.24
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Avin48810 conserved hypothetical protein
Avin22990 conserved hypothetical protein
Avin09722 DSBA oxidoreductase
Avin35260 hypothetical protein
Avin32010 hypothetical protein
Avin32200 hypothetical protein
Avin18080 hypothetical protein
Avin31470 hypothetical protein
Avin40900 hypothetical protein
Avin08190 hypothetical protein
Avin01250 hypothetical protein
Avin43790 hypothetical protein
Avin04810 hypothetical protein
Avin43270 hypothetical protein
Avin10400 conserved hypothetical protein
Avin24950 hypothetical protein
Avin30310 hypothetical protein
Avinl11730 conserved hypothetical protein
Avin03250 Ycel-like protein
Avin07210 hypothetical protein
Avin10450 hypothetical protein
Avin23900 hypothetical protein
Avinl17070 hypothetical protein
Avinl1720 hypothetical protein
Avin24460 hypothetical protein
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Avin23270 hypothetical protein
Avin22920 hypothetical protein
Avin45810 conserved hypothetical protein
Avin15320 conserved hypothetical protein
Avin22830 TonB-dependent receptor
Avin25770 heat shock Hsp20 protein
Avin05680 Cytochrome ¢ Catalase, CCC
Avin25630 MtbH-like protein
Avin04290 hypothetical protein
Avin33240 hypothetical protein
Avin00380 Flavoprotein, WrbA family
Avin29170 hypothetical protein
Avin01530 hypothetical protein
Avin25640 Diaminobutyrate-2-oxoglutarate
aminotransferase
Avin01570 hypothetical protein
Avin22820 hypothetical protein
Avin27060 hypothetical protein

3.3 Avaliacao do Padrao de Expressdo Génica de Azotobacter vinelandii por RT-gPCR

Previamente ao sequenciamento do transcritoma das diferentes linhagens de A.
vinelandii, um screening por RT-gPCR, analisando-se 0s genes do operon isc e dois genes
localizados a montante deste operon, trmH e cysE2, foi realizado. Para a confirmacéo dos
dados obtidos no sequenciamento do transcritoma e verificacdo das demais linhagens, a
técnica de RT-qPCR foi empregada. Os genes escolhidos para tal analise foram iscS e
fixA. Os genes gyrB e rpoD foram selecionados para a normalizagcdo das amostras devido
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aos baixos valores de variacdo da expressdo obtidos na analise segundo o software

NormFinder, os quais foram de 0,01928 e 0,01163 respectivamente.

N&o foram observadas alteracGes nas quantidades momentaneas de mRNA para
iIscS nas amostras obtidas a partir das linhagens mutantes DJ1950 (C98A), DJ1693
(C111A) e DJ1971 (C98/111A). Nas linhagens DJ1696 (C92A), DJ1969 (C104A),
DJ1973 (H107A) e DJ1601 (AR), a expressdo relativa de iscS aumentou em torno de 4,05,
9,82, 10,24 e 13,40 vezes, respectivamente.

Transcritos derivados do gene fixA foram amplificados a partir das amostras de
RNA de todas as linhagens. Os niveis de mRNA para fixA apresentaram redugdo nas
linhagens com expressao aumentada do gene iscS. A diferenca observada foi de 0,03 em
DJ1696 (C92A), 0,07 em DJ1969 (C104A), 0,04 em DJ1973 (H107A) e 0,55 vezes na
linhagem DJ1601 (AR) (Tabela 5).

Tabela 5: Valores de expressdo relativa normalizados com os genes rpoD e gyrB.

Gene
iscS fixA

Linhagem

DJ1421 (WT) 1,01+0,08 1,01+0,08
DJ1969 (C104A) 9,82+ 1,97 0,07 £ 0,02
DJ1973 (H107A) | 10,24 + 1,05 0,04 + 0,00
DJ1696 (C92A) 4,05+ 0,97 0,03+0,01

DJ1601 (AR) 13,40+ 1,54 0,55+0,15
DJ1950 (C98A) 1,07+0,17 1,07+ 0,16
DJ1693 (C111A) 0,92 £ 0,07 0,82 +0,18

(Cgfji/lffllA) 1,35+ 0,41 122 +0,16

3.4 Analise das regides promotoras de operons e genes regulados por IscR
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Os genes regulados por IscR (dados obtidos no sequenciamento do transcritoma) tiveram
sua regido promotora analisada, para a busca das sequéncias promotoras -10 e -35, e comparada
com as sequéncias concenso dos motivos de ligacdo a proteina IscR descritos para E. coli (tipo I:
ATASYYGACTRWWWYAGTCRRSTAT e tipo I
AWARCCCYTSNGTTTGMnGKKKTKWA). Os principais resultados obtidos para aqueles
onde foi encontrado o motivo de ligacdo, estdo descritos na Tabela 6. Com excesséo dos genes
fixP e cycB, todos os outros possuem dominios de ligagdo do tipo | e sequéncias -10 e -35

preditas.

O gene hoxK, é parte do operon hox composto por 10 genes e este, por sua vez, fica a
montante do operon hyp, composto por 6 genes. Na regido promotora de hox, foram encontradas
trés sequéncias similares ao motivo de ligacdo a IscR do tipo I, bem como duas sequéncias -10 e
-35. O segundo e o terceiro motivo estdo separados por apenas 5 nucleotideos (Figura 3).

Tabela 6: Motivos de ligacdo putativos a proteina IsScR encontrados nas regiGes promotoras dos
genes regulados negativamente, segundo a reducdo de transcritos observada nas amostras com o

transcritoma sequenciado.

Regido o Sequéncia ) ) o _ ntpara
promotora | Sequéncia -10 .35 Motivo putativo de ligacdo a IscR Tipo | ATG/GTG/ATT
Ec. iscR CAGACT TTGACC ATASYYGACTRWWwwYAGTCRRSTAT I 83
iscCR TTGCATACT TTGATC ATAGTTGATCCTGTTTGTCGGGTAT I
ATACTCGACGTACATCAGCGATTCC ~5
fixP TTTTATATT TTATCT AAAAATCCTCTGTTTCGGGTGTGGTA 11 57
nfuA GCGTACACT TTTATC ATACTAGGACTTTATCCCAAGGGGGG I 39
CGGAATACT TTGCCC ATACTCGACAACCGGCCCATGCAGC 234
hoxK GCGCATTAT ATGACA ATAGCCGAAGGACGGTGCGCAGGGG I 33
ATAACGACCTGGCCACAAGGGTAAC 3
dsbA GAATATAAT TTAATT ATAGTCTGCTTGTCGATGCTATAA I 229
cycB GGTTATACT TTTCAG AAAACCCGTGGCCGCGGGCGCACGTA 11 40

* a contagem inicia-se apds 0 motivo

(i) As cores representam a relagdo com o motivo de E. coli: Verde (conservado), Vermelho (ndo
conservado) e Roxo (ndo existe); (ii) S=G/T, Y=C/T, R=A/G.
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hypD hox hoxf) hoxl hox o
hypF o dpmm— -

CGGCAAGCAGCCGATGCACCGGATCTGGAGACCACGCCGGAACGGACCAGGCACACAATCTTTCCAGTCC
GGTATGGAGCGGGCATTTCATGCGATTGCCCTGGCCGARACAGGGACTGCCGGAATACTCGACAACCGGC
CCATGCAGCGAATCCCGGTACGACACCGGARRAGTACCAGGCGCACACCTCGTGCCATGGCCCCGTGCGG
ACACGGCGCATCCCGTCGAACGCTTTGTATCAAGCCATGACAAARAACATGGCATTGGCGCATTATTCGTG
CGGTTTTCATTCAGCAACCGTGGGCCATACAACCGGCGCGCCGTCATAGCCGAAGGACGGTGCGCAGGGG
CGCCGATAACGACCTGGCCACAAGGGTAACGGCA

Regido promotora
hypE hypC g hypB hyph hoxT hoxk hox hox? hoxk

97 nt 50 nt 5nt

[ _35 ]7 [ 10 ] Sitio deh;agaoalscRdo I _35 _10 l Sitio dehga;aoalscRdo I I Sitio de ll;a;aoaldeo ]{ ATG ]
tl_Eol tipol tipo1l

Figura 3: Organizagdo génica e regido promotora dos operons hox e hyp. Sublinhado duplo
representa a sequéncia -35, e sublinhado simples a sequéncia -10 do promotor. A cor azul
representa nucleotideos conservados com o motive de Escherichia coli, enquanto vermelho

representa 0s né@o conservados.

O gene iscR possui uma regido promotora similar a de E.coli, Pseudomonas aeruginosa e
Salmonella enterica, pois também possui dois dominios de ligacdo a IscR (Figura 4). Esses dois
dominios sdo do tipo I, estdo espagados em A. vinelandii por 3 nucleotideos e sobrepdem a
sequéncia caracteristica de promotores -10. Neste mesmo organismo, 0 codon de inicio da
proteina € um ATG e se localiza proximo (aproximadamente 5 nucleotideos) ao segundo

dominio putativo de ligacdo a proteina IscR.
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Regido promotora de iscR .9

GGCACTGAAGGTTARATACCCGACTARATCAGTCAAGTAA--~-ATAGTTGACCAATTTACTCGGGAATN (83) ATG ..

E. coli : ;
A. vinelandii GAATTGCAAGGATTAATAGITGATCCTGTTTGTCGGGTATTGC-ATACTCGACGTACATCAGCGATTCC CTGGTATCGAT QATG
P. aeruginosa AATTTGATCGGTCTTATAGTTGACCTAATTACTCGGATARAGAGCATAATCCGCGTCAACCCCGRATGATN (17) ATG

S. enterica AATTTGATCGGTCTTATAGTTGACCAAATTACTCGGGAATGTC-AGACTTGTCCCTGCTATGCAATACC N (58) ATG

— — — -10box [ Dominio de ligagdo a IscR do tipo 1 ][Doml'nio de ligacdo a IscRdo tipo 1 ]
....... 35 box

Sitio putativo de inicio da transcri¢do

Figura 4: Alinhamento parcial das sequéncias promotoras do gene iscR de diferentes

organismos, com indicacao das regides -35 e -10 de A. vinelandii.

3.5 A proteina recombinante IscR

Os pellets de células de E. coli na qual foi superexpressa a proteina IscR de A. vinelandii,
apresentavam cor mais escura em relacdo ao pellet obtido de culturas ndo induzidas com lactose
(controle negativo da expressdo) condizente com a presenca do cofator [2Fe-2S] . O extrato
bruto obtido ap6s a lise das células foi analisado em SDS PAGE 12% e IscR apresentou uma
superexpressdo consistente na fracdo soltvel (Figuras 5A, B e C). Posteriormente procedeu-se
com a purificagdo da proteina. O sobrenadante do lisado inicial, ainda apresentava coloragéo
escura e foi submetido a uma coluna de afinidade sendo a proteina IscR eluida com 300mM de
imidazol.A mesma apresentava coloragdo amarelada e o peso molecular esperado (~25 kDa;

Figuras 5D e E). A coloracgdo observada desaparece gradualmente quando a proteina é exposta ao
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215 « \

14.4| e

baixa, indicando que este é extremamente labil (Figura 5F) .

Figura 5: Representacdo das diversas etapas de purificacdo da proteina recombinante IscR. (A)
Lisado; (B) Extrato cru e pellet; (C) 1- Marcador de peso molecular, 2-cultura controle néo
induzida e, 3- cultura induzida; (D) Proteina eluida com 300 mM de imidazol apresentando
coloracdo amarela; (E) Gel SDS-PAGE 12%, 1 e 2- Proteina IscR, 3- Marcardor de peso
molecular; (F) Espectro UV logo apos a purificagdo da proteina IscR (linha azul) e apos ser

exposta ao oxigénio (linha rosa).

4. DISCUSSAO

Em estudos anteriores, foi demonstrado que IscR atua como proteina reguladora por
mecanimo de retroalimentagdo da expressdo do operon isc em E. coli (Schwartz et al. 2001, Giel
et. al. 2006, Nesbit et al. 2009). Com o intuito de determinar se 0 mesmo modelo de regulacéo
IscR-dependente é valido para A.vinelandii, foram geradas e analisadas linhagens mutantes desta

bactéria contendo substitui¢des ou delecédo de parte da proteina.
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De acordo com os dados obtidos nos experimentos de RT-gPCR e a analise fenotipica das
colénias selvagem e mutantes de A.vinelandii em meio de cultura de Burk-glicose, foi possivel
verificar que os residuos de ligagdo do cofator [Fe-S] a IscR sdo Cys®, Cys'™ e o residuo
Hys'’. As colénias das linhagens mutantes com substituicdo nestes aminoacidos apresentaram-
se muito menores do que as col6nias da linhagem selvagem ou mesmo das com substituicdes

CySgS, CySlll ou Cy398/111

, além de apresentarem uma coloragcdo mais marrom. Devido ao fato do
fendtipo das col6nias ser visivel somente em meio s6lido e ndo em meio liquido, optamos por
utilizar a terminologia “menor” ao invés de “lento crescimento”. O fenotipo alterado dos
mutantes de A. vinelandii, por tamanho de colbnias e pela coloracdo das mesmas, pode ser
atribuido ao fato de que a super producéo de proteinas Fe-S leva a producéo de niveis toxicos de
Fe e sulfeto que sé podem ser diminuidos com a inativagdo da maquinaria de montagem de

cofatores [Fe-S].

Nos experimentos de RT-gPCR, a expressao relativa dos genes do operon isc se mostrou
aumentada para as substituicdes Cys*?, Cys*™ e His'%’, bem como para a delecéo parcial de iscR
(AR). Por outro lado, ndo foram observadas diferencas entre a linhagem selvagem e as mutantes
com as demais substitui¢Bes. Isto indica que quando qualquer um dos residuos de ligagdo ao
cofator [Fe-S] € substituido, 0 mesmo nao € capaz de ser ligado, e a atividade repressora de IscR
sobre o operon isc é perdida. Em E. coli, o cofator [2Fe-2S] é ligado pelos residuos Cys®, Cys™,
Cys'™ (Neshit et al. 2009). Em Acidithiobacillus ferrooxidans IscR possui um quarto
aminoacido ligante, o residuo Glu43, devido a falta de Fe ligado a proteina no mutante IscR-
Glu43Ala (Zeng et al. 2008). Entretanto, Glu 43 ndo é ligante em E. coli, pois a proteina IscR
purificada e com a mesma substituicdo possui 25% de ocupéncia do cofator [2Fe-2S].
Concordando com os dados obtidos neste trabalho, a proteina de E. coli com a substituicéo
H107A quando purificada ndo possui cofator [Fe-S] ligado (dados ndo publicados de Angela
Fleischhacker, Patricia Kiley’s Lab, University of Wisconsin - Madison, Estados Unidos).
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Portanto, para E. coli, a His™" pode ser um ligante adicional as trés cisteinas ja anteriormente

descritas.

Os dados do transcritoma permitiram indicar que a delecdo (AR) ou substituicdo C92A de

IscR ndo causam grandes alteracfes na expressao génica de varios genes-alvo em A. vinelandii.
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Os principais genes que tiveram sua expressao significativamente alterada foram iscCcRSUAX,
hscBA, fdx, nfuA, petABC, fixPABCX, hoxKGZMLOQRTYV e hypABFCDE.

Para os genes do operon isc, a alteracdo AR (DJ1601) teve maior efeito do que a
substituicdo C92A (DJ1696), pois os valores da razdo entre o nivel de transcritos da linhagem
deletéria e a linhagem selvagem, foram maiores do que os valores encontrados para a amostra
com a substituicdo. A delecdo de IscR representa a perda de fungdo das duas formas de IscR,
apo e holo, enquanto a substituicdo C92A (DJ1696) representa somente a perda de funcdo da
holo-proteina. Experimentos de ressonancia paramagnética mostraram que a proteina IscR
contém um cofator [2Fe-2S] que, assim como a grande maioria dos cofatores [Fe-S], pode ser
reversivelmente oxidado e reduzido. Além disso, a inativacdo da maquinaria ISC de biossintese
de cofatores, diminui a repressdo do promotor de iscR, sugerindo que o cofator [2Fe-2S] é
necessario para a funcdo repressora de IscR (Schwartz et al. 2001). Consistente com esta
observacdo sdo os dados experimentais que sob limitacdo de Fe ou S o promotor de iscR deixa
de ser reprimido (Outten et al. 2004, Gyaneshwar et al. 2005). Com base nos dados
anteriormente expostos, Schwartz et. al. (2001) propuseram um mecanismo de regulacdo
exercido por IscR. Quando as proteinas do sistema ISC (IscSUAX, HscBA e Fdx), Fe*? e
cisteina tém suas concentragfes intra-celulares aumentadas, a proteina IscR adquire um cofator
[Fe-S] e, assim, pode reprimir a transcri¢cdo do seu proprio operon e de outros genes (iSCRSUA-
hscBA-fdx-iscX).

O genoma de A. vinelandii contém genes que codificam para duas hidrogenases [NiFe].
Por outro lado, ndo possui genes preditos capazes de codificar os tipos [FeFe] ou [Fe] (Setubal et
al. 2009). As hidrogenases catalisam a oxidacdo de hidrogénio molecular (H), e os elétrons
liberados sdo transportados na cadeia transportadora de elétrons até moléculas de oxigénio (O,).
Os genes estruturais da hidrogenase [NiFe] sdo hoxKG, os quais estdo localizados num grande
operon denominado hox (do inglés, hydrogen oxidation) juntamente com hoxZMLOQRTYV e
hypABFCDE, que codificam proteinas acessorias, componentes da cadeia transportadora de
elétrons e proteinas para a biossintese de cofatores [Fe-S] e maturagédo da hidrogenase (Menon et
al. 1992, Setubal et al. 2009). O nivel de transcritos dos genes do hoxKGZMLOQRTYV aumentou

em torno de 5 vezes quando A. vinelandii foi cultivado em condicdes de fixagdo de nitrogénio.
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Esta hidrogenase ligada a membrana provavelmente recicla o hidrogénio produzido pela

nitrogenase na reducdo do nitrogénio molecular (N2) (Hamilton et al. 2011).

Diversos genomas microbianos foram sequenciados e muitos genes que codificam
proteina Fe-S do tipo Rieske (que sdo subunidades do complexo do citocromo tipo bc ou
oxigenases) foram anotadas. Por esse motivo, é sugerido que a existéncia de multiplas proteinas
Rieske em procariotos permite que estes organismos adaptem suas cadeias de transferéncia de
elétrons durante as mudancas nas consicdes ambientais (Schneider and Schmidt 2005). Na
maioria das bactérias, o0 complexo bcl é constituido por trés subunidades, uma proteina Fe-S, o
citocromo b e o citocromo c¢, que sdo codificados por trés genes estruturais denominados petA,
petB e petC respectivamente. Estes genes estdo localizados no mesmo operon petABC (Daldal et
al. 1987). O complexo bcl e seu homdlogo, o complexo b6f, sdo componentes chaves das
cadeias transportadoras de elétrons respiratdria e fotossintética, devido ao fato de contribuirem
para a geracao de um gradiente eletroquimico utilizado pela ATP sintase na producgédo de ATP. O
complexo bcl possui dois dominios cataliticos, um de oxidacdo da ubihidroguinona (Q,) e outro
de reducdo da ubiquinone (Q;). Foi proposto que o dominio extrinsico da subunidade Fe-S, que

contém um cofator [2Fe-2S] move-se durante a catalize. (Darrouzet et al. 2000).

Os maiores avancos nessa area tém sido direcionados ao entendimento da estrutura e da
funcdo do complexo bcl, especialmente, devido a resolugdo das estruturas tridimensionais. A
comparacdo de diversas estruturas no qual o dominio [2Fe-2S] da subunidade Fe-S ocupa
diferentes posicdes, e diversos dados biofisicos e bioquimicos permitiram a descoberta da funcao
da subunidade Fe-S do complexo bcl, o transporte de elétrons (ou, em inglés, eletron shuttle;
Kim et al. 1998, Iwata et al. 1998, Valkova-Valchanova et al. 1998, Zhang et al. 1998,
Darrouzet et al. 2000). Por outro lado, a relagé@o entre o sistema de biossintese de cofatores [Fe-

S] e esse complexo transportador de elétrons ainda ndo foi elucidada.

Os genes do operon fix codificam proteinas constituintes dos sistemas transportadores de
elétrons e provavelmente fornecem equivalentes redutores para a nitrogenase (Keminski et al.
1988). O promotor deste operon possui sitios de ligacdo para um fator sigma 54 (c°%),
representados pelas sequéncias TGGTAC (-24) e TTGCA (-12). Nesta mesma regido, também
foi encontrado um motivo putativo de ligac&o a IscR do tipo 11. Porém a relacéo entre o fator ¢>'e

a regulacdo exercida pela proteina IscR ndo € clara. Em Rhizobium meliloti, foi sugerido que as

117



proteinas Fix atuam conjuntamente para a transferéncia de elétrons da fonte de carbono para a
nitrogenase, e que os genes fixA, fixB e fixC estdo envolvidos diretamente no processo de fixacao
do nitrogénio e ndo somente requeridos para a manutencdo da nodulagdo ou maturacdo (Earl et
al. 1987). O gene fixX possui funcdo predita de ferredoxina, pois possui alto grau de homologia
com a ferredoxina | de A. vinelandii. O operon fix codifica proteinas que formam um complexo
de transferéncia de elétrons necessario para o suporte da fixacdo de nitrogénio em alguns
organismos diazotrdficos (Kaminski et al. 1988). Durante o crescimento diazotrofico, Hamilton
et al. (2011) observaram um grande aumento no nivel de transcritos dos genes fixPABCX, de
aproximadamente 231 vezes. No crescimento diazotréfico de A. vinelandii dependente de

molibdénio (Mo), foi observado um aumento de 40 vezes no nimero de transcritos deste operon .

Em nosso estudo, tanto nos dados de sequenciamento quanto nos experimentos de RT-
gPCR, os genes dos operons fix, pet, hox e hyp apresentaram moderada redugéo na transcricao
quando parte de IscR foi deletada (mutante AR). Porém uma dréstica diminuicdo foi observada
guando a Cys92 foi substituida por Ala. A partir destes resultados, podemos concluir que IscR na

Sua apo-forma atua como repressor destes operons.

Em E.coli, além das maquinarias ISC e SUF, existem duas proteinas envolvidas na
biossintese de cofatores [Fe-S] cujos genes sdo regulados por IscR, erpA e nfuA. ErpA é uma
proteina carreadora do tipo A, que apresenta similaridade de sequéncia com as proteinas IscA e
SufA, porém somente a porcdo N-terminal de NfuA é similar a proteinas carreadoras do tipo A.
A porcdo C-terminal da proteina NfuA de E. coli apresenta similaridade com o dominio Nfu da
proteina NifU de A.vinelandii. NfuA representa uma nova classe de proteinas arcabouco
envolvida na maturacdo de proteinas Fe-S (como por exemplo, a aconitase), capaz de ligar
cofatores do tipo [4Fe-4S]*2. Esta proteina é também essencial para E.coli sobreviver a limitag&o
de Fe e ao estresse oxidativo (Angelini et al. 2008). A expressdo do gene nfuA em E. coli é
menor em condigOes anaerobicas de cultura(Giel et al. 2006). A adigdo de paraquat e 2,2’-
dipiridila em culturas de E. coli, faz com que nfuA tenha sua expressdo aumentada em torno de
duas vezes, e essa resposta ¢ mediada e dependente de IscR. O estresse oxidativo e a limitacao
de Fe, diminuem a concentracdo intracelular de holo-IscR, favorecendo a forma apo-IscR, que

néo se liga ao promotor de nfuA (Angelini et al. 2008).
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Em A.vinelandii, a atividade da aconitase, uma enzima que contém o cofator do tipo
[4Fe-4S], é diminuida nas linhagens com inativacdo do gene nfuA (Bandyopadhyay et al. 2008).
Neste mesmo organismo, verificamos que a expressdo de nfuA também é regulada por IscR
(dados do transcriptoma), pois foi observado um aumento na expressao deste gene na linhagem
com DJ1601 e na linhagem com a substituicdo C92A. Porém, esse aumento parece nao ter
relacdo com a apo-forma de IscR e sim ser dependente da ligacdo do cofator [Fe-S], bem como

ocorre na regulacdo do operon isc.

Estudos preliminares sugerem que a ligacdo do cofator [2Fe-2S] em IscR é necesséria
para a repressdo do promotor de seu proprio gene codificador, o qual contém um sitio de ligacéo
do tipo I (Schwartz et al. 2001, Giel et al. 2006). Porém foi identificado um segundo motivo de
ligacdo ao qual IscR pode se ligar, e este € chamado de tipo Il. Para o motivo tipo 11, Nesbit et al.
(2009) descreveram que a ligacdo do cofator [2Fe-2S] ndo é necesséria para a regulacdo dos
promotores dos genes sufA, ydiU, hyaA, napF e hybO de E. coli. Os motivos de ligagéo de IscR
nos promotores foram encontrados em outros genomas e, como esperado, especialmente na

regidao a montante do operon isSCRSUA de diversos organismos (Giel et al. 2006).

Como mencionado anteriormente, além do promotor PiscR, o operon isc possui um
segundo promotor interno, localizado a montante dos genes hscBA fdxiscX. E sabido, e foi
monstrado nos dados do transcritoma e de RT-gPCR que IscR também regula este promotor
interno, porém nao é clara a maneira como isto ocorre e como esta regulacdo € relacionada com a
regulacdo do restante do operon isc. De acordo com outros dados do nosso grupo de pesquisa,
podemos concluir que a expressdo primaria de hscBA fdx e iscX é controlada pelo promotor
PiscR, e a expressdo secundaria € controlada por IscR e outros fatores regulatérios para modular

a expressdo desses genes em resposta as demandas do crescimento celular.

Conforme os dados obtidos neste trabalho, ndo existe uma clara relagéo entre a regulagéo
transcricional por IscR e o tipo de motivo de ligacdo em promotores de genes alvo em
A.vinelandii. Tanto operons com sequéncia do tipo | (pet, hox, hyp e isc), assim como aqueles
que apresentam motivos do tipo Il sdo regulados da mesma forma. Em E. coli, parece haver uma
relacdo entre o tipo de sequéncia do motivo de ligacdo de IscR e a forma (apo ou holo) da

proteina que sera ligada. Neste organismo, a proteina IscR ndo requer o cofator [2Fe-2S] para
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regular promotores que contém o sitio de ligacdo do tipo Il, e provavelmente, a ligacdo é

dificultada pois ocorre na forma de dois dimeros (Nesbit et al. 2009).

A regido a montante do operon hox possui 3 dominios putativos de ligacdo a IscR, todos
pertencentes ao tipo I. O operon hyp, que codifica proteinas acessorias para a hidrogenase
[NiFe], utiliza 0 mesmo promotor que 0s genes hox, e é possivel que estes trés sitios estejam
envolvidos na regulacdo diferencial dos genes hox e hyp. Porém até o momento ndo existem

evidéncias experimentais para comprovar esta hipotese.

5. CONCLUSOES

Concluindo, este trabalho permitiu-nos enriquecer o entendimento do papel de IscR na
regulacdo da biossintese de cofatores [Fe-S] e de outros operons em A.vinelandii, bem como a
importancia do cofator [Fe-S] para que tal regulacdo. Os operons fix, pet, hox e hyp,
aparentemente ndo possuem relacdo com a biossintese de cofatores [Fe-S], porém sdo regulados
por IScR e possuem uma caracteristica em comum, codificam proteinas envolvidas nas cadeias
transportadoras de elétrons que dependem de uma ou mais proteinas Fe-S. A apo-forma de IscR
é repressora dos operons pet, fix, hox e hyp, porém a relacdo entre as IscR e as proteinas destes

operons ndo € clara.

Os aminoacidos ligantes do cofator [2Fe-2S] na proteina IscR de A.vinelandii diferem

daqueles encontrados em E.coli, esdo Cys*, Cys'® e His'"’

. A substituicdo de qualquer um dos
residuos ligantes ocasiona alteracdes fenotipicas das colénias de A. vinelandii como a perda da

coloragéo caracteristica e diminuigdo dos tamanhos quando cultivadas em meio solido.

Como trabalho futuro, deverdo ser realizados experimentos de gel-shift para a
determinacdo experimental dos sitios de inicio de transcricdo, bem como, a validacdo das
sequéncias de ligacdo da proteina ISCR na regido promotora dos operons estudados. Para fins de
comprovacdo bioquimica da perda do cofator perante as substituices dos residuos de
aminoacidos envolvidos na ligacdo do cofator [2Fe-2S] a IscR, deverdo ser purificadas versoes
recombinantes das proteinas com as substitui¢fes, e seus espectros UV comparados ao espectro

da proteina selvagem.
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(i)

(i)

(i)

(iv)

(v)

CONSIDERACOES FINAIS

Os genes NFS1 e ISAL de E. grandis tem sua expressao alterada quando plantulas
desta espécie sdo submetidas ao estresse por frio, podendo estes, estar

relacionados a resposta celular ao estresse causado;

Os aumentos na expressdo génica devem-se, provavelmente, a diferencas no
metabolismo de enxofre e a inducdo de enzimas de reparo que utilizam cofatores
[Fe-S] como, por exemplo, glicosilases, DNA helicases, endonucleases e DNA e

RNA primases;

Os operons fix, pet, hox e hyp de A.vinelandii, aparentemente ndo possuem

relacdo com a biossintese de cofatores [Fe-S], porém sdo regulados por IscR;

Os genes dos operons fix, pet, hox e hyp, codificam proteinas para cadeias

transportadoras de elétrons que dependem de uma ou mais proteinas Fe-S;

A apo-forma de IscR € repressora dos operons pet, fix, hox e hyp.
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(vi)

(vii)

(viii)

Os ligantes do cofator [2Fe-2S] na proteina IscR de A.vinelandii sdo as cisteinas
92, 104 e a histidina 107;

A substituicdo de qualquer um dos residuos ligantes acarreta alteracdes
fenotipicas, como por exemplo, a perda da coloracdo caracteristica de A.
vinelandii e leva a diminui¢&o no tamanho de suas coldnias, quando cultivadas em

meio solido;

Apesar das plantas apresentarem no seu genoma genes do sistema ISC de
biossintese de cofatores [Fe-S], ndo foram encontradas sequéncias similares a de
IscR no genoma de E.grandis e A. thaliana, portanto a regulacdo do sistema ISC

deve ocorrer por outra maneira, ainda desconhecida.
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Abstract

Background

The genus Eucalyptus is one of the main sources of wood worldwide and is the most widely used
tree species in industrial plantations. Gene expression analysis is increasingly important in
biological research, with reverse transcription-quantitative PCR (RT-qPCR) becoming the
method of choice for high-throughput and accurate expression profiling of selected genes.
Considering the increased sensitivity, reproducibility and large dynamic range of this
methodology, the requirements for proper internal reference gene(s) for relative expression
normalization have become increasingly stringent. Given the increasing interest in the functional
genomics of Eucalyptus species, we sought to identify and experimentally verify suitable
reference genes for the normalization of gene expression studies associated with flower, leaf and

xylem of six species of Eucalyptus.

Results

To provide reliable reference genes for Eucalyptus, we selected 50 genes that exhibited the least
variation in gene expression in microarray studies of E. grandis leaves and stem vascular tissue
(xylem), and E. globulus xylem, using the statistical algorithms Standard Deviation Microarray
Analysis and the Significance Analysis of Microarrays. We focused on the most constitutive
genes determined by in silico analysis of microarray data and further performed the experimental
analysis using RT-qPCR for six Eucalyptus species and three different organs/tissues. Employing
algorithms geNorm and NormFinder, we assessed the gene expression stability of eight
candidate new reference genes. Classic housekeeping, reference genes like those encoding
GAPDH, histone H2B, ribosomal protein L23A, and tubulin were also included in the analysis.
The stability profiles of these genes determined with the two different algorithms were in very

good agreement.
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Conclusions

Based on geNorm and NormFinder analysis of RT-qPCR results, the expressions of the novel
Eucons04, Eucons08 and Eucons2l genes were the most stable through all Eucalyptus
organs/tissues and species studied. We showed that the combination of these genes as references
when measuring the expression of a test gene (dxr, 1-deoxy-D-xylulose 5-phosphate
reductoisomerase) results in more reliable patterns of expression than the employment of
traditional housekeeping reference genes. Hence novel Eucons04, Eucons08 and Eucons21 genes
are the best suitable references for the normalization of expression studies in the Eucalyptus

genus.

Background

The genus Eucalyptus, with more than 700 species, is one of the main sources of hardwood
worldwide and the most widely employed tree in industrial-oriented plantations. Many
Eucalyptus species are renowned for their fast growth rate, the straight shape of trunks, valuable
wood properties, wide adaptability to soils and climates, resistance to biotic stresses, and ease of
management through coppicing, seed or clonal propagation. Especially in Brazil, Chile, South
Africa, Portugal and India, Eucalyptus timber is widely used for cellulose pulp and paper
production. Despite the high wood productivity of Eucalyptus plantations, reaching 45-60 m>.ha
! year™, the increasing demand for cellulose pulp has resulted in wood shortages in recent years
[1-3]. Hence efforts in many fields of research are being made to improve forest productivity
including molecular approaches like whole genome sequencing and high-throughput analysis of
gene expression. With such objectives in mind, The Eucalyptus Genome Network (EUCAGEN)
was created (http://www.ieugc.up.ac.za), representing one example of a valuable database
platform for genome research in E. grandis and other species [4].

With the recent availability of Eucalyptus genome and transcriptome data, many efforts
are and will be done to assess Eucalyptus gene expression with conventional or high-throughput

techniques. Independently of the method employed, it is absolutely essential the use of reference
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genes as internal controls for gene expression measurements. The availability of such validated

reference genes for Eucalyptus is still scarce.

DNA macro and microarray hybridizations, partial or whole transcriptome sequencing
linked to digital transcript counting (RNA-Seq), among other techniques allow the expression
analysis of thousands of genes simultaneously, employing differentially labelled RNA or cDNA
populations. These techniques have the advantage of speed, high-throughput and a high degree
of potential automation compared to conventional quantification methods such as northern blot
analysis, ribonuclease protection assays, or competitive RT-PCR [5-7]. Reverse-transcription
followed by real-time, quantitative polymerase chain reaction (RT-qPCR) is the most sensitive
and specific technique commonly used to assess gene expression levels [8]. It allows performing
more in-depth studies of smaller sets of genes across many individuals, treatments or cell/tissue
types. RT-gPCR is the technique of choice to validate gene expression results derived from the

mentioned high-throughput methods [5-7].

As referred previously, only good internal reference genes will allow confident
comparison of gene expression results. Internal control genes are used to normalize mRNA
fractions and are often referred to as housekeeping genes which should not vary their expressions
during development, among tissues or cells under investigation, or in response to experimental
treatments. Most common housekeeping genes employed in plant gene expression studies are
those encoding actin [9, 10], tubulin [11, 12], glyceraldehyde-3-phosphate dehydrogenase [13,
14], ribosomal RNA [11, 12, 15], polyubiquitin [9, 16], and elongation factor 1-a [13, 17]. Many
studies make use of these housekeeping genes without proper validation of their presumed
stability, based on the assumption that they would be constitutively expressed due to their role in
basic cellular processes. Considerable amounts of data show that most studied housekeeping
genes have expressions that can vary considerably depending on the cell type or experimental
condition [18, 19]. With the increased sensitivity, reproducibility and large dynamic range of the
RT-gPCR methods, the requirements for proper internal control genes have become increasingly

stringent.
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In recent years, a large number of reference gene validation attempts have been reported
for plants, most of them covering model, crop or ornamental species like rice [20, 21],
Arabidopsis thaliana [22, 23], tobacco [11], sugarcane [24], potato [25], Brachypodium sp. [26],
soybean [16, 27, 28], tomato [29-31], Brachiaria sp. [17], coffee [9], peach [13], wheat [32],
chicory [14], cotton [33], cucumber [34], Lolium sp. [35], Orobanche sp. [36], and Cyclamen sp.
[37]. Few studies have focused on woody plants such as poplar [38, 39], grape [40], and longan
tree [41]. Reference genes for gene expression studies in Eucalyptus have been recently
presented. Almeida et al. [42], working with E. globulus microccuttings rooted in vitro, have
indicated histone H2B and a-tubulin the most suited reference genes during in vitro adventitious
rooting, in the presence or absence of auxin. Boava et al. [43], working with clonal seedlings of
the hybrid plant (E. grandis x E. urophylla) exposed to biotic (Puccinia psidii) or abiotic
(acibenzolar-S-methyl) stresses, concluded that genes encoding the eukaryotic elongation factor
2 (eEF2) and ubiquitin were the most stable, and ideal as internal controls. Both works tested a
small number of genes (11 and 13, respectively) selected according to literature data concerning

other plant systems and experimental conditions.

Given the increasing interest in the functional genomics of Eucalyptus and the need of
validated reference genes for a broader set of species and experimental conditions, we sought to
identify the most stably expressed genes in a set of 21,442 genes assayed by microarray
developed to compare stem vascular (xylem) and leaf tissues of E. grandis and E. globulus adult
trees. Best candidate genes were than validated by RT-gPCR in assays with RNAs from xylem
and leaves of six Eucalyptus species and flowers of E. grandis. Seven traditional housekeeping
genes most employed in expression studies in plants were also included in our analysis. As a
result, genes selected as the least variable among all conditions tested were not yet described in
literature. These genes may represent an important molecular tool to accurately analyze the
expression of Eucalyptus genes in different tissues/organs and in different species via array
hybridization or RT-qPCR.

147



Results

Selection of Eucalyptus reference genes via microarray analysis

Data from microarray hybridizations conducted within Project "Genolyptus: The Brazilian
Research Network on the Eucalyptus Genome" (http://genoma.embrapa.br/genoma/genolyptus)
were analyzed for selecting the most stably expressed Eucalyptus genes. The microarray study
was conceived with nine 50mer-oligoprobes covering the length of each one of the 21,442
unique sequences derived from the Genolyptus EST dataset (GenBank accession Nos.
HO763666-H0O769458 and HS047685-HS075494). Oligoprobes were synthesized “on-chip” in
duplicate, randomly distributed in two blocks of ten identical slides. Leaf blades and vascular
(xylem) tissue samples were taken from two E. grandis clonal trees, i.e., derived from the same
matrix tree and harboring the same genotype. Two additional xylem samples were collected from
two other E. grandis clonal trees of a different genotype and from two E. globulus clonal trees.
Therefore, ten Cy3-labeled cDNA samples and ten identical chips were produced at Roche
NimbleGen for the microarray assays, with a total number of 385,956 features per
slide[microarray results were submitted to Gene 35 Expression Omnibus (GEO) under accession
Nos. GSM786737-GSM786746].

Most stably expressed genes were mined in the microarray data with the employment of
two statistical algorithms named Significance Analysis of Microarrays (SAM; [44] and Standard
Deviation Microarray Analysis (SDMA; see Methods), that allows the representation of results

in three dimensional (3D) graphs.

The input data to SAM were gene expression measurements from the set of microarray
experiments, as well as the response variable from each experiment. According to Tusher et al.
[44], SAM computes a statistic d(i) for each gene “i”, measuring the strength of the relationship
between gene expression and the response variable. It uses repeated permutations of the data to
determine if the expression of any gene is significantly related to the response. The cutoff for
significance is determined by a tuning parameter delta, chosen by the user based on the false

positive rate. One can also choose a fold change parameter, to ensure that called genes change at
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least a pre-specified amount. In the present study, the value of delta was set to 0.2 so that we
could mine the genes whose expressions exhibited the lowest variation among the three
conditions assessed in the microarrays, i.e., E. grandis leaves and xylem and E. globulus xylem
(Figure 1A). A ranking of 50 genes whose fold change values were approximately equal to one
were selected as reference candidate genes, since they presented the lowest variation of

expression among leaves and xylems of E. grandis and xylem of E. globulus (Table 1).

SDMA is a novel and simpler algorithm based on the comparison of average gene
expressions in relation to the global average of expressed genes in microarrays and the overall
standard deviation, allowing the presentation of results in graphical mode (see Methods). SDMA
allowed us to generate a 3D graph that evidenced genes expressed in a position equivalent to
their overall average expression among the three conditions analyzed in the microarrays (Figure
1B). The average value of gene expression by SDMA should be as similar as possible to the
global average of expression, and the overall standard deviation should tend to zero when the
scope of the analysis is the selection of genes whose expressions are stable. Using the same
criteria applied in SAM, we selected 50 genes whose standard deviations were close to zero,
indicating the similarity between the values of mean and mean global gene expression (Table 1).
A SDMA 3D graphic is presented in Figure 1C where the mean expressions of the 50 most stable
genes selected under the conditions studied are plotted. Note that points representing selected
genes tend to form a straight line, indicating that their means of expression when compared with
the global average have a standard deviation tending to zero.

We were pleased to note that the employment of either SDMA or SAM allowed us to
identify the same group of 50 genes as the most stably expressed, confirming the robustness of
the analysis performed by both algorithms. Nevertheless the ranking of the two methods differed,
as presented in Table 1. Since none of the sequences selected presented molecular or
biochemical identities similar to previously described Eucalyptus genes or proteins, we named
them Eucons01 to Eucons50, according to the ranking generated by SDMA, as stated in the first

column of Table 1.
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Selected sequences were annotated using BLASTXx [45] against the available non-
redundant protein sequences (nr) and their functional categories were determined by the
Blast2GO software [46]. Although some sequences exhibited Expected (E) values too high for a
confident annotation, approximately half of them (48%) showed similarity to known proteins.
The other half of the sequences corresponded to hypothetical proteins (10%) or returned a “no
hit” (42%) result (Table 1). The gene ontology analysis of the 50 selected genes by Blast2GO
allowed the functional classification of 35 (70%) of the sequences, as represented in Figure 2.
Most of the sequences were classified in functions related to cellular (12) or metabolic (12)
processes, among six other functional categories. The remaining 15 (30%) sequences were

classified as “no hit”, and were not represented in Figure 2.

In order to further validate results by RT-qPCR, we selected ten candidate genes with the
littlest variation in expression and whose annotation matched a known plant protein according to
SDMA (Eucons01, 04, 06, 07 and 08) and SAM (Eucons15, 21, 27, 32 and 43). Selected genes
are highlighted in gray in Table 1.

Validation of Eucalyptus reference genes by RT-gPCR

In order to check their true stability in expression, primers for RT-gPCR validation of the ten
Eucalyptus sequences elected as potential reference genes were designed and are presented in
Table 2. Besides them, we also designed primers for five genes traditionally employed as
references, based on their housekeeping function, including a SAND family protein [22],
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [47], histone H2B, ribosomal protein
L23A (RibL23A), and tubulin (TUAZ2) [5], as presented in Table 2. Reference genes previously
recommended for the analysis of gene expression during E. globulus rooting in vitro and named
Eucl0 and Eucl2 [42] were also evaluated and primers employed in RT-gPCR are also presented
in Table 2.

Total RNA samples were prepared from six Eucalyptus species, distributed as follows:
flower, leaf and xylem of E. grandis, leaf and xylem of E. dunnii, E. pellita, E. saligna and E.
urophylla, and xylem of E. globulus. RT-gPCR evaluations were conducted with biological
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duplicates and experimental quadruplicates. Results were analyzed using softwares geNorm 3.5
[48] and NormFinder [49] in order to generate comparable rankings of genes based on their
stability of expression. The Cq data collected for all samples were transformed to relative

quantities using the 244

method developed by Livak and Schmittgen [50]. We did not succeed
in obtaining satisfactory dissociation curves after RT-gPCR with primers designed for Eucons01

and Eucons15 (data not show) and both candidate genes were discarded from the analysis.

With geNorm, the average expression stability (M value) of all genes was first calculated.
M values are defined as the mean variation of a certain gene related to all of the others. The
geNorm software recommends an M value below the threshold of 1.5 in order to identify genes
with stable expression, although 0.5 has been used as threshold limit by many authors [42, 51-
54]. As shown in Figure 3A, all 15 candidate genes examined showed a very high stability of
expression with thresholds lower than 0.12, independently of tissues/organs evaluated.
According to the geNorm analysis, Eucons04, Eucons08 and Eucons21 were the most stably

expressed ones and should be considered as best reference genes for RT-qPCR normalizations.

In order to evaluate the optimal number of reference genes for reliable normalization,
geNorm allows to calculate the pairwise variation Vn/Vn+1 between the sequential ranked
normalization factors NFn and NFn+1 to determine the effect of adding the next reference gene
in normalization. The normalization factor is calculated based on the geometric average among
the two most stable gene relative quantities and the stepwise inclusion of the other genes in the
order of their expression stability. A large pairwise variation implies that the added reference
gene has a significant effect on normalization and should be included for calculation of a reliable
normalization factor. Considering the cut-off value of 0.15, below which the inclusion of an
additional reference gene is not necessary [48], the use of the two most stably expressed genes
Eucons08 and Eucons21 was sufficient for accurate normalization (V25 = 0.006) in all organs
studied (flower, leaves and xylem) from the six Eucalyptus species (Figure 3B). The same
applies when analyzing xylem and leaves separately, with a V3 = 0.006 for Eucons04 and
RibL23A genes (leaves) and V3 = 0.004 for Eucons06 and Eucons08 genes (xylem; data not

show).
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In addition to geNorm, the expression stability of candidate reference genes assayed by
RT-gPCR was also analyzed with the NormFinder software. This program takes into account the
intra- and inter-group variations for normalization factor calculation and the results are not
affected by occasionally co-regulated genes. The best candidate will be the one with the inter-
group variation as close to zero as possible and, at the same time, having the smallest error bar
possible. Hence values are inversely correlated to gene expression stability, which avoids

artificial selection of co-regulated genes [49].

According to the NormFinder analysis of gene expressions in leaves, xylem tissues and
among species, the stability values of the 15 genes studied were lower than 0.138, with error bars
no greater than 0.044 (Figure 3C; Table 3). When we analyzed the gene expressions in all
tissues/organs and species, the stability value was in the range between 0.017 and 0.106, proving
again that all genes elected are good references for RT-gPCRs studies in Eucalyptus. The
ranking of the genes and their respective stability values are shown in Table 3. According to the
NormFinder analysis and in agreement with the results of geNorm, the three most stable genes
were Eucons04, Eucons08 and Eucons21 when considering all tissues/organs and species. When
the expressions in leaves are separately considered, the stability values were in the range
between 0.008 and 0.086, and the three most stable genes in these organs were Eucons04,
Eucons08 and Eucons32. In xylem vascular tissues, the stability values were in the range of 0.01
to 0.138, and genes Eucons27, Eucons07 and Eucons06 were the most stable (Table 3). The
algorithm ranked EuconsO4 as the most stably expressed gene in all samples regardless of
whether the samples were collected into one main group or divided in two groups. Nonetheless,
just one housekeeping gene is determined to all samples using NormFinder when no groups are
defined. So, a different group was created to analyze the most stably couple (Table 3). When
leaves and xylem were tested as different groups, the stability values were in the range between
0.011 and 0.094. Eucons04 exhibited the lowest stability value. NormFinder identified Eucons04

and Eucons08 as the most appropriate combination of genes, showing a stability value of 0.009.

152



Confirming the stability of Eucalyptus reference genes via dxr differential gene expression

Terpenoids are all derived from two common precursors, isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP). In higher plants, IPP and DMAPP are synthesized through
two distinct pathways in separate cellular compartments, the cytosolic mevalonate (MVA)
pathway and the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway that takes place in
plastids. The MEP pathway, through which diterpenes are synthesized, has two important initial
steps: (i) the formation of 1-deoxy-D-xylulose 5-phosphate (DXP) from piruvate and
glyceraldehyde 3-phosphate through the action of the DXP synthase (DXS), followed by the
conversion of DXP into MEP by the action of the DXP reductoisomerase (DXR). As DXS and
DXR are key enzymes catalyzing the two committed steps for isoprenoid biosynthesis, genes
coding for DXS and DXR may play important roles in controlling the plastidic synthesis of
isoprenoids and the downstream diterpene products [55-58].

It is known that the expression patterns of the DXR enzyme and its encoding gene vary
quite consistently according to the plant and organ being assessed. This enzyme and encoding
MRNA show increased expression in inflorescences and leaves of A. thaliana [56] and Salvia
miltiorrhiza [58], but decreased levels were reported in stems and roots. In Rauvolfia veticillata,
on the other hand, higher levels of dxr mRNA were reported in fruits and roots, with lowest
levels in flowers [57]. In order to confirm the constitutive expression of the three best Eucalyptus
genes selected as references (Eucons04, EuconsO8 and Eucons2l), we tested them by
normalizing the patterns of dxr gene expression in Eucalyptus and compared the results with
those normalized by the traditional reference genes RibL23A and GAPDH. Therefore the dxr
and reference gene expressions were measured by RT-qPCR in the same set of tissues/organs
and Eucalyptus species previously tested. Dxr expression values were than normalized against

the expression values of two reference genes, as shown in Figure 4.

In order to allow comparisons among reference genes, the average value of the pairwise
reference gene relative expressions in the different organs/tissues tested was set to one (1) and
taken to normalize the dxr relative expression. As expected, steady-state mMRNA levels for the

dxr gene were much higher in leaves followed by flowers, with lower values observed in xylem
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tissues of E. grandis (Figure 4A). As shown in Figure 4, the pairwise combination of Eucons04,
Eucons08 or Eucons21 allowed more confident results than the RibL23A/GAPDH pair. The
relative expression of the dxr gene was much less variable when normalized with Eucons genes
and, most importantly, much more concordant if compared to results normalized by the
RibL23A/GAPDH pair. This is more evident in Figure 4B where no statistical difference was
observed in dxr relative expression values among xylems from E. grandis, E. globulus and E.
pellita when RibL23A/GAPDH were used as references, but was quite different when
normalized with any two of the Eucons genes. Essentially the same conclusions were assumed
by the analysis of dxr relative expression obtained with leaves and xylem tissues from E. dunnii,

E. pellita, E. saligna and E. urophylla (results not shown).

Discussion

Real-time, quantitative PCR (gPCR) and cDNA microarray measurements are highly
reproducible techniques to assess gene expression at the steady-state mRNA level [59-61].
However, in comparison to classical reverse transcription-PCR (RT-PCR), the main advantages
of RT-qPCR are its higher sensitivity, specificity of measurements, and broad quantification
range of up to seven orders of magnitude [62, 63], besides being a great aid to study expression
in genes whose transcript levels are known to be very low [64]. The analysis by RT-qPCR has
become the most common method for validating whole-genome microarray data or of a smaller

set of genes, and molecular diagnostics [65-66].

Accurate normalization is an absolute prerequisite for correct measurement of gene
expression, and the most commonly used normalization strategy involves standardization to a
single constitutively expressed control gene. Therefore, the ideal reference gene should exhibit
invariable expression levels among all different cell types, tissues, organs, developmental stages
or treatments that are submitted to the test organism [48, 49]. However, it has become clear that
no single gene is constitutively expressed in all cell types and under all experimental conditions.
It has extensively been shown that the expression of the so called “housekeeping” genes,
although constant under some experimental conditions, can vary quite considerably in other

cases, implying that the expression stability of the intended control gene has to be verified before
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each experiment [5, 15, 18, 19, 67, 68]. Normalization with multiple reference genes is becoming
the golden standard for the technique, but reports that identify such genes in plant research are

limited, especially for woody species [9, 11-14, 16, 17, 21-43].

In the present work, we evaluated the results of microarray data concerning 21,442
Eucalyptus genes and selected the 50 most stably expressed ones in leaves of E. grandis and
xylems of E. grandis and E. globulus. To do so, two statistical algorithms were employed, SAM
and SDMA, and the same 50 candidate genes were pointed out as the most invariably expressed
ones in microarrays, although the ranking of the genes was different (Table 1).

While SAM is a well established and popular program to analyze microarray data, with
almost 6,500 citations in the PubMed [44], SDMA is here presented as a novel algorithm
developed to better represent, in 3D graphs, the results of most stably expressed genes in
microarrays. It is based on the principle that gene expression values with lower standard

deviations are supposed to be the most similarly expressed among samples being tested.

By RT-gPCR, the expression stability of eight of the 50 best candidate genes selected by
SAM and SDMA was addressed in different organs (leaves and flowers) and vascular tissues
(xylem) derived from six species of Eucalyptus. Besides these eight novel genes, seven other
genes previously tested as references in Eucalyptus or other plants were also evaluated, including
classic housekeeping genes like those encoding tubulin (TUA2), histone H2B, GAPDH and the
ribosomal protein L23A (RibL23A).

Genes encoding TUA2, GAPDH, histones and ribosomal proteins and RNAs are the most
employed and tested housekeeping genes in plants [5, 7, 9, 14, 19, 24, 41, 42, 68]. According to
our RT-gPCR results and data analysis by geNorm and NormFinder, all these housekeeping
genes showed quite consistent stability in expression in Eucalyptus, especially RibL23A (Figure
3 and Table 3). Nevertheless, the employment of the pair GAPDH/RIbL23A to normalize the
expression of the isoprenoid biosynthetic gene dxr proved that, at least together, these genes are
not suited as references for Eucalyptus gene expression studies. Indeed, the combination of any

pair of the three best reference genes here presented, Eucons04, 08 and 21, to normalize the
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results of dxr gene expression was intrinsically consistent, leading to a quite different
interpretation of the dxr gene expression in xylem tissues of three Eucalyptus species, as shown

in Figure 4B.

The stability of the TUAZ2 gene has been often used to normalize RT-qPCR expression
data [36, 38, 42]. Analysis of the Eucalyptus microarray and RT-gPCR data revealed that,
indeed, it has a quite stable expression. Nevertheless, this gene is far from being the best
reference for Eucalyptus among those tested (Figure 3 and Table 3). TUAZ2 has been shown to be
a suitable normalization gene during plant development in Orobanche ramosa [36], for
comparison of gene expressions among species of Populus [38], and during E. globulus
adventitious rooting in vitro [42], but it was unstable during seedling development in A. thaliana
[23, 68, 69], in different tissues or under biotic and abiotic stresses in potato [25] and cucumber
[34]. Similar results were also obtained by Artico et al. [33], Silveira et al. [17], and Exposito-

Rodriguez et al. [30], respectively working with cotton, Brachyariabrizantha and tomato.

Like TUAZ2, the GAPDH gene proved to reach stability values consistent enough to be
considered a reference in our studies with Eucalyptus (Figure 3 and Table 3), although much
better candidates were pointed out. According to Kim et al. [21], the relative expression of
GAPDH in rice varied up to two-fold. In Brachypodium distachyon, results of RT-gPCR showed
that the GAPDH gene was stably expressed under various abiotic stresses, without considerable
variation in response to growth hormones, although it exhibited less stability according to the
tissue type being evaluated [26]. In tomato, GAPDH was poorly ranked as a good reference gene
based in the analysis of EST data [29] and RT-gPCR assays during plant development [30] or
under abiotic stress [31]. Similar results were obtained with peach, where GAPDH was not
among the best reference genes in the experimental groups [13]. According to Tong et al. [13],
reasons for the observed discrepancies may be that GAPDH not only acts as a component of the
glycolytic pathway but also takes part in other processes. Therefore, the expression profile of

GAPDH might fluctuate according to the corresponding experimental conditions.

The gene encoding histone H2B also exhibited levels of steady-state mRNA quite

constant in the different Eucalyptus organs/tissues evaluated in this study (Figure 3 and Table 3).
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However, like the other traditional housekeeping genes, its stability was overcome by the novel
Eucons genes discussed later. During E. globulus adventitious rooting in vitro, H2B, along with
TUAZ2, was among the most stably expressed genes [42]. The gene encoding histone H3 in
chicory was also indicated as good reference for RT-gPCR assay normalization [14].
Nevertheless, Czechowski et al. [5], based on the analysis of large amount of data derived from
microarray studies, showed that genes encoding histones were not among the best reference
genes for A. thaliana. Similar results were obtained by Lin & Lai [41] when studying
synchronized longan tree embryogenic cultures at different developmental stages and

temperatures.

Genes encoding ribosomal proteins and rRNAs are often viewed as a homogeneous
collection of housekeeping genes and were employed as references in many works [9, 19, 24, 42,
68]. Nevertheless, members of this gene family were shown to have extraribosomal functions
with strong variations in the pattern of their expressions [70, 71]. For instance, these genes were
proved to be specifically induced or repressed in particular tissues during different stages like
tuber [72] and root [73] developments; or in response to stresses like genotoxicity [74] and cold
[75, 76]. Volkov et al. [68] specifically evaluated the tissue-specific changes in the RibL23A
MRNA levels in different organs of A. thaliana. Compared to leaves, the level of RibL23A
MRNA was increased in flowers and reduced in stems and siliques. These observations are in
accordance with the idea that ribosomal protein genes in plants are transcriptionally up-regulated
in actively growing tissues and down-regulated in metabolically inactive tissues [77, 78].
Interestingly, among the traditional housekeeping genes tested in the present work, RibL23A was

the most stable, only outperformed by the Eucons genes discussed later.

The At2g28390.1 sequence tested in the present work was originally identified as one of
the best reference genes for A. thaliana gene expression analysis by Czechowski et al. [5] both
by microarray and RT-qPCR analysis. The orthologous Eucalyptus sequence was tested by
Almeida et al. [42] during in vitro adventitious rooting, proving it to be one of the best reference
genes for RT-qPCR under the conditions assayed. The At2g28390.1 sequence putatively encodes

a SAND family protein member, a membrane protein related with vesicle traffic [5, 79].
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Considering Eucalyptus leaves, xylems and flowers tested in the present work, the At2g28390.1

gene was among the least stable ones (Figure 3 and Table 3).

Similar results were obtained for EuclO and EuC12 genes. Both sequences were
previously identified as strong reference gene candidates for E. grandis vs E. globulus xylem and
leaf gene expression studies (unpublished results). Almeida et al. [42] proved that Eucl2 is,
indeed, a good reference gene for RT-gPCR studies during E. globulusin vitro rooting. In the
present work, both genes exhibited acceptable stability values (Figure 3 and Table 3), but being
outperformed by the Eucons genes. E. grandis sequences for Eucl0 and Eucl2 were derived
from At3g07640.1 (encoding an unknown protein) and At1g32790.1 (encoding a putative RNA-
binding protein) from A. thaliana, also pointed out by Czechowski et al. [5] as best reference

genes based both in microarrays and RT-gPCR.

The analysis of the Eucalyptus microarray data allowed us to identify the 50 most stable
genes in xylems of E. grandis and E. globulus and leaves of E. grandis (Table 1). We named
these potential reference genes Eucons after “Eucalyptus constitutives”. RT-gPCR analysis of
eight of the selected genes proved that these genes were indeed very reliable references for the
normalization of gene expression in different Eucalyptus organs and tissues, especially those
named Eucons04, 08 and 21. Analysis of the function of the putative encoded proteins revealed

that these genes may also belong to the so called housekeeping class of genes.

Eucons04 putatively encodes a protein highly similar to cyclin-dependent protein kinases
(CDK) such as R. communis CDK8 and CDKs from A. thaliana [80]. These types of proteins are
able to phosphorylate protein-target amino acids in different metabolic pathways and, most

notably, in cell cycle control [81].

Eucons08 is similar to R. communis and A. thaliana genes possibly encoding the
transcription elongation factor SII (TFIIS). SlI is considered one of the numerous elongation
factors that enable RNA polymerase Il to transcribe faster and/or more efficiently. It engages
transcribing RNA polymerase Il and assists it in bypassing blocks to elongation by stimulating a

cryptic, nascent RNA cleavage activity intrinsic to RNA polymerase [82].
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Eucons21 encodes a protein with significant sequence similarity to a putative R.
communis aspartyl-tRNA synthetase. Aminoacyl-tRNA synthetases catalyze the addition of
amino acids to their cognate tRNAs. In the case of aspartyl-tRNA synthetase, the aminoacid
bound to tRNAs is aspartate. In plants, all aminoacyl-tRNA synthetases are nuclear-encoded and
are post-translationally targeted to the compartments where protein synthesis takes place, i.e.

cytoplasm, mitochondria or plastids [83].

According to the analysis of the RT-qPCR data performed with software NormFinder,
Eucons04 and Eucons08 are the best reference genes pairwisely when assessing test gene
expression exclusively in leaves, or in leaves along with xylem tissues. If xylem tissues are
solely analyzed, Eucons07 and Eucons27 would be best references (Table 3). Eucons07 encodes
a protein similar to a member of the ABC transporter family from Arabidopsis lyrata while
Eucons27 putatively encodes a factor related to peroxisome biogenesis. Interestingly, an ABC
transporter ATPase-encoding gene was indicated as one of the best reference genes for RT-qPCR
analysis of embryogenic cell cultures of Cyclamen persicum [37]. Kamada et al. [84], analyzing
expression profiles of genes encoding peroxisomal proteins in A. thaliana showed that these
genes are expressed in all plant organs, suggesting that they play a role in metabolic pathways of

unidentified plant peroxisomes and may have a constitutive expression in plants.

It is important to mention that, when considering all organs/tissues of all Eucalyptus
species evaluated by RT-gPCR, the stability values of Eucons04, 08 and 21 are not statistically
different from those observed for H2B, RibL23A and Eucons06 according to the NormFinder
analysis, as can be observed in Figure 3C and Table 3. Nevertheless, the algorithm geNorm also

pointed Eucons04, 08 and 21 as the best reference genes for the group of variables evaluated.

Although outperformed by Eucons04 and 08 as reference genes, the remaining Eucons06,
32 and 43 genes also presented consistently constant stability values in our analysis. Eucons06
putatively encodes a plastidic ATP/ADP-transporter, while Eucons32 and 43 respectively encode
a nitrogen regulatory protein and a serine/threonine-protein kinase. As far as we are concerned,
none of these sequences was previously indicated as potential references to normalize studies of

gene expression by RT-qPCR.
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Conclusions

Based on the microarray expression analysis of more than 21,000 Eucalyptus genes we identified
the 50 most stably expressed genes in leaves (E. grandis) and xylem tissues (E. grandis and E.
globulus). We proved by RT-gPCR that a sample of eight representatives of these reference
genes are indeed very stable in different organs/tissues and species of Eucalyptus, outperforming
traditional housekeeping genes. Considering that two statistical programs allowed us to reach
similar interpretations of the microarray results, and that potential discrepancies should be
expected, the good agreement of our results with the independent approaches strongly suggested
that Eucons04, Eucons08 and Eucons21 should be regarded as best suitable reference genes for
normalization of gene expression studies in Eucalyptus species. In summary, these findings
provide useful tools for the normalization of RT-gPCR experiments and will enable more

accurate and reliable gene expression studies related to functional genomics in Eucalyptus.

Methods

Plant Material

For microarray studies, xylem tissues were collected from four-year-old, field-grown E. grandis
and E. globulus trees located at Hortoflorestal Barba Negra (Aracruz Celulose S.A., today’s
Fibria) in Barra do Ribeiro, RS, Brazil. Xylem was collected by scraping the exposed vascular
tissue after the removal of the 0.5-1 cm-tick stem bark. Two lines of genetically unrelated
matrixes were chosen and each line was represented by two clones (biological duplicates),
therefore completing eight xylem samples. From both clones of one of the E. grandis lines,
mature leaves were also collected. To minimize the proportion of primary xylem mainly located
in the main veins of leaves, only leaf blades without the central vein were used for this study.

Tissue samples were immediately frozen in liquid nitrogen and stored at -80 °C.

For RT-gPCR studies, the same E. grandis and E. globulus trees were sampled, along

with xylem and leaves of field grown E. dunnii, E. pellita, E. saligna and E. urophylla. E.
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grandis flowers were also collected under the same conditions. Harvested organs/tissues were

immediately frozen in liquid nitrogen and stored at -80 °C until further analysis.

RNA extraction

Total RNA was extract using the PureLink Plant RNA Purification (Invitrogen) reagent
according to the manufacturer’s instructions for small scale RNA isolation. About 20 pg of total
RNA was sent to NimbleGen Systems Inc. (Reykjavik, Island) for cDNA synthesis and

microarray hybridizations.

Oligonucleotide microarray hybridization

Microarray experiments were carried out by Roche NimbleGen. In total, 21,442 unigenes were
selected from the Genolyptus EST dataset to compose a basic chip. Nine oligonucleotides, 50 bp
long, distributed throughout each sequence and with close melting temperatures were designed
and synthesized for each sequence consensus or singleton. Probes were randomly distributed on
two blocks of each chip in duplicated form, adding up to 385,856 features per chip. Therefore,
each chip was composed of two blocks (technical replicate) containing the same collection of
randomly distributed probes, and 18 hybridization values were collected for each gene from
every chip. A total of ten identical chips were produced. Two chips were hybridized with cDNA
samples from E. grandis mature leaves, and eight chips were destined to xylem cDNA
hybridizations. After submission of total RNA samples to NimbleGen, prepared as described
above, cDNAs were labeled with Cy3 and hybridizations, washing, scanning, data collection and

initial data normalization were performed according to NimbleGen’s standard protocols.

Data processing and statistical analysis

Microarray expression data were normalized into log2 intensity values. Afterwards, we have
done three distinct analyses. In the first one, we have compared hybridizations from E. grandis

leaf and xylem. In the second one, we have compared E. grandis xylem and E. globulus xylem.
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In both previous analyses, the aim was to find the most similarly and the most differentially
expressed genes. In the third analysis, we have looked for the most similarly expressed genes in

hybridizations from the three organs/tissues.

In each analysis, data was mean-centered as follows. A reference set was generated by
averaging the expression of each gene over all hybridizations. Each hybridization data was
subtracted from the reference data set, generating new mean-centered data. In the next step, the
“relative difference” in gene expression was computed. The relative difference score was used to
identify the most similarly and the most differentially expressed genes. We have performed the
Two Class Unpaired Significance Analysis of Microarrays (SAM; [44]) when comparing two
tissues, and a Multiclass SAM when comparing the three organs/tissues. In order to perform the
experiments we have used SAM Version 3.09 and R 2.9.2 tools and the SDMA V1.0 tool as

described next.

Standard Deviation Microarray Analysis (SDMA)

In this paper we propose a new approach, called SDMA, for finding the most similarly expressed
genes in microarray studies. SDMA is the acronym for Standard Deviation Microarray Analysis.
The formal statement of SDMA can be defined as follows: Let G = {01, 92, 93, ..., Om} be a set of
genes. Let H = {hy, hy, hs, ..., ho} be a set of hybridizations, where 0 > 2. Let M = {Ty, Tp, Tg, ...,
Tn} be a set of tissues, where n > 2 and each element T contains a set of hybridizations such that
TcH, and Tyn Ty = @ for any x =Y. Let Enpy = {Enp_g1, Enp_g2, Enp g3, ..., Enp_gm} be a set of
expressions levels of m genes in hp hybridization, where p=o. Let Avg(T,g,) be the average of
expression levels of gene g over all hybridizations from tissue p. Let Sd(g,) be the standard
deviation of gene g considering Avg(T10q), Avg(T20q), Avg(T3gg), ... and Avg(Tngq). Sdg can
assume any value from O until co. Sdyq is equals to zero when Avg(Ti9q) = Avg(T20q) =
Avg(Tsgq) = ... = Avg(TngQq), that is, the gene g has exactly the same expression level in all
tissues. The value of Sdgq increases proportionally to growth of difference among Avg(T1gg),
Avg(T20q), Avg(Tsgg), ... and Avg(Tngg). S0, SDMA can rank the n most similarly expressed, that

is, those n genes which Sdy is closer to zero.
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When viewing SDMA graphs, a main diagonal line is supposed to exist since it contains
every possible data points where Avg(T1g) = Avg(T.g) = Avg(Tsg) = ... = Avg(T,g). Although it
is rare to find a gene obeying this restriction when comparing similar tissues, it is supposed to
exist a concentration of data points around the main diagonal line. Otherwise, when comparing

very dissimilar tissues, data points are supposed to be dispersed in space.

Regarding the Eucalyptus microarray analysis, a set of 21,442 genes was considered, that
IS, G = {01, U2, U3, ..., U21.442}. There were 3 tissues evaluated, that is, M = {T;, T,, T3}, where T
represents E. grandis leaf, T, represents E. grandis xylem and T3 represents E. globulus xylem.
There was a set of 20 hybridizations, that is, H = {hy, hy, hs, ..., hao}, where T;= {hy, h,, hs, hs},
T2 = {hs, he, ..., hio} and T3 = {his, his, ..., hao}. We also considered SDy as the standard
deviation of expression levels of a gene g in Ty, T, and Ts. Moreover, microarray expression data
were scaled into log;o intensity values. It resulted in values for expression levels from 4.66 to
5.20. The SDMA approach ranked the genes according to their similarities in expression levels in
the three distinct tissues. So, genes with minor standard deviation are supposed to be the most
similarly expressed ones. Otherwise, genes with higher standard deviation are supposed to be the

most differentially expressed ones.

RT-qPCR

Primer  pairs for RT-gPCR  were designed using  program  PrimerQuest
(http://www.idtdna.com/Scitools/Applications/Primerquest) and are listed in Table 2. The
relative transcript abundance was detected by SYBR Green and PCRs were carried out in a total
volume of 20 uL using termocycler StepOne™ Real-Time PCR System (Applied Biosystems).
Reaction conditions included one initial cycle of denaturation at 95 °C for 10 min followed by 40
cycles of 95 °C for 15 sec (denaturation) and 60 °C for 15 sec (annealing and elongation). PCRs
were followed by a melting curve program (60 to 95 °C with a heating rate of 0.1 °C per sec and
a continuous fluorescence measurement). A negative control was run without cDNA template in

all assays to assess the overall amplification specificity.
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Nucleotide sequence annotation

The Gene Ontology Functional Annotation Tool Blast2GO [46] was used to assign GO identities
and enzyme commission numbers. This tool also enabled statistical analysis related to over
representation of functional categories based on a Fisher Exact statistic methodology.
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Figures

Figure 1 - Expression of 21,442 Eucalyptus genes in E. grandis leaves and xylem and in E.
globulus xylem evaluated by microarray hybridization analysis.

(A) Scatter plot of the observed relative difference d(i) (observed score) versus the expected
relative difference dg(i) (expected score) built with the Significance Analysis of Microarray
(SAM) method. The solid black line indicates the line for d(i) = dg(i), where the observed
relative difference is identical to the expected relative difference with a delta set to 0.2. Solid and
dotted red and green lines represent genes whose observed relative differences were lower or
higher the expected relative differences, i.e., whose expressions varied among tissues tested. (B)
Three-dimensional graph generated with the Standard Deviation Microarray Analysis (SDMA)
method evidencing genes (open circles) expressed in positions equivalent to their overall average
expression among the three conditions analyzed in the microarrays, i.e., leaves (EgrL, z axis) and
xylem (EgrX, x axis) of E. grandis and xylem of E. globulus (EglX, y axis). The higher
concentration of circles around the main diagonal line proved that most genes exhibited very
similar expression values in the analyzed tissues. The most differentially expressed genes
appeared proportionally far from the main diagonal line. (C) SDMA 3D graph representing the
50 most invariable Eucalyptus genes according to microarray data. Points representing selected
genes tend to form a straight line since their means of expression are similar to the global

average, with a standard deviation tending to zero.

Figure 2 - Functional classification of the 50 most stable Eucalyptus genes according to
microarray hybridization data analysis through SAM and SDMA.
Gene Ontology hits registered for the 50 most constitutive genes that could be assigned a

putative function based on Swiss-Prot query. Only known genes are shown.

Figure 3 - Expression stability of candidate genes evaluated by RT-gPCR in all
tissues/organs and species of Eucalyptus analyzed.

RT-gPCR results were analyzed according to algorithms geNorm and NormFinder and represent
the general average values of expression. Lower the values, more stable the gene expression. (A)
Average M stability values of candidate gene expressions calculated with the geNorm algorithm.
As indicated, genes positioned to the right are the most stable in expression among variables
assayed. (B) Pairwise variation (V) values calculated with the geNorm algorithm in order to
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estimate the optimal number of reference genes necessary for accurately normalize the
expressions of genes of interest. Values lower than 0.15 indicate that no additional genes are
required for the normalization of expression in organs/tissues studied. (C) Stability values of
gene expressions calculated with the NormFinder algorithm.

Figure 4 - Relative expression of the isoprenoid biosynthetic gene dxr in different
tissues/organs of Eucalyptus by RT-gPCR and normalization with different reference gene
pairs.

Gene pairs employed as references are indicated in the bottom of the graphics. Average values of
reference gene relative expressions in the different tissues were set to one (1) in order to
normalize the dxr expressions. (A) Expression patterns of the dxr gene in flowers, leaves and
xylem tissues of E. grandis. (B) Expression patterns of the dxr gene in xylem tissues of E.

grandis, E. globulus and E. pellita.

Tables

Table 1 - Fifty most stable Eucalyptus genes selected from microarray data analysis
employing the SDMA and the SAM statistical algorithms.

Gene names and the identity of E. grandis genomic (EUCAGEN) scaffolds where sequences are
located, as well as EMBL or GenBank accession codes (Gene ID) and putative functional
identity of sequences based on BLAST analysis are indicated along with the estimated (e) value.
Results of the statistical analysis performed are indicated: standard deviations (SD) for the
SDMA method, and fold change and final score (d) of the SAM method. Genes were ranked
from highest to lowest stability for both methods. Lines shaded in gray represent genes selected

for validation via RT-qPCR analysis.

Table 2 - Primer sequences (5’-3”) employed in RT-gPCR analysis of candidate reference
genesfor Eucalyptus including genes traditionally employed as references in plant gene
expression studies.

Gene name abbreviations, GenBank, EMBL or TAIR accession codes and the putative functional
identity of genes based on BLAST analysis are indicated. The EUCAGEN scaffolds containing
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the genome sequences of the referred genes are presented. Based on the Eucalyptus sequences,

primers were designed as shown along with amplicon lengths (bp).

Table 3 - Expression stability values (SV) and standard deviations (SD) of Eucalyptus
reference genes calculated by the NormFinder software.

Complementary DNAs from leaf and xylem (E. grandis, E. dunnii, E. pellita, E. saligna and E.
urophylla), xylem (E. globulus) and flower (E. grandis) were subjected to RT-qPCR and results
were analyzed with the NormFinder software in single groups of leaf or xylem, or all
tissues/organs together. Results for the groups of leaf and xylem together are also presented. Best
two reference genes for all the analysis performed are indicated at the bottom.
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Figure 4
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TABLES

Table 1
Gene EUCAGEN . e- SDMA SAM
Gene ID BLAST Annotation
Name Scaffold Value - -
SD Ranking Fold Change Score (d) Ranking
Eucons01 4 emb|CAY47298.1)  Serine transporter (S'Esjygg)monas fluorescens 5 g, 0.000082 1 0,999995685  0,00661473 48
Eucons02 1,599 No hit 0.00029 2 1,000005363 0,007716502 23
Eucons03 7 gblEEY18801.1 DNA damage checkpoint proteinrad24 .\, 550365 3 0,099993841 0,008958654 41
(Verticillium alboatrum VaMs.102)
Eucons04 88 gb|EEF43392.1 Cdk8, putative (Ricinus communis) 2e-49 0.000461 4 1,000006755 0,009261212 21
Eucons05 332 No hit 0.000509 5 1,000008973 0,010259132 46
Eucons06 134 gblEEF44719.1)  Flastidic ATP/ Agfn;tgflj‘rfigg’“e“ putative (R- 5. 50 0.000549 6 1,000009876 0,012322456 40
Eucons07 515 gbEEF03117.  ABC transporter family protein (Populus - 7. 9 g go0s61 7 1,000010164  0,01241657 8
trichocarpa)
Eucons08 2 gblEEF33688.1)  |ranscription elongation factor s-II, putative 4. 55 o587 8 1,000013416 0012556064 15
(R. communis)
Eucons09 6 gblEEF42371.1 Nucleic acid binding protein, putative R. o o 0.000665 9 1,000015637  0,013553234 9
communis)

Eucons10 369 gb|ACG37397.1 A”ther'SpeC'f'C(ggg"nr:g;:)‘:h protein APG 40 4y 0.000678 10 1,000018989  0,015574381 2
Eucons11 1 No Hit 0.000694 11 1,0000296  0,016330796 44
Eucons12 2,755 No hit 0.000694 12 0,999973005 0,016437714 7
Eucons13 288 No hit 0.000732 13 0999966 0016807148 17
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=195635857&dopt=GenPept&RID=S7WVVH8B016&log$=protalign&blast_rank=6

Euconsl4

Eucons15

Euconsl6

Euconsl7

Euconsl8

Eucons19

Eucons20

Eucons21

Eucons22

Eucons23

Eucons24

Eucons25

Eucons26

Eucons27

Eucons28

Eucons29

899

6,792

62

175

1,753

584

180

15

531

95

743

87

gbJAAM52237.1

emb|CAAG5477.1

gb|EEF44560.1

gb|EEE97842.1

gb|EEF48129.1

dbj|BAB02414.1

gb|EEF45372.1

gb|EEF45384.1

gb|EEF44734.1

gb|EER99842.1

senescence/dehydration-associated protein-
related (Arabidopsis thaliana)

lipid transfer protein (Prunus dulcis)

F-box and wd40 domain protein, putative (R.

communis)
No hit
No hit
No hit

Chromatin remodeling complex subunit (P.
trichocarpa)

Aspartyl-tRNA synthetase, putative (R.
communis)

No hit

Chloroplast nucleoid DNA binding protein-
like (A. thaliana)

Conserved hypothetical protein (R.
communis)

No hit

Vacuole membrane protein, putative (R.
communis)

Peroxisome biogenesis factor, putative (R.
communis)

No hit
Hypothetical protein

SORBIDRAFT_02g041780 (Sorghum
bicolor)

181

8e-14

7e-35

5e-19

6e-47

2e-42

2e-53

5e-44

3e-15

2e-51

4e-13

0.000734

0.000785

0.000791

0.000794

0.000800

0.000821

0.000879

0.000913

0.000931

0.000970

0.000992

0.001028

0.001030

0.001063

0.001085

0.001158

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

1,000035875

1,000039015

0,999960301

1,000045767
0,999960851

1,000046587

1,000054302

0,99994759

1,000052414

1,000055076

0,999948713

0,999941348

1,000068819

1,000059599

0,999931481

0,999914659

0,017118153

0,018024764

0,01818155

0,020617825
0,021328632

0,021445011

0,021978112

0,022500691

0,02331048

0,02331048

0,024728932

0,024874888

0,024983297

0,025183557

0,025250589

0,025278616

36

35

34

14

28

10

19

11

16

13

12


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=21464565&dopt=GenPept&RID=S85872E0012&log$=protalign&blast_rank=3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=1321915&dopt=GenPept&RID=S85G2HDE014&log$=protalign&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=223543025&dopt=GenPept&RID=S85N2KJ0016&log$=protalign&blast_rank=4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=222860295&dopt=GenPept&RID=S85YW3TG014&log$=protalign&blast_rank=8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=223546631&dopt=GenPept&RID=S862JTKM01N&log$=protalign&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=11994412&dopt=GenPept&RID=S86RM793016&log$=protalign&blast_rank=5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=223543844&dopt=GenPept&RID=S86UKWZH01N&log$=protalign&blast_rank=2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=223543858&dopt=GenPept&RID=S86ZSKWG016&log$=protalign&blast_rank=3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=223543202&dopt=GenPept&RID=S874MPZ2016&log$=protalign&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=241926698&dopt=GenPept&RID=S87AMY4R01N&log$=protalign&blast_rank=4

Eucons30

Eucons31

Eucons32

Eucons33

Eucons34

Eucons35

Eucons36

Eucons37

Eucons38

Eucons39

Eucons40

Eucons4l

Eucons42

Eucons43

Eucons44

Eucons45

Eucons46

Eucons47

173

842

1,056

1,034

349

52

229

447

1,208

570

720

482

228

10,041

485

175

gb|EEF45541.1

emb|CAP42856.1

b|[EDS90429.1

gb|EEE90904.1

ref[NP_565080.1

emb|CAN64407.1

gb|EEF46905.1

gb|EEF48108.1

b|ACM45716.1
gb|EEE86166.1

Sentrin/sumo-specific protease, putative (R.

communis)
SsrA-binding protein (Bordetella petrii)

Nitrogen regulation protein NR(II)
(Escherichia albertii TW07627)

No hit
Predicted protein (P. trichocarpa)
No hit

Mitochondrial transcription termination

factor-related / mTERF-related (A. thaliana)

No hit
Hypothetical protein (Vitis vinifera)
No hit
No hit
No hit
No hit

Serine/threonine-protein kinase PBS1,
putative (R. communis)

Pollen specific protein sf21, putative (R.
communis)

No hit
Class IV chitinase (Pyrus pyrifolia)

F-box family protein (P. trichocarpa)

182

4e-46

8e-43

6e-34

5e-18

3e-45

8e-25

6e-35

3e-42

2e-61

4e-31

0.001175

0.001175

0.001181

0.001189

0.001256

0.001257

0.001263

0.001273

0.001276

0.001286

0.001293

0.001303

0.001361

0.001365

0.001378

0.001385

0.001428

0.001432

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

1,000062543

0,999931592

1,000079957

1,000081012
1,000078558

1,000079192

0,999911838

0,999915438
0,999891043
0,99990712
0,999908155
1,000098979

0,999893249

1,000105741

1,000117513

0,9999055
1,000104153

1,00010279

0,025638209

0,02654049

0,026547459

0,026669523
0,026841264

0,027114749

0,027388068

0,027861819
0,027872741
0,028070603
0,028195758
0,028550233

0,028605047

0,028682612

0,030661159

0,030782861
0,031264117

0,031514942

20

50

18

26

30

37

38

24

45

25

33

32

29

27

43

42

49

22


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=223544015&dopt=GenPept&RID=S87EY05401S&log$=protalign&blast_rank=4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=163260554&dopt=GenPept&RID=S88TKT92014&log$=protalign&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=170121498&dopt=GenPept&RID=S88YZUHE016&log$=protalign&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=222853357&dopt=GenPept&RID=S893RCCD016&log$=protalign&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=18410540&dopt=GenPept&RID=S898FZ1D012&log$=protalign&blast_rank=3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=147825240&dopt=GenPept&RID=S89EAUMV016&log$=protalign&blast_rank=1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=223545400&dopt=GenPept&RID=S8ABMMUR01N&log$=protalign&blast_rank=6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=223546610&dopt=GenPept&RID=S8AGZG6U012&log$=protalign&blast_rank=3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=222139394&dopt=GenPept&RID=S8AU67GM016&log$=protalign&blast_rank=3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=222848619&dopt=GenPept&RID=S8AX9C0E01S&log$=protalign&blast_rank=1

Eucons48 873 No hit 0.001613 48 1,00012433  0,031516084 39
Eucons49 359 gb|EEF03628.1 Predicted protein (P. trichocarpa) 9e-25 0.001848 49 0,999886858 0,031626533 47

Eucons50 30 No hit 0.001303 50 1,000098979 0,031987517 31
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=222866497&dopt=GenPept&RID=S8B1JEAB016&log$=protalign&blast_rank=1

Table 2

,\?ae;ee Gene ID BLAST Annotation ELSJ(S;'?f(OBII(EiN Forward and Reverse Primers (5°-3’) Anzglpl;:on
TGGTGCTGACGGTGATGTTCTTCT
Eucons01 emb|CAY47298.1]  Serine transporter (P. fluorescens SBW25) 4 178
AAGGATTTGGTGATCGCCACCAGT
TACAAGCGCTGTTGATATGTGGGC
Eucons04 gb|EEF43392.1| Cdka8, putative (R. communis) 88 196
TTGCCAATGAGGCGGATTCACAAG
‘g . TCCTCTGTCCACAAATGGGTTCCA
Eucons06 ob|EEF44719.1] Plastidic ATP/ADPn—]tr;anr?;)orter, putative (R. 134 141
communis) TCACCAAAGACAGGCTGACCATCA
. . AAGCCTCATTGGCTGGCTCACATA
Eucons07  gb|EEF03117.1] ABC transﬂ?{éﬁggp'g protein (P. 515 153
P TCAGCACAAGAGCTCCACCATCAT
- . . TCCAATCCGAGTCGCTGTCATTGT
Eucons08 ob|EEF33688.1] Transcription elgngatr:]onr]\ fra]lictor s-11, putative 5 152
(R. communis) TGATGAGCCTCTCTGGTTTGACCT
AAGTGAGAGCAAAGATGGAGCGCA
Euconsl5 emb|CAA65477.1| Lipid transfer protein (P. dulcis) 2 154
GACCATATTACACGACGCATCGCA
: AGAGGTGAAATTCCAGAAGCCCGT
Eucons2l  gb|EEF48129.1] ASpa”y"tRNﬁos%mﬁtizie' putative (R 1,753 155
CTTCCCTTTGGCTTCCGCCAATTA
. : : . CATTTCATGCTGCTGTTGGCCGTT
Eucons27 ob|EEF44734.1] Peroxisome bloggrrl]e;ljnfie;():tor, putative (R. 743 184
AGTCCACCAACATCATCCCATCCA
: : : GACAACGTGCGGTTGATTCGTGAT
Eucons32 gb[EDS0429 1] Nitrogen regulation protein NR(I1) (E. 8 144

albertii TWO07627)

184

ACGCAGAATGATTTCACCGCCTTC



Serine/threonine-protein kinase PBS1, TATTTCTCCTGTTTCGCTCCGGGT

Eucons43 gb|EEF46905.1] . . 482 166
putative (R. communis) TACCATCTCTTTGTGCTCTGCGCT
CCATTCAACACTCTCCGACA
At2928390 AT2G28390.1 SAND family protein (A. thaliana) 3,502 143
TGTGTGACCCAGCAGAGTAAT
TTGGCATTGTTGAGGGTCTA
GAPDH AT1G13440.1 Glyceraldehyde-3-phosphate dehydrogenase 4,044 107
(A. thaliana) AAGCAGCTCTTCCACCTCTC
GAGCGTGGAGACGTACAAGA
H28B AT5G02570.1 Hi i i %0 121
. istone H2B, putative (A. thaliana) GGCGAGTTTCTCGAAGATGT
_ AAGGACCCTGAAGAAGGACA
RIbLZ3A AT2G39460.2 Ribosomal protein L23A (A. thaliana) 317 CCTCAATCTTCTTCATCGCA 128
GCAAGTACATGGCTTGCTGT
TUA2 TUAZ; structural constituent of cytoskeleton 687 132
AT1G50010.1 (A. thaliana) CACACTTGAATCCTGTTGGG
AGGAGTCCTTCGAGCTTCC
Eucl0 AT3G07640.1 Unknown protein (A. thaliana) 62 CAGCACGGACACCTGATAAL 110
GCGTGGTTCTTGGATCACTA
Eucl2 RNA-Binding protein, putative (A. thaliana) 107 114
AT1G32790.1 TGGTGACAAAGTCAGGTGCT
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http://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT1G13440

Table 3

1 Group 2 Groups
Leaf Xylem All Organs Leaf + Xylem

Ranking SV +SD Ranking SV +SD Ranking SV +SD Ranking S\
Eucons04 0.008 + 0.010 Eucons27 0.010 + 0.010 Eucons04 0.017 £ 0.007 Eucons04 0.011
Eucons08 0.018 + 0.009 Eucons07 0.017 +0.010 Eucons08 0.021 + 0.007 Eucons08 0.016
Eucons32 0.023 £ 0.010 Eucons06 0.023 £ 0.010 Eucons21 0.022 £ 0.008 Eucons21 0.019
Eucons21 0.027 £ 0.011 H2B 0.024 £ 0.011 RibL23A 0.032 + 0.009 RibL23A 0.020
RibL23A 0.033 +0.012 Eucons21 0.025 + 0.011 Eucons06 0.036 = 0.009 Eucons06 0.036
GAPDH 0.035 +0.013 RibL23A 0.027 £ 0.011 H2B 0.037 £ 0.010 H2B 0.037
Eucons06 0.038 +0.014 Eucons04 0.028 + 0.012 Eucons32 0.047 £ 0.011 Eucons27 0.045
H2B 0.045 + 0.016 Eucons08 0.029 + 0.012 GAPDH 0.052 + 0.012 Eucons32 0.046
EuconsQ7 0.051 +0.017 Eucl?2 0.036 £ 0.013 Eucons27 0.052 + 0.012 GAPDH 0.048
At2928390 0.054 + 0.018 Eucons32 0.050 + 0.017 Eucons07 0.060 + 0.014 Eucons07 0.058
Eucons27 0.059 + 0.020 GAPDH 0.056 + 0.019 At2928390 0.073 £ 0.016 Eucl0 0.062
TUA2 0.059 + 0.020 At2g28390 0.058 + 0.020 Eucl2 0.074 + 0.016 At2g28390 0.067
Eucl2 0.069 + 0.023 TUA2 0.071 + 0.023 Eucons43 0.101 + 0.022 Eucl2 0.068
Eucl0 0.074 £ 0.024 Eucons43 0.088 + 0.029 TUA2 0.103 + 0.022 Eucons43 0.083
Eucons43 0.086 + 0.028 Eucl0 0.138 + 0.044 Eucl0 0.106 + 0.023 TUA2 0.094

Eucons04
Best combination of 2 genes 0.009
Eucons08
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