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Resumo

Cofatores ferro-enxofre [Fe-S] sdo espécies quimicas amplamente
distribuidas na natureza, cuja versatilidade habilita-os a participar de
inimeros processos biolégicos. Dada a toxicidade de Fe e S livres, os
organismos vivos utilizam maquinarias especializadas na biossintese e no
transporte de cofatores [Fe-S]. Ha grande interesse na identificacdo de
novas proteinas capazes de atuar em estagios intermediarios do
metabolismo [Fe-S]; assim, este trabalho investiga 0 genoma da bactéria
Azotobacter vinelandii, organismo modelo nesse campo de pesquisa,
buscando novos membros dedicados a biologia geral de grupamentos [Fe-
S]. O estudo baseia-se em algoritmos de predicdo de motivos conservados
de aminoacidos e na determinacdo de sitios de ligagdo ao elemento
regulatério [Fe-S] IscR, com o auxilio de matrizes de probabilidade. A
aplicacdo dos recursos acima descritos gerou uma lista completa de
proteinas [Fe-S] de A. vinelandii com unidades de transcricdo estimadas e
analises de funcao, homologia e interagdes proteina-proteina. Além disso, a
montante de dez genes identificou-se motivos de ligacdo a IscR
estatisticamente significativos. Esses elementos foram extensivamente
investigados, sete deles codificando polipeptideos néo-caracterizados ou
hipotéticos. De modo geral, os resultados obtidos agregam conhecimento ao
estudo de cofatores [Fe-S] e propiciam uma nova ferramenta de referéncia

para futuras investigagoes praticas.



Introdugdo Compreensiva

Cofatores [Fe-S] — Diversidade estrutural e funcional

Cofatores ferro-enxofre [Fe-S] sdo espécies quimicas amplamente
distribuidas na natureza constituidas de ferro ndo-heme e sulfito inorganico
(1). Associados a mais de 200 proteinas de uma grande variedade de
classes, essa substancial diversidade reside em seus aspectos funcionais e
estruturais, principalmente no que diz respeito a extrema versatilidade de
ambos os elementos ferro e enxofre (2, 3). Por exemplo, a caracteristica
desses atomos de perturbar densidades de elétrons (4) faz de agrupamentos
[Fe-S] centros especializados no transporte biolégico de elétrons, como pode
ser observado nas cadeias respiratoria e fotossintética assim como nos
sistemas de fixacdo de nitrogénio. Cofatores dedicados a essa funcao
geralmente apresentam-se nas formas [2Fe-2S], [3Fe-4S], [4Fe-4S] ou [8Fe-
7S] e sdo capazes de captar um elétron por ciclo (Figura 1); observa-se,
porém, que centros [8Fe-7S] de nitrogenases sdo capazes de acomodar dois

elétrons por ciclo (5).

Além de papéis chave em processos de oxidorreducao, cofatores [Fe-
S] também formam os sitios de ligagao a substratos em muitas enzimas por
pelo menos trés mecanismos ja descritos. Primeiro, um grupamento pode
faciltar a ligacdo e ativacdo de substratos em reacbes de
hidratacao/desidratacdo, como pode ser visto para a enzima do ciclo dos
acidos tricarboxilicos aconitase (6). A familia de enzimas [Fe-S] contendo um
radical SAM funciona de modo similar, catalisando a clivagem de S-
adenosilmetionina (SAM) para gerar o radical 5'-deoxiadenosil (7, 8).
Segundo, a ligacdo ou ativagdo do substrato podem exigir a insercao de um
heterometal em um grupamento [Fe-S]. Encontra-se nesse grupo o cofator
[Ni-4Fe-5S] presente na enzima monoéxido de carbono desidrogenase (9).
Finalmente, sitios de ligac&o a substratos podem ser formados por pontes de

residuos cisteinil, exemplificados nos casos dos sitios ativos das enzimas
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sulfito e nitrito redutase (10), acetil coenzima A sintase (11, 12, 13) e Fe-
hidrogenase (14, 15).

A partir de demonstracdes de que cofatores [Fe-S] sdo capazes de
controlar estruturas proteicas via perturbagdes de curto alcance em cadeias
polipeptidicas (16, 17), muitas proteinas [Fe-S] vém sendo descritas como
elementos regulatorios. Esse € o caso das enzimas de reparo de DNA
endonuclease Ill (18, 19) e MutY, do mesmo modo que as proteinas de
interacdo ambiental SoxR and FNR. Por exemplo, quando células sofrem
estresse oxidativo o cofator [2Fe-2S]** de SoxR é oxidado, o que estimula a
expressao de SoxS, um ativador transcricional de um grande grupo de genes
de resposta a estresse oxidativo (20). A proteina FNR (fumarate and nitrate
reduction), por sua vez, participa nas interagcdes metabdlicas necessarias a
fim de que haja a troca entre os estados aerdbio e anaerdbio em Escherichia
coli. Isso ocorre pela oxidagao de um grupamento [4Fe-4S]** dimérico, ligado
ao DNA, a uma forma [2Fe-2S]** monomérica (21). Dessa forma, é possivel
apreciar, em parte, a vasta gama de processos nos quais cofatores [Fe-S]
tomam parte. A partir de estruturas quimicas relativamente simples
evidenciam-se cada vez mais estratégias metabdlicas nas quais

grupamentos formados por ferro e enxofre sdo capazes de atuar.

< T A A

[2Fe-2S)%* [3Fe-45]* [4Fe-4S)3* [BFe-85]°*
[2Fe-25]* [3Fe-45]° [4Fe-45)%* [BFe-8S]**
[3Fe-45] [4Fe-48]* [BFe-TS)**
[3Fe-4S)% [4Fe-48]° [BFe-TS)2+

Figura 1: Principais tipos de cofatores [Fe-S] encontrados em proteinas e
seus estados de oxidacdo mais comuns. Esferas vermelhas representam
atomos de ferro; esferas amarelas denotam atomos de enxofre. Figura

modificada de (1).



Cofatores [Fe-S] — Formacao e sistemas de biossintese

Ha muitos anos sabe-se que certas apo-proteinas aceptoras de
cofatores [2Fe-2S] e [4Fe-4S] podem ser ativadas in vitro pela simples
adicdo de S? e Fe*”®* (22). Apesar de essas observagdes indicarem que
agrupamentos de ferro e enxofre podem ser incorporados em proteinas
espontaneamente, tal hipdtese foi rapidamente descartada devido a
toxicidade dos elementos Fe e S nas concentracées necessarias a esse
processo. Uma possibilidade mais interessante foi entdo desenvolvida, em
que Fe e S complexados seriam transportados no meio intracelular por
proteinas carreadoras especificas, que promoveriam a insercdo dos

grupamentos nas apo-proteinas [Fe-S], contornando assim o dano téxico.

A primeira evidéncia de um mecanismo de transito e regulacdo de
cofatores [Fe-S] surgiu com trabalhos no campo da fixacao biolégica de
nitrogénio, mais precisamente com a enzima nitrogenase. Nitrogenase é
uma enzima [Fe-S] complexa que cataliza a redugdo nucleotideo
dependente de dinitrogénio (23). Suas duas subunidades — Fe proteina e
MoFe proteina — ndo sdo completamente ativas assim que traduzidas,
necessitando de um grande conjunto de genes acessoérios para a insercao
dos grupamentos ferro e ferro-molibdénio associados. Esses elementos,
intitulados genes especificos a fixacdo de nitrogénio (nif, nitrogen-fixation
specific) foram inicialmente identificados nas proteobactérias Klebsiella
pneumoniae (24) e Azotobacter vinelandii (25, 26). Dois genes em especial
lancaram as bases dos estudos de biossintese de cofatores [Fe-S];
observou-se que a delegéo de nifS ou nifU acarretava na perda de atividade
de ambas as subunidades de nitrogenase (25). Como a caracteristica
comum as duas cadeias polipeptidicas € a presenca de grupamentos
metdlicos, postulou-se que nifS e nifU deviam participar em processos
iniciais especificos de montagem e insercdo de cofatores [Fe-S] na
maquinaria de fixagdo de nitrogénio. Interessantemente, observou-se na

época que mesmo com duplos mutantes nifS/nifU as atividades tanto de Fe



proteina quanto de MoFe proteina ndo sdo completamente eliminadas,
sugerindo que outras proteinas sdo capazes de complementar a funcao de

NifS e de NifU em niveis baixos.

Estudos detalhados identificaram NifS como uma enzima
homodimérica contendo um cofator piridoxal-fosfato (PLP) (27). A proteina
catalisa a retirada de enxofre de L-cisteina, gerando L-alanina e é expressa
somente em condi¢gdes de fixacdo de nitrogénio. Além disso, uma O-
acetilserina sintase, enzima que promove a catalise do passo limitante da

biossintese de cisteina (gene cysE), é co-transcrita com nifS (28).

NifU revelou-se como uma proteina arcaboug¢o em que o0s
agrupamentos [Fe-S] podem ser devidamente montados e destinados para a
nitrogenase. A proteina funcional € um homodimero com um cofator [2Fe-
2S]*** em cada mondmero (29). Sua estrutura é composta de trés dominios
altamente conservados conectados por duas sequéncias de menor
conservacao (30, 31). O dominio central contém um grupamento [2Fe-2S]
permanente que pode ter papel na maturacao de cofatores em formacéao; os
dominios N- e C-terminal suportam agrupamentos transientes que podem
ser passados a aceptores finais (32, 33). Ainda, o dominio C-terminal é
homélogo a um grande grupo de proteinas, denominado Nfu, que abrange
desde bactérias até organismos superiores e que pode aceitar cofatores
[2Fe-2S]2+ e [4Fe-4S]2+ labeis (34, 35, 36).

Apesar do sistema Nif ter sido descoberto em um organismo fixador
de nitrogénio, ele ndo € restrito a essa classe de seres vivos, ja que
proteinas homélogas em arranjos génicos similares sdo encontradas em
organismos que ndo fixam nitrogénio. Um exemplo é Helicobacter pylori, em
que ha evidéncia de um tipo de sistema Nif &€ necessario para a maturagéo
das proteinas [Fe-S] da bactéria (37). O unico eucarioto que parece codificar
um sistema Nif é Entamoeba histolytica e um estudo conseguiu
complementar linhagens de E. coli com genes isc e suf (outras maquinarias

de biossintese de agrupamentos [Fe-S], descritas a seguir) deletados



utilizando os genes ortdlogos de E. histolytica (38).

Devido ao achado de que se identificam baixos niveis de atividade de
nitrogenase em condi¢oes de fixagdo de nitrogénio mesmo quando nifS e
nifU sao deletados (25), surgiu um grande interesse em caracterizar
possiveis novos genes envolvidos na biossintese de cofatores [Fe-S]. Uma
vez que a atividade remanescente de nitrogenase nas linhagens duplo
mutantes nifS/nifU era baixa, postulou-se que haveria uma classe de genes
com expressdo basal dedicada a formagcdo de complexos [Fe-S]. Desse
modo, buscou-se isolar uma proteina com atividade cisteina desulfurase em
extratos de A. vinelandii em condi¢coes de nao fixacdo de nitrogénio (39). A
investigacao da sequéncia polipeptidica de uma proteina identificada de
acordo com os pré-requisitos possibilitou 0 uso de uma estratégia de analise
da regiao genbmica em que a mesma era codificada. Esse procedimento
descobriu nove genes ligados e hoje nomeados como cysE2, iscR, iscS,
iscU, iscA, hscB, hscA, fdx, e iscX (isc: iron-sulfur-cluster formation; hsc:

heat-shock-cognate).

A investigacdo detalhada das sequéncias génicas do operon isc
revelaram informacdes importantes a respeito do metabolismo de proteinas
[Fe-S]. A localizacdo de um gene paralogo a cysk, chamado de cysE2
indicou que dentro desse novo sistema de biossintese de cofatores [Fe-S], a
regulacdo da biossintese de L-cisteina também é um passo essencial.
Contudo, sabe-se hoje que n&o sdo todos organismos que possuem essa
caracteristica de associagdo do metabolismo de L-cisteina com a formagéo

de complexos [Fe-S].

O gene iscR é englobado em uma grande familia de fatores de
transcricao e funciona como um inibidor da expressao do operon isc (40, 41).
De acordo com o modelo proposto, um grupamento [2Fe-2S] presente em
IscR atua como sinalizador para a inibicdo da sintese de proteinas Isc.
Assim, a versao holo-IscR indicaria a célula uma saturacéo de cofatores [Fe-

S], ndo sendo necessaria a expressao de novas proteinas da maquinaria isc

10



de biossintese [Fe-S]. Contudo, a versao apo-IscR, refletindo uma caréncia
celular de centros [Fe-S], seria incapaz de reprimir a expressao de isc,
fazendo com que, em ultima analise, novos agrupamentos sejam formados.
Essa visdo é suportada pela baixa atividade de IscR em linhagens

deficientes na biossintese de cofatores [Fe-S] (40).

IscU € uma proteina homéloga a porcao N-terminal de NifU, enquanto
IscA €& bastante similar ao produto do gene a montante (upstream) de nifU,
denominado IscANif (42), que até o momento da descoberta de IscA néao
havia sido associado a funcdo de maturacao da nitrogenase. IscA e IscANif
fazem parte de uma vasta familia de proteinas conhecida como carreadores
do tipo A (ATC, A-type carriers) (43), sendo composta por proteinas de

biossintese [Fe-S] dedicadas a montagem e ao transito de grupamentos.

Outro aspecto interessante do operon isc € a presenca de uma
ferrodoxina [2Fe-2S]. De fato, alguns trabalhos sugerem que a semelhanca
biofisica entre seu cofator associado e aquele presente no dominio central

de NifU possa apontar para uma fungdo comum (29, 44).

IscX talvez seja o0 membro menos conhecido do operon. Estudos in
vitro mostraram que essa proteina é capaz de se complexar a IscS (45, 46),
sugerindo um papel modulatério a esse pequeno polipeptideo acidico. A
primeira estrutura cristalografica de IscX revelou um possivel motivo hélice-
volta-hélice (HTH, helix-turn-helix) tipico de proteinas de ligacdo ao DNA
(47). Em principio, essa observagédo levou a hipétese de que IscX poderia
ser um novo regulador de transcricdo do operon isc. Contudo, a sua
estrutura de superficie altamente negativa, determinada por ressonéancia
magnética nuclear (48), e seu padrdao de conservagao sugerem que essa
similaridade a um motivo HTH poderia ser uma adaptagcdo a uma nova
funcdo. IscX ainda é capaz de ligar atomos de Fe?* e Fe* na mesma
superficie de ligacdo com IscS (48), o que faria de IscX um adaptador
molecular que modularia a interagdo de IscS com parceiros ainda nao-

identificados.
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Com relacdo a HscB e HscA, esses elementos ja haviam sido
previamente identificados em Escherichia coli e sdo homélogos aos genes
codificadores das chaperonas moleculares Dnad e DnaK, respectivamente
(49, 50, 51, 52, 53). O papel dessas proteinas na biossintese de cofatores
[Fe-S] sé comecou a ser elucidado apds observagcbes de conservagao
genética de iscS, iscU, iscA, hscB, hscA, e fdx. Ao longo do tempo,
abordagens bioquimicas e genéticas estabeleceram a associacéo direta das
duas chaperonas com o sistema de biossintese Isc (54, 55, 45, 46). HscA é
capaz de interagir com IscU tanto na forma ligada a um grupamento [2Fe-2S]
— holo-IscU — quanto na forma né&o-ligada — apo-IscU (56, 57, 58). Essa
interacdo é auxiliada por HscB, que faz contatos com as duas outras
proteinas. HscA ainda apresenta intrinsecamente um baixo nivel de atividade
ATPase que € estimulada pela interacdo com HscB e ainda mais acentuada
quando complexada com HscB e IscU. Fundamental nesse processo é uma
pequena sequéncia de aminoacidos em IscU extremamente conservada
(LPPVK), que é suficiente para estimular a hidrélise de ATP de pendente de
HscA (57). Apesar de grandes avancos no sentido do entendimento das
interagcdes de HscB e HscA, ainda ndo estdo claros seus reais papéis na
maturacdo de proteinas [Fe-S]. Mostrou-se por imunoprecipitacdo em
leveduras, que a deplecao de ambas as chaperonas associadas ao sistema
Isc acarretam um acumulo de ferro em IscU (59). Argumentou-se que frente
a esse achado as chaperonas seriam necessdrias para realizar a
transferéncia de cofatores [Fe-S], mas nenhum mecanismo para tal foi

evidenciado.

Outros trabalhos, avaliando a inativacdo de genes individuais e
caracterizando o impacto sobre proteinas [Fe-S] e proteinas sem a
requisicdo de agrupamentos (60, 45), comprovaram os drasticos efeitos no
crescimento celular em linhagens inativadas para iscS, iscU, hscB, hscA ou
fdx. Entretanto, os fenétipos observados para a inativacdo de iscA foram

bem menos intensos, gerando células com uma capacidade muito maior de
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reproducdo do que os demais mutantes. Frente a esses resultados, a
descoberta de que linhagens de E. coli inativadas para iscS ou iscU
permaneciam viaveis foi bastante inovador. Adiciona-se a importancia desse
achado o fato de que as mesmas mutacdes em A. vinelandii sdo letais.
Essas diferencas fenotipicas e experimentais comegcaram a ser elucidadas
pela identificacdo em E. coli (e auséncia em A. vinelandii) de um novo

operon dedicado a biossintese de cofatores [Fe-S] — o operon sufABCDSE.

Os genes suf foram inicialmente descritos pela desestabilizacdo do
grupamento [2Fe-2S] de FhuF em mutantes para sufD ou sufS (61).
Acredita-se que FhuF seja uma redutase férrica que utiliza ferroxamina B ou
acido rodotorulico como fontes de ferro (62). Essas evidéncias primarias
também mostraram que a expressdo do operon suf € regulada pelo
repressor dependente de ferro Fur, sendo entdo induzida em condigbes de
deficiéncia desse elemento. Novas contribuicbes mostraram que 0s genes
suf sdo ainda transcritos em condi¢des de estresse oxidativo e pertencem ao
regulon do elemento responsivo a estresses oxidativos OxyR (63). Ainda, a
regulacdo da expressado do sistema Suf se da também pela interacdo com
IscR (64). IscR, ndo sua forma ndo associada a um grupamento [2Fe-2S] é
capaz de se ligar a um sitio de regulacdo a montante do sitio de inicio de
transcricdo do operon suf e, juntamente com OxyR, é capaz de induzir a
expressao de proteinas Suf. Entende-se também que IscR é um elemento
bastante importante na regulacdo dos operons isc € suf em organismos
patogénicos, no advento da interacado com hospedeiros. Por exemplo, IscR
tem papel central na capacidade da bactéria patégena de plantas Erwinia
chrysanthemi infectar diferentes tipos de vegetais (65). Interessantemente,
cianobactérias codificam em seus genomas uma proteina homologa a IscR,
a montante de um operon sufBCDS (66). Intitulada SufR, essa proteina
comporta um grupamento [4Fe-4S] e € capaz de inibir a expressdo dos
genes sufB, sufC, sufD e sufS (66). Visto que cianobactérias sdo providas

apenas do sistema Suf para a biossintese de seus cofatores [Fe-S], talvez
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essa seja a evidéncia de uma modificacdo de IscR para um novo sistema,

entretanto mantendo sua fungéo basica regulatoria.

A proteina SufS foi caracterizada como uma cisteina desulfurase e
provou-se a evidente similaridade de sequéncias entre SufA e IscA, inclusive
no que diz respeito as trés cisteinas conservadas. Apesar de essas
observacgdes indicarem um papel claro do operon suf no metabolismo [Fe-S],
mutantes sufem E. coli ndo mostraram nenhum fenétipo claro em condigbes
normais de crescimento; somente através de estudos mutacionais de genes
suf de E. chrysanthemi foi possivel obter maiores informacbes a respeito
desse sistema. Mais precisamente, disrup¢cdes dos genes individuais do
operon suf resultaram em niveis aumentados de ferro intracelular (67). Os
fendtipos mais relevantes foram obtidos com a inativacado de sufC, incluindo
sensibilidade aumentada a agentes oxidantes, habilidade reduzida de
infeccao de plantas, atividade diminuida de enzimas contendo cofatores [Fe-
S] facilmente oxidaveis e perda da capacidade de assimilar ferro pelo
sideroforo férrico crisobactina (67, 68). Notavelmente, esses fendtipos sé
foram observados em condi¢cdes de estresse e sugeriram que o operon suf
estaria dedicado a ativacdo, protecdo ou reparo de proteinas [Fe-S] em

condi¢des de estresse oxidativo ou limitagao de ferro.

SufS e SufE formam um complexo em que SufE aumenta a atividade
de cisteina desulfurase de SufS em até 50 vezes (69, 70). Além disso, a
adicao do complexo SufBCD a reagao possibilita um aumento adicional na
atividade de SufS, sugerindo um efeito sinergistico de SufE e SufBCD na
modulacédo de SufS (70). O componente SufC apresenta atividade ATPase
intrinseca e, como descrito anteriormente, forma um complexo soluvel
bastante estavel com SufB e SufD (68, 70, 71). De fato, SufBCD é similar a
transportadores do tipo ABC (ATP-binding cassette), caracterizados por sua
localizagdo transmembrana. A demonstragcéo da exclusividade citosdlica de
SufBCD foi a primeira evidéncia de um transportador tipo ABC de

localizacdo ndo membranar (68). A funcdo exata do complexo SufBCD
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permaneceu incerta a até pouco tempo atras, quando se provou que SufE é
capaz de interagir com SufB e promover a transferéncia de enxofre para o
complexo SufBCD por quatro cisteinas conservadas em SufB (72). Esse
transito de enxofre s6 ocorre se SufC também esta presente. Esse achado
langcou uma nova luz na fungcdo do complexo SufBCD, uma vez que SufB
pode servir como um sitio de montagem de cofatores [Fe-S] do sistema Suf.
Corroborando com essa evidéncia, encontram-se bactérias e
arqueobactérias com proteinas SufBCD ou SufBC preditas, mas sem

homdélogos das proteinas arcabougo do tipo A ou tipo U (73).

De modo geral, o operon suf aparenta ser o sistema de biossintese de
grupamentos [Fe-S] mais heterogéneo em termos de presenga ou auséncia
de componentes. Enquanto E. coli codifica os genes sufABCDSE (73),
observa-se em cianobactérias somente a presenca de sufBCDS e do
elemento regulatério sufR (66). J& em diversos outros grupos bacterianos
foram identificados genes suf homoélogos a iscU em operons do tipo
sufBCDSU, como é o caso dos procariotos Gram-positivos, do filo

Firmicutes, Bacillus subtilis (74) e Enterococcus faecalis (75).

Comparativamente, entende-se que as maquinarias de biossintese de
cofatores [Fe-S] descobertas até hoje compartilham caracteristicas basicas e
essenciais ao processo biolégico de incorporacdo de Fe e S em
grupamentos estaveis. Primeiro, os trés sistemas — Nif, Isc e Suf — codificam
cisteinas desulfurases capazes de ceder enxofre elementar a montagem de
centros [Fe-S]. Segundo, Nif, Isc e Suf possuem pelo menos uma proteina
com propriedade de arcabouco molecular, em que grupamentos sao
devidamente formados os transportados sem oferecer danos a célula e/ou

sem sofrer processos oxidativos (Figura 2).

Nos ultimos anos, ha um grande interesse em se desvendar novas
proteinas que participem principalmente nos estdgios intermediarios do
metabolismo de cofatores [Fe-S]. Tais elementos seriam dedicados ao

transporte de grupamentos dos sistemas de biossintese para proteinas
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aceptoras finais, como as proteinas [Fe-S] da cadeia respiratéria. Dentro
dessa classe, pelo menos dois exemplos bem caracterizados podem ser
citados. Dois grupos independentes relataram ao mesmo tempo, em A.
vinelandii (76) e E. coli (77), a capacidade de uma proteina homdloga a
regiao C-terminal de NifU ligar e transferir cofatores [4Fe-4S] para apo-
proteinas. Essa molécula, intitulada como NfuA, é codificada por um gene
isolado nos genomas de ambas as bactérias que nao estd diretamente
ligado a nenhum operon de biossintese de cofatores [Fe-S]. O outro exemplo
diz respeito a ApbC, uma proteina cuja funcao foi desvendada no patégeno
Salmonella enterica (78, 79, 80). O fato de que mutacbes em apbC levam a
defeitos no metabolismo [Fe-S] (78) instigou os pesquisadores a postular um
papel para ApbC na maturagéo de proteinas [Fe-S]. De fato, ApbC também é
capaz de ligar um cofator [4Fe-4S] e transferi-lo in vitro para apo-
isopropilmalato isomerase (Leul; 80), segunda enzima do metabolismo da

leucina, conhecida por conter um grupamento [4Fe-4S] em sua forma ativa.

1 il r cysk!
e | " [ i Azotobacler vinelandii
cysED gt meS  boliisod hecB hascA fw orf3 . .
s - W Azotobacter vinelandii
=cR el sclf A fscB  hscd iy o3
3 L I Escherichia coli
T T T T Tt SUTE T "
En ) ] B T Escherichia coli
N e i Thermatoga maritima
o D Helicobacter pylori

Figura 2: Representacdo de alguns sistemas de biossintese de cofatores
[Fe-S] ja identificados. Genes com a mesma cor codificam proteinas com
fungbes similares. A. vinelandii possui os sistemas nif e isc, enquanto
Escherichia coli conta com as maquinarias isc e suf. Thermatoga maritima
codifica apenas um sistema tipo suf; ja Helicobacter pylori possui uma

variacao do sistema nif.
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Cofatores [Fe-S] — Azotobacter vinelandii como organismo modelo

Por mais de um século a gamaproteobactéria A. vinelandii vem sendo
usada por cientistas nos mais diversos desdobramentos bioquimicos e
genéticos. Desde os primeiros ensaios de determinacdo dos parametros
cinéticos de enzimas na década de 1930 (81), passando pelos estudos de
elucidagéo do codigo genético (82), A. vinelandii sempre se mostrou um
modelo interessante. Entretanto, o principal foco no manejo dessa bactéria
nas ultimas décadas foi depositado no entendimento da fixagao bioldgica do

nitrogénio.

A habilidade de expressar trés diferentes nitrogenases, reguladas
independentemente de acordo com a disponibilidade de metais no meio (83),
em um organismo estritamente aerdbio (84), faz de A. vinelandii uma das
poucas bactérias com um mecanismo tdo especializado de fixacdo de
nitrogénio. A partir disso, a demonstracao da participacdo de um sistema de
biossintese de grupamentos [Fe-S] dedicado a maturacdo de nitrogenases
(25, 26) expandiu a visdao da época sobre o metabolismo do nitrogénio e
lancou as bases do estudo da formacao biologica de cofatores [Fe-S]. Hoje,
A. vinelandii é fonte de profundas investigacdes nessa area, sendo ainda,
geralmente, utilizado em ensaios de complementacdo quando outros

organismos sao estudados com 0 mesmo propésito.
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Abstract

Background

Iron-sulfur [Fe-S] clusters are widely distributed versatile chemical species that act in
several biological processes. Since free intracellular Fe and S are toxic elements,
living organisms have developed specialized biosynthetic machineries specific for
[Fe-S] cluster formation and transport. A growing number of efforts are now being
deposited on the identification of new proteins capable of performing central tasks in
the [Fe-S] cofactors metabolism. Therefore, this work investigates Azotobacter
vinelandii DJ's genome, searching new members dedicated to [Fe-S] biology. The
study is based on prediction algorithms of conserved amino acid motifs and a

position-specific scoring matrix for the discovery of DNA IscR-binding sites.
Results

The application of these techniques generated a complete list of known and predicted
A. vinelandii DJ [Fe-S] proteins, analyzed in terms of function, homology and
protein-protein interactions. Besides that, in regions upstream ten A. vinelandii DJ
genes IscR-binding sites were significantly identified; proteins coded by these

elements were also extensively investigated.
Conclusions

Taken together, the results presented here aggregate data on experimentally
characterized and in silico predicted A. vinelandii DJ [Fe-S] proteins. In this way, the
compiled database, added to the proposed IscR-regulated genes, can be used by
researchers to further investigate new metabolic features driven by [Fe-S] cofactors
and expand the current understanding on [Fe-S] cluster biosynthesis and transfer to

terminal proteins.
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Background

Iron-sulfur [Fe-S] clusters are widely distributed chemical species constituted
of non-heme iron and inorganic sulfite, that act in several biological processes [1].
Considering the extended versatility of both Fe and S elements, more than 200
proteins have already been characterized in which [Fe-S] cofactors are essential for
polypeptide stability and/or function [1, 2, 3]. For years it is known that [Fe-S]
clusters can spontaneously assemble in vitro by the simple addition of S* and Fe*"**
[4]. This knowledge led to the hypothesis that [Fe-S] species could be directly
inserted into terminal proteins; however, specially due to the toxicity of free
intracellular Fe and S elements, this postulation had to be revisited. A more feasible
explanation to the process of [Fe-S] clusters formation was achieved with the
discovery of the nitrogen-fixation specific system (nif system) in Klebsiella
pneumoniae [5] and Azotobacter vinelandii [6, 7], a biochemical machinery
primarily devoted to nitrogenase maturation. Two genes encoded within the nif’
operon have established the principles of [Fe-S] cluster assembly investigation: nifS,
coding for a cysteine desulfurase and nifU, coding for a molecular scaffold protein
[6]. Since then, two other systems devoted to [Fe-S] cofactors biosynthesis were
identified and have been extensively characterized, namely the iron-sulfur-cluster
formation (isc) operon and the sulfur mobilization system (suf) gene cluster. The
three biosynthesis machineries share homologous proteins that can, at least in part,
complement each other functions; at the same time, the nif, isc and suf systems have
specific elements thought to perform essential processes in the cells encoding them.
One of such members is the isc encoded gene iscR. iscR gives rise to a MarA-like

protein harboring a [2Fe-2S] cluster that was shown to bind to a IscR-binding site
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and regulate the expression of the isc operon [8]. IscR acts as a cellular sensor of [Fe-
S] cluster cellular pool and represses the isc genes when bound to a [2Fe-2S] center.
This was the first evidence of a [Fe-S] cluster-driven regulatory mechanism and
further experiments have established a role for IscR in the regulation of the suf
system [9, 10]. Information on other biological processes affected by IscR is still
limited, the best characterized examples being found in Escherichia coli [11].
Besides IscR, a growing number of efforts are now being deposited on the
identification of new proteins capable of performing central tasks in the [Fe-S]
cofactors metabolism. Therefore, the present work investigates A. vinelandii DJ's
genome, a model organism in the [Fe-S] clusters research field, searching new
members dedicated to [Fe-S] biology. The study is based on prediction algorithms of
conserved amino acid motifs and a position-specific scoring matrix for the discovery
of DNA IscR-binding sites. The application of these techniques generated a complete
list of known and predicted 4. vinelandii DJ [Fe-S] proteins, analyzed in terms of
function, homology and protein-protein interactions. IscR-binding sites upstream ten
A. vinelandii DJ genes were significantly identified; proteins coded by these
elements were also extensively investigated. Taken together, the results presented
here aggregate data on experimentally characterized and in silico predicted A.
vinelandii DJ [Fe-S] proteins. In this way, the compiled database, added to the
proposed IscR-regulated genes, can be used by researchers to further investigate new
metabolic features driven by [Fe-S] cofactors and expand the current understanding

on [Fe-S] cluster biosynthesis and transfer to terminal proteins.
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Results and discussion

[Fe-S] proteins organization and distribution

Extensive bioinformatics analysis have allowed us to compile a large list of
known and putative [Fe-S] proteins encoded in the diazotrofic organism A. vinelandii
DJ. Here we comment some of these results, presenting data that support the findings
and hypothesizing on the function of some uncharacterized members that could be

involved in [Fe-S] metabolism.

1.1) Electron carrier systems

1.1.1) NADH-ubiquinone oxidoreductases

Based on the observation that oxidation/reduction reactions are a classical
example of function devoted to [Fe-S ] clusters, it is not surprise to find
oxidoreductases exploring the potential of [Fe-S] centers to mobilize electrons. A.
vinelandii DJ is not an exception to this rule and three NADH-ubiquinone
oxidoreductases encoding [Fe-S] subunits can be identified upon analysis of its
genome (Table 1).

Avin28440 to Avin28560 represents the ATP-coupled NADH-ubiquinone
oxidoreductase of the Nuo type, with NuoB, NuoF and Nuol (Avin28450, Avin28480
and Avin28510, respectively) identified as [4Fe-4S] proteins, while NuoE and NuoG
(Avin28470 and Avin28490, respectively) identified as [2Fe-2S] proteins. The other
two oxidoreductases are ATP-uncoupled and comprise the cytosolic NADH-
uibiquinone oxidoreductase Ndh (Avin12000) and the membrane-associated NADH-
ubiquinone oxidoreductase involved in the transport of Na" Nqr (4vin14590 to
Avin14640). From the six subunits that form the Nqr enzyme, NqrF (Avin14640) is

an iron-sulfur protein of the [2Fe-2S] type. On the other hand, Ndh (Avin12000)
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harbors a [4Fe-4S] in its functional structure.

1.1.2) Rnf systems

As previously reported [29], A. vinelandii DJ has two copies of the electron
transport complex Rnf, namely Rnfl (4vin50930 to Avin50980) and Rnf2
(Avin19220 to Avin19270), an ortholog of Rfnl that shows sequence similarity to a
Na'-dependent NADH-ubiquinone oxidoreductase [30]. In both cases, subunits B
and C (Avin50960 and Avin50970, for Rnfl; Avin19250 and Avin19260, for Rnf2)
have typical signatures for [4Fe-4S] clusters ligation (Table 2). Rnfl complex is
required for accumulation of nitrogenase Fe protein [30], while the function of the
ortholog system is less clear. Evidence for a Rnf2-like complex is found in the
nitrogen-fixing bacteria Pseudomonas stutzeri A1501 [29], the closest relative to A.

vinelandii DJ, but not in other Pseudomonas species.

1.1.3) Terminal oxidases

Downstream on the process of electron mobilization, ubiquinol-oxigen oxido-
reduction can follow two distinct pathways: (a) electrons can be submitted to a
cytochrome c reductase (complex III) followed by a cytochrome terminal oxidase
(complex 1V), or (b) electrons can be directly processed by a single-step ubiquinol-
dependent cytochrome terminal oxidase [29]. 4. vinelandii DJ carries both systems,
encoding a complex III and five terminal oxidases.

The cytochrome ¢ reductase (4vinl3060 to Avinl13080; Table 3) exhibits a
Rieske-type [2Fe-2S] subunit, PetA (Avin13060). In respect to the terminal oxidases,
the only [Fe-S] cluster-containing machinery observed was the cytochrome c oxidase

cbb; (Cco; Avin19940 to Avin20010). The cco operon, conserved in all Pseudomonas
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species analyzed to date [29], encodes four genes whose products are structural
subunits of the terminal oxidase and four other genes coding for accessory and
maturation proteins (see Table 3). The accessory protein CcoG (Avin19970) is the
only predicted [Fe-S] member from the complex, with a signature for [4Fe-4S]

cluster binding.

1.1.4) Carbon monoxide dehydrogenase

A. vinelandii DJ contains a set of genes predicted to encode a membrane
bound Ni-dependent carbon monoxide dehydrogenase and accessory proteins
(CODH; Avin04450 to Avin04500 and Avin47010). The type of CO metabolism seen
in homologous Ni-dependent CODHs is typical of anaerobic organisms and is in
contrast to 4. vinelandii DJ obligatory aerobic life style [29]. The enzyme is
characterized by an a-homodimer of CooS (Avin04490; Table 4) that catalyzes the
reversible oxidation of CO to CO; [31]. Electrons acquired through this process are
transferred to CooF (Avin04500), a hydrophobic [4Fe-4S] protein similar to
oxidoreductases. The products of the other genes of the predicted coo operon are
likely to code for maturation and accessory proteins. This might be the case of
Avin04480 (see Table 4), a possible flavin adenine dinucleotide oxidoreductase that

could activate the C cluster [NiFe44S4] of CODH through a [4Fe-4S] center [29].

1.1.5) Formate dehydrogenase

Formate dehydrogenases (FDHs) are a diverse group of enzymes from
prokaryotes and eukaryotes that promote the oxidation of formate to CO, and H". A4.
vinelandii DJ encodes a NAD"-independent FDH (A4vin03800 to Avin03840) [29]

with three genes whose products assemble in the active enzyme and two genes for
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accessory proteins (Table 5). The  subunit of FDH, FdhH (Avin03820), contains a
[4Fe-4S] cluster and interacts with FdhG (Avin03810), the alpha subunit. FdhG has a
molybdopterin-guanine dinucleotide cofactor in its active site to extract electrons
from formate. The other [4Fe-4S] protein encoded in the fdhDGHIE gene cluster is
FdhE (Avin03840; see Table 5), an accessory component necessary to assembly of

FDH.

1.2) Thioredoxins

Thioredoxins comprehend a large family of small proteins of about 12 kDa
with a conserved active site Cys-Gly-Pro-Cys dedicated to the catalysis of many
redox reactions [32]. Widespread among all living organisms, thioredoxin-like
proteins, in the reduced state, promote the reduction of exposed disulfides [33] and
can be of great advantage to the cell. Some of the roles that have been attributed to
thioredoxins are (a) facilitating agents on disulfide-containing protein refolding [34];
(b) antioxidants capable of reducing hydrogen peroxide [35], scavenge free radicals
[36] and protect cells against oxidative stress [37].

A. vinelandii DJ seems to encode three thioredoxin proteins distantly located
from each other (Table 6). Avin47420 corresponds to the well characterized TrxA
protein from E. coli — 65% identity [38, 39, 40] — while Avin45140 is 38% identical
to E. coli thioredoxin 2, TrxC [33]. Indeed, it has the conserved CGPC motif and the
four N-terminal conserved residues known to be important to protein function and
stability [33] (Figure 1). The third thioredoxin-like gene, Avin06670, gives rise to an
uncharacterized product similar to the E. coli TrxA protein, although the CGPC motif
is substituted for a CAPC motif. Despite this difference, proteins with high degrees

of similarity to Avin06670 are found in Pseudomonads, suggesting that these species
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might have a third functional thioredoxin protein.

The prediction of [2Fe-2S] clusters in TrxA (Avind7420) and Avin06670 was
based on previous observations that a slight variant from E. coli TrxA is able to form
dimers due to cluster ligation [41, 33]. These TrxA proteins with CACA motifs were
shown to harbor one [2Fe-2S] per dimer and catalyze the formation of disulfide
bonds [41]. After interpreting the data from crystallization of TrxA(CACA)
thioredoxin [33], the authors indeed suggest that dimerization by cluster ligation
could happen to the native protein, although this was no yet observed. Following this
line of thought, we expect [2Fe-2S] centers in both 4. vinelandii DJ TrxA and

Avin06670, an uncharacterized thioredoxin-like protein.

1.3) Glutaredoxins

Glutaredoxins (Grxs) are small proteins traditionally associated to glutathione
(GSH)-disulfide oxidoreductions. The first evidence of such functions was identified
in Escherichia coli, in which Grx was shown to donate electrons for ribonucleotide
reductase on a GSH-dependent fashion [42]. Since then, diverse new types of Grxs
were identified and sorted in specific classes according to their structure and active
site motifs [43]. Regarding these informations, there is now compelling information
to associate specific Grx isoforms with a role in the [Fe-S] cluster metabolism.

Despite not generally being encoded in the [Fe-S] cluster biosynthesis
operons — nif, isc and suf — various works have characterized class II glutaredoxins
that are able to ligate [Fe-S] clusters. Classes I and II are the dominant Grx isoforms
present in prokaryotic organisms [43] and class II, specifically, comprises all Grxs
with a CGFS active site, as it is seen in Saccharomyces cerevisiae Grx5 and E. coli

Grx4 proteins. Thorough experimentation with S. cerevisiae Grx5 have established a
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clear association between class II Grxs and [Fe-S] cluster assembly [44, 45, 46, 47,
48]. Decisive on this issue were the demonstrations that class II Grxs from both
prokaryotes and eukaryotes, when targeted to the mitochondrial matrix, can
effectively complement a yeast grx5 deletion strain [49]. Besides that, class II Grxs
from different organisms were identified as containing a labile [2Fe-2S] cluster [49,
50, 51]. On the other hand, the role of class I Grxs in [Fe-S] cluster biosynthesis is
less clear. Isoforms grouped in this class show a relative diversity on the structure of
the active site, such as CPY[C/S], CGYC, CPFC and CSY[C/S] [43].
Characterization of [Fe-S] cluster-bound class I Grxs is so far observed in
eukaryotes, as happens to human GRX2 — CSYC active site — [50, 52, 53, 54]. In
these cases, the conjugated [2Fe-2S] clusters are thought to act as redox sensors in
normal or oxidative stress conditions [43].

A. vinelandii DJ encodes three glutaredoxin genes in its genome. From the
products of these genes, Avin14040 shares 72% identity to E. coli Grx4 and it is
likely to form holodimers via a [2Fe-2S] cluster interaction (Table 7). The second
Grx identified, Avin04690, although it is 53% identical to E. coli Grx4, contain a
CPYC motif typical of class I dithiol-glutaredoxins. It is possible that this protein can
bind [2Fe-2S] clusters to some extend, since class I Grxs with this type of [Fe-S]
center have been characterized. Avin04690 is predicted to be encoded in an operon
with a thodanese-like protein and with the protein-export chaperone SecB
(Avin04680 and Avin04700, respectively; see Table 7). There is some evidence to
discard a possible interaction between Avin04690 and SecB [55], however the
association of a glutaredoxin homolog (Avin04690) with a rhodanese-like protein
(Avin04680) is an interesting feature of this operon that should be further evaluated.

Finally, the nif-associated glutaredoxin (Avin51060) is the best understood Grx of 4.
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vinelandii DJ. Inactivation of the Avin51060 gene showed striking negative effects
on both MoFe protein and Fe protein, the two components of MoFe nitrogenase [29].
In fact, Fe protein exhibited a 50% loss in its activity and these effects were thought
to occur due to oxygen sensitivity and/or impair on [Fe-S] cluster reconstitution once
Avin51060 was disrupted. The fact that a glutaredoxin capable of binding [Fe-S]
clusters, added to the observed phenotypes upon its inactivation, is encountered in
the nif operon suggests that this protein can bind [4Fe-4S] cofactors instead of [2Fe-
2S]. Indeed, a recent review on glutaredoxins [43] discussed possible new Grxs
involved in iron or molybdenum metabolism, as well as putative nif-associated
glutaredoxins from nitrogen-fixing bacteria encoded in systems very similar to that
observed in A. vinelandii DJ. Whether this type of glutaredoxin is capable of binding
cofactors other than [2Fe-2S] is still a matter of debate; however the observation that
class II Grxs in a yeast grx5 deletion strain are capable of rescuing the activity of the

[4Fe-4S] enzyme aconitase [49] supports this idea.

1.4) Molybdenum cofactor biosynthesis protein A homologs

The gene directly downstream of the fdh operon, moaA (Avin03850), codes
for a S-adenosylmethionine radical (SAM) enzyme associated to two [4Fe-4S]
clusters and involved in the first step of the biosynthesis of the molybdenum
cofactor. As previously described [29], Avin30330 is another MoaA homolog found
in A. vinelandii DJ. Here, by analyzing proteins with motifs predicted for radical
SAM interaction, we have found three new possible [4Fe-4S] radical SAM enzymes
dedicated to the molybdenum metabolism (Table 8).

The most prominent candidate is Avin35520, a protein that shares similarity

to both MoaA homologs (Avin03850 and Avin30330) as well as containing the same
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predicted domains — radical SAM interaction and molybdenum cofactor synthesis C.
Avin35520 seems to be shorter in its N-terminal region than Avin03850 and
Avin30330, however it has four conserved cysteines that could coordinate an [Fe-S]
cluster (Figure 2). The other two identified proteins are transcribed from genes near
each other but in opposite strands (Avin20630 and Avin20660; see Table 8). These
candidates show a lower degree of similarity to the MoaA homologs (Avin03850 and
Avin30330) and contain only the radical SAM domain. Nonetheless, they are both
described as proteins from the MoaA/ NifB/ PqqE family and, since MoaA, NifB and
PqqE are all [Fe-S] proteins, Avin20630 and Avin20660 are predicted to bind clusters
as well. Interestingly, both proteins, Avin20630 and Avin20660, seem to be part of
operons where a glycosil transferase 2-like enzyme is also encoded. This family of
proteins is known to catalyze steps in the biosynthesis of sugars and many members
are implicated on formation of glycosidic bonds. Taking this fact in consideration, it
is possible that Avin20630 and Avin20660 are not related to the molybdenum

metabolism, but could be [Fe-S] proteins designated to other functions.

1.5) Xanthine dehydrogenase-like complexes

Xanthine dehydrogenase (XDH) and xanthine oxidase (XO) comprise the two
forms of the complex metalloflavoprotein central to purine degradation xanthine
oxidoreductase. The enzyme catalyzes the last steps in urate formation,
hydroxylating hypoxanthine to xanthine and xanthine to uric acid [56, 57]. Among
bacteria, the best studied XDH is that from Rhodobacter capsulatus, which was
shown to be a cytoplasmic heterodimeric enzyme encoded by the xdhA and xdhB
genes [58]. Detailed examination on XDH structure have shown that the XdhA binds

two [2Fe-2S] clusters and a FAD cofactor, while XdhB binds the molybdopterin
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(MTP) form of molybdenum cofactor (Moco) [59, 58]. Also, a third gene co-
transcribed with xdhAB was found and named xdhC, after observations that XdhC is
essential for XDH activity, since Moco is not inserted into the enzyme [60]. R.
capsulatus XdhC binds Moco/MTP and transfers the cofactor to Moco-free apo-
XDH [61].

In A. vinelandii DJ the xdhCBA operon is conserved (4Avin22270 to
Avin22290) and protein domain analysis, associated to operon predictions, allowed
us to identify three new putative transcription units where xanthine dehydrogenase-
like elements seem to be encoded (Table 9). Similar to all three predicted operons is a
resemblance to isoquinoline 1-oxidoreductase (IOR) genes from Brevundimonas
diminuta (later Pseudomonas diminuta 7) [62]. IOR catalyzes the hydroxylation of

isoquinoline, a heterocyclic aromatic compound, to 1-oxo-1,2-dihydroisoquinoline
with subsequent reduction of a suitable electron acceptor utilizing H O as the source

of the oxygen atom incorporated into substrate [62].

Each operon identified has a gene coding for a putative [2Fe-2S] protein with
similarity to the small subunit of B. diminuta isoquinoline IOR, IorA — Avin25850,
55% identity to lorA; Avin26060 and Avin35540, both 53% identical to lorA. Also,
genes coding for B. diminuta lorB-like proteins, the IOR large subunit, are found
within these operons — Avin26070 and Avin35550, both 31% identical to lorB;
Avin25840, 30% identical to lorB). Interestingly, two of these predicted operons
encode conserved hypothetical proteins that could help assemble Moco/MTP into the
putative enzymes formed by ior4B-like genes [63]. In fact, Avin25830 is a conserved
XdhC-domain protein encoded within the Avin25820 to Avin25850 operon and is
24% identical to 4. vinelandii DJ XdhC protein. Figure 3 shows the domain

organization of A. vinelandii DJ XdhA and lorA-like proteins, compared to B.
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diminuta lorA, as well as A. vinelandii DJ XdhB and lorB-like proteins, compared

to B. diminuta lorB.

1.6) Rhodanese-like proteins

Rhodanese-domain proteins comprise a large family of molecules dedicated
to the transfer of sulfur from thiosulfate or 3-mercaptopyruvate to cyanide, with the
formation of thiocyanate [64]. Organisms usually encode several rhodanese
paralogues as rhodanese tandem repeats, single-domain proteins or associated to
other functional domains [65]. The transfer reaction is commonly catalyzed by an
active cysteine residue, although the active site loop in rhodanese proteins shows
wide variability [65].

Various research groups have reported roles for rhodanese-like proteins in
oxidative stress prevention and maintenance of cellular homeostasis [66, 67, 68, 69].
Besides that, it was observed that disruption of the 4. vinelandii DJ rhodanese gene
rhdA (Avin07450) led to impaired [Fe-S] proteins activation [70, 71], suggesting a
role for RhdA on [Fe-S] clusters protection against oxidative damage. Together,
these facts have led use to better investigate the A. vinelandii DJ rhodanese
homologues.

Through Pfam analysis we were able to identity 11 rhodanese-domain
proteins in 4. vinelandii DJ and predict their respective genomic neighborhoods
(Table 10). Five members of this group are single-domain rhodaneses (Avin04680,
Avin20970, Avin46860, Avin46930 and Avin51050), four are tandem repeats of the
rhodanese domain (Avin07450, Avin21500, Avin30960 and Avin32980) and two are
rhodaneses associated to specific domains (Avin02700 and Avin48690). With the

exception of Avin04680, all other A. vinelandii DJ rhodanese-domain proteins
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exhibit at least one cysteine residue that could be part of an active site structure
(Figure 4).

A more detailed investigation about each rhodanese-like protein was then
assessed by STRING and operon analysis. In this way, MoeB2 (Avin02700) has a
rhodanese domain associated to the molybdopterin biosynthesis protein domains
ThiF and MoeZ MoeB. In fact, the upstream gene to moeb2, Avin02710, encodes a
structurally similar element containing the ThiF and MoeZ MoeB domains, but
lacking the rhodanese domain. The best STRING homologue to MoeB2 is the
Burkholderia thailandensis E264 protein MoeZ (BTH_110296), sharing 65.43%
identity to MoeB2 (Figure 5). STRING strongly supports the role of MoeB2-like
proteins in molybdenum metabolism, as it can be observed on the interactions
between MoeZ and BTH 12202, BTH 11706, BTH_ 11704 and MoaC (see Figure 5).
Also from relevant interest is the connection between MoeZ and the cysteine
desulfurase IscS. In fact this prediction is very prominent, since there is practical
evidence suggesting it. By studying the sulfur source for molybdenum cofactor
biosynthesis in eukaryotes, Marelja and colleagues [72] showed that the human
cysteine desulfurase Nfs1 interacts and transfers sulfur to the C-terminal rhodanese
domain of MOCS3. MOCSS3 has essentially the same domain organization that is
seen in A. vinelandii DJ MoeB2, and is able to sulfurate the C terminus of MOCS2A,
the smaller subunit of the molybdopterin synthase [73]. Another study demonstrated
that Nfs1 and ubiquitin-activating enzyme-like protein Uba4, associated with other
proteins, are vital to tRNA(Lys2)(UUU) and tRNA(GIlu3)(UUC) thio-modification at
the second position [74]. Uba4 has also the same domain structure observed in
MOCS3 and MoeB2. Taken together, these results suggest that MoeB2 is part of the

molybdenum cofactor biosynthesis machinery, besides it could interact with cysteine
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desulfurases to transfer sulfur to yet uncharacterized proteins.

Avin04680 is the only A. vinelandii DJ rhodanese-like protein where no
putative active site cysteine residues were found (see Figure 4). Even though, it
appears to be encoded in an operon with Avin04690 — a class I glutaredoxin
containing a CPYC motif — and SecB (Avin04700), a protein-export chaperone.
STRING analysis revealed a conservation of this operon structure among
gammaproteobacteria and coexpression of SecB and the rhodanese protein in E coli
K12. Although the interaction between SecB and the other products of this operon is
still dubious [55], the occurrence of a possible sulfurtransferase and a putative [Fe-S]
cluster-containing glutaredoxin on the same transcription unit deserves further
investigation.

The next rhodanese protein evaluated was RhdA (Avin07450), the best
characterized member of this family in A. vinelandii DJ. RhdA is a two-domain
rhodanese repeat protein with an uncommon active site motif (HCQTHHR) [71]. Its
3D structure is known [75] and there is compelling biochemical evidence to suggest
a role for RhdA in protecting cells against oxidative damage, specially preventing
inactivation of enzymes containing labile [Fe-S] cofactors [71].

Avin20970 is a single-domain rhodanese protein that based on orientation and
proximity appears to be in an operon with a serine/ threonine phosphatase
(Avin20950), an hypothetical protein (Avin20960) and a serine O-acetyltransferase
(CysE, Avin20980), the enzyme that carries out the first and limiting step in the
pathway of cysteine biosynthesis. The closest homologue to Avin20970 and best
STRING hit is Azoarcus sp. BH72 protein azo0365, which analysis have also
indicated association with a CysE-like protein. Other organisms harbor the same

interaction, suggesting that the sulfurtransferase activity of this rhodanese could be
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associated to the conversion of L-serine into O-acetyl-L-serine by CysE.

At least two other rhodaneses in A. vinelandii DJ seem to be directly involved
to cysteine metabolism: Avin21500 and Avin30960. The first one, Avin21500, is a
tandem repeat rhodanese-domain protein predicted to be in an operon with MetC
(Avin21510), a cystathionine B-lyase. MetC is part of the transsulfuration pathway to
the biosynthesis of methionine which utilizes cysteine as the sulfur donor [76]. In E.
coli, MetC catalyzes the third step of the route and does not belong to an operon.
However, some organisms, including A. vinelandii DJ and some Pseudomonas
species, contain a metC gene in an operon with a downstream gene coding for a
rhodanese-like protein. In fact, STRING and Microbes Online database indicated
gene fusion events between these two elements in Pseudomonas syringae DC300, P.
putida GB-1 and P. fluorescens SBW25 (PSPTO 2632, PputGBI 3161 and
PFLU2239 genes, respectively). The operon organization and the fusion events of
these two genes, added to the putative sulfurtransferase activity of the rhodanese
protein (Avin21500), might indicate an interaction between this protein and MetC to
scavenge sulfur from cysteine to further use in methionine biosynthesis.

The second rhodanese-like protein that might be involved in cysteine
metabolism in 4. vinelandii DJ is the four-domain repeat rhodanese Avin30960. Two
genes coding for hypothetical proteins (Avin30940 and Avin30950) and one coding
for a cysteine dioxygenase type [ (4vin30970) are predicted to be in an operon with
Avin30960. STRING supports the association between the rhodanese Avin30960 and
the cysteine dioxygenase type I, as the same organization is observed in other
organisms — Bradyrhizobium sp. BTAil, Klebsiella pneumoniae subsp. pneumoniae
MGH 78578, Pseudomonas aeruginosa 2192, P. fluorescens Pf-5, P. putida GB-1, P.

syringae pv. Phaseolicola 1448A and Ralstonia pickettii 12D. Until recently, Fe*'-
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dependent cysteine dioxygenases were believed to be enzymes strictly related to
eukaryotes, catalyzing the the degradation of cysteine to sulfinic acid [77]. However,
phylogenetic and biochemical data have demonstrated the ability of some eubacteria
to perform this cysteine catabolic pathway [78]. Interestingly, at least two works
have identified cysteine desulfurase (NifS-like) proteins capable of using sulfinic
acid as a substrate [79, 80] for sulfur generation. Nevertheless, as Dominy and
colleagues argue [78], the product of NifS-like proteins reactions performing with
sulfinic acid would not generate reduced sulfur, which is required for sulfur
incorporation into [Fe-S] proteins. On this matter, the observed conservation of the
rhodanese/ cysteine dioxygenase operon could suggest an yet uncharacterized
function to the sulfurtransferase — rhodanese — component on the chemistry of
cysteine degradation to sulfinic acid.

Three additional rhodanese-like proteins identified in A. vinelandii DJ share
consistent homology to characterized sulfurtransferases. Avin32980 is a two-domain
rhodanese similar to E. coli 3-mercaptopyruvate sulfurtransferase (MST) [81]. The
first determined MST structure was that from Leishmania major [82] and different
from strict rhodaneses, MSTs show specificity for 3-mercaptopyruvate as a sulfur
donor, transfering it to cyanide [64]. Some years ago a research team partially
purified 4. vinelandii MST [83], however no activity assays are known. The two
other 4. vinelandii DJ proteins sharing homology to rhodaneses on which there is
some experimental evidence are Avin46860 and Avin46930. Both are single-domain
rhodaneses homologous to E. coli proteins GIpE (56% identity to Avin46860) and
PspE (32% identity to Avin46930). A recent work [84] has characterized the E. coli
proteins — where GIpE is cytosolic and PspE is periplasmic — and has observed that

glpE/pspE mutants do not display apparent phenotypes. This finding possibly
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indicates that neither gene is essential for sulfur metabolism [84]. From the
neighborhood prediction in 4. vinelandii DJ it is noteworthy to mention the probable
occurrence of Avin46930 in an operon with a sulphate transporter (Avin46920) and a
beta-lactamase-like protein (Avin46910). STRING reveals the occurrence of gene
fusions between rhodaneses homologous to Avin46930 and proteins similar to
Avind6910 in Polaromonas sp. (Bpro _4842) and Nitrosococcus oceani (Noc_2007).
One of A4. vinelandii DJ rhodaneses, RhdK (Avin48690), has a singular
architecture comprising a sulfurtransferase domain and an ankirin repeat domain.
Gene neighborhood prediction localizes this element in an operon with genes coding
for a mebC-like oxidorreductase (Avin48680), a putative metallocluster binding
protein (Avin48700), a conserved hypothetical protein (Avin48710) and a glutathione
S-transferase (Avin48720). Comparison to other organisms through Microbes Online
database revealed that rhodaneses with ankirin repeats and mcbC-like
oxidorreductases are likely to be encoded in the same transcription units, at least in
some eubacteria (Figure 6). NCBI's Conserved Domains repository describes the
mcbC-like oxidorreductases (cd02142) as a subset of FMN-dependet proteins
capable of modifying polypeptides by cyclizing a thioester to form a ring. Also, this
family comprises oxydase domains of non-ribosomal peptide synthetases, as it can be
exemplified by the epothilone biosynthesis pathway protein EpoB [85]. In this way,
it could be speculated that the ankirin-repeat rhodaneses and mcbC-like
oxidoreductases may have some biochemical interaction relevant to the organisms
where both proteins are encoded by genes in the same operon. The thioester reaction
catalyzed by mcbC-like oxidoreductases and the putative sulfurtransferase activity of
Avin48690 — it is predicted to have an active cysteine residue (see Figure 3) — also

contribute to a possible interaction.
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The last rhodanese-like protein identified in 4. vinelandii DJ is the nif-
encoded RhdN (Avin51050). The only close homologue observed is PST 1303
(67.27% identity) from the also nitrogen-fixing bacterium Pseudomonas stutzeri
A1501 and is found in a nif operon equivalent to that of 4. vinelandii DJ (Avin50990
to Avin51060; see Table 9). Possibly, these rhodaneses could be involved in some
sulfur-transfer reaction that would ultimately lead to nitrogenase maturation.
Although this issue has to be better investigated, there is some evidence that support
the theory. Pagani and colleagues [86] have demonstrated that the activity of the Fe
protein component of Klebsiella pneumoniae nitrogenase can be restored upon
addition of bovine liver rhodanese in the presence of thiosulfate ferric citrate and
reduced lipoate. Even though a mammalian sulfurtransferase was used, the authors in
fact discussed the possibility of a nif-specific rhodanese leading to the activation of

Fe protein [86].

1.7) General remarks

The results presented here summarize some of our findings concerning
characterized and possible new [Fe-S] proteins in the nitrogen-fixing bacterium 4.
vinelandii DJ. Although only some relevant examples were discussed here, the
complete set of proteins identified is much larger (Figure 7). This group comprises
members from different functional classes and, possibly, capable of binding various
[Fe-S] cofactors species, as it was recently demonstrated that the vanadium
nitrogenase regulatory protein VnfA (Avin02780) binds a [4Fe-3S] cluster [87].

When the set of known and possible [Fe-S] proteins is analyzed in terms of
members per functional category — assigned during 4. vinelandii DJ genome's

annotation — it is possible to observe that the majority of the identified proteins is
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predicted to be involved in energy metabolism pathways (Figure 8). This result
agrees with the well established roles of [Fe-S] clusters on oxido-reduction and
electron transfer processes [1], even though a consistent number of candidates falls
into at least two other prominent categories: biosynthesis of cofactors, prosthetic
groups and carriers (group 4) and central intermediary metabolism (group 5; see
Figure 8). Besides that, almost 20 predicted [Fe-S] proteins are clustered in the
'Unidentified' category (group 18.99, see Figure 8), stressing out the lack of

knowledge on the biochemistry of many [Fe-S] proteins.

Estimating IscR regulatory sequence motifs

On an attempt to better characterize the extension of IscR transcriptional
regulation in A. vinelandii DJ, the occurrence of IscR-binding motifs upstream to
coding regions was evaluated. The first step in this process was the generation of a
position-specific score matrix (PSSM) based on the IscR-binding region upstream
the iscR genes of A. vinelandii DJ and sequenced Pseudomonas species. This PSSM
was compared to the IscR-binding matrix for Beta and Gammaproteobacteria from
RegTransBase's curated database of transcription factor binding sites. The matrices
showed a high degree of similarity, while some local differences were obvious
(Figure 9). These slight discrepancies between profiles were accounted to the
genomic background of the Pseudomonadaceae family — especially high GC content
— introduced in our PSSM by using only Azotobacter and Pseudomonas sequences.
However, this genomic background is desirable to a more rigorous and realistic
prediction of DNA motifs.

Following PSSM generation, the DNA profile obtained was used to scan

Azotobacter's genome for putative IscR-binding regions. The MEME Suite Motif-
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based sequence analysis tools were used to this purpose and a total of 36 binding
sites, including the one upstream iscR, were identified. A selection of the most
concordant hits (e.g. the best conserved motifs) scoring below a 1x10~ threshold was
then made and can be observed on Table 11A. The same 36 initial motifs were also
submitted to MREC algorithm for cross-validation of data generated by the MEME
package (Table 11B). While some high-scoring hits were predicted by only one of the
two methods used, there was a group of sequences that both motif-prediction
softwares were able to identify (depicted in gray in Tables 11A and 11B). Members
predicted by MEME Suite and MREC were designated as 'best hits' and they were
chosen for a closer investigation, attempting to establish a link to a possible IscR
transcriptional regulation.

In Escherichia coli, IscR was observed to bind to DNA regions from about 40
to 80 nucleotides upstream the iscR gene, downregulating transcription of the isc
operon [8]. Therefore, the first parameter evaluated on the set of best hits was the
distance of predicted IscR-binding motifs relative to the predicted start codons. As
Figure 10 shows, some IscR-regulated candidates have putative IscR-binding motifs
similarly distanced from their translation start sites as the 4. vinelandii DJ iscR gene
(Avin40410) has. Composing this group are rplL (Avin06160), nifB (Avin51010), gor
(Avin25010), Avin49130, and Avin41790. Only the last two genes code for
uncharacterized proteins and, although little is known of global IscR regulation even
for well-studied portions of bacterial genomes, the present work prioritize the study
of hypothetical and not described candidates. Motifs more distantly located from
start codons (see Figure 10) relate to five uncharacterized candidates — two genes
coding for hypothetical proteins (4vinl6910 and Avin26260) and three genes that

share homology to known molecules (4vinl12430, Avinl7910, and Avin51780).
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Next, the genomic neighborhood of the 10 genes having the best scored IscR-
binding motifs was evaluated (Table 12). The majority of candidates appear to be
single encoded molecules, while only three are seen in operons. nifB (Avin51010) is
part of the well described nif (nitrogen fixation) system, a highly regulated machinery
devoted to nitrogenase expression. rplL (Avin06160) corresponds to the 50S
ribosomal protein L7/L12 and is transcribed with several other members of the
translation apparatus. Finally, Avinl7910 is an uncharacterized gene predicted to
encode a group 1 glycosyl transferase and to be co-transcribed with two conserved
hypothetical partners (see Table 12). Although nitrogen fixation and translation are
thorough investigated processes, an evident IscR regulation of these features was not
yet experimentally observed. However, as Figures 11 and 12 show, an association
between IscR and regulation of nitrogen fixing and ribosomal proteins cannot be
over ruled, due to the great complexity of both biological pathways, considering the
predictions reported here.

The putative glycosyl transferase gene Avinl7910 and its possible co-
transcribed partners Avinl7920 and Avinl7930 are encountered in an operon
structure common to various Pseudomonas species (Figure 13), suggesting a
conserved role for these elements in the Pseudomonadaceae family. Usually, proteins
with glycosyl transferase motifs like Avinl17910 are involved in the biosynthesis of
disaccharides, oligosaccharides and polysaccharides, catalyzing the formation of
glycosidic bonds. Avin17910 has a predicted molecular weight of 40405.8 Da and a
theoretical pl equivalent to 9.50 , while its instability index, as computed by
Protparam, classifies the protein as unstable. Avin17920 harbors the conserved
uncharacterized domain DUF2334, found in many hypothetical bacterial proteins.

This polypeptide is estimated to have a pl of 9.73, a molecular weight of 29613.0 Da
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and is also hypothesized as an unstable molecule. Finally, Avin17930 has the
UPF0104 domain related to uncharacterized proteins and to
lysylphosphatidylglycerol (L-PG) synthetase, the enzyme responsible for the
addition of lysine to membrane's phosphatidylglycerol. L-PG biosynthesis is central
to bacterial virulence mechanisms and evasion from the host immune system and is
best understood in Gram-positive organisms like Staphylococcus aureus [88].
Avinl7930 is also classified as an unstable molecule, with a theoretical pI of 11.69
and a molecular weight of 35714.0 Da.

Since protein 3-D structures are better conserved than sequences, BLAST
searches against the PDB (Protein Data Bank) dataset were retrieved in an attempt to
identify characterized homologues of the proteins encoded in the Avinl7920 to
Avinl7930 operon. For Avinl7910, the most similar structure found was Bacillus
anthracis’ ORF BA1558 (PDB: 2JJM_A). Although the function of BA1558 remains
unknown, crystallization experiments have identified it as a group 4 glycosyl
transferase [89]. Members of this group are involved a variety of processes, as
lipopolysaccharide biosynthesis, phosphatidylinostol mannoside synthesis and
mycothiol biosynthesis; however, BA1558 shares no more than 23% sequence
identity to any protein of these pathways [89]. No sequences within the PDB
database are similar to Avinl17920 and Avin17930.

Considering the single-encoded genes predicted to have IscR-binding motifs
on their 5'-untranslated regions, gor (4vin25010) is the only known one. This gene is
46% identical to its E. coli ortholog, a well characterized element that codes for
glutathione reductase [90, 91]. Glutathione reductase is a flavoprotein that reduces
oxidized glutathione to form reduced glutathione (GSH), the major nonprotein

sulthydryl in living organisms. GSH takes part in many different intra-cellular
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processes, including maintenance of reduced thiol groups, protection from oxygen-
induced cell damage, and generation of deoxyribonucleotide precursors for DNA
synthesis. An IscR-regulation of this protein could be understood as an integration of
[Fe-S] cluster metabolism to cell survival processes.

The three following candidates, Avin16910, Avin26260 and Avin49130, are
hypothetical genes to which there is no information available. Avin26260 is thought
to encode a basic protein of 15934.9 Da. Estimations of its stability index classify
this polypeptide as stable in solution. Both Avin49130 and Avin16910 are computed
as unstable proteins, the first having a molecular weight of 8730.5 Da and a
theoretical pl equivalent to 6.02 ; the second, 19403.4 Da and a pI of 9.99.

Avin12430 is a conserved gene in the Pseudomonadaceae family predicted to
encode a TonB-dependent siderophore receptor . Proteins of this kind are clustered in
a large family, exemplified by E. coli TonB. TonB protein interacts with outer
membrane receptor proteins that carry out high-affinity binding and energy-
dependent uptake of specific substrates into the periplasmic space [92]. TonB-
dependent regulatory systems usually consist of six components: a specialized outer
membrane TonB-dependent receptor, an energizing TonB-ExbBD protein complex, a
cytoplasmic membrane-localized anti-sigma factor and an extra cytoplasmic function
(ECF)-subfamily sigma factor [93]. The TonB complex acts as a molecular sensor
from the environment and transmits signals into the cytoplasm, leading to
transcriptional activation of target genes. The best PDB database homologue of
Avin12430 is the alcaligin outer membrane receptor FauA from Bordetella pertussis
(PDB: 3EFM_A). Alcaligin is a siderophore produced under iron-limiting conditions
that is released to the extracellular compartment to chelate iron. Ferric-alcaligin

complexes are then taken up by B. pertussis through the TonB-dependent family
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member FauA [94]. Considering these data, Avin12430 could also be involved in
iron uptake and IscR could regulate its transcription according to cellular iron levels,
since the [Fe-S] cluster in IscR acts as an iron sensor [§].

The last two genes predicted to be regulated by IscR are thought to act on
carbohydrate metabolism. Avin41790 is annotated as a gene coding for a
carbohydrate transport membrane protein, while Avin51780 codes for a putative
alpha-glucosidase. Pfam computes a MSF 1 (Major Facilitator Superfamily, type 1)
amino acid domain for Avin41790. MFS proteins act on the transport of many
substrates across cytoplasmic or internal membranes, including ions, sugar
phosphates, drugs, neurotransmitters, nucleosides, amino acids, and peptides.
Bacterial members are primarily dedicated to the uptake of nutrients and to the efflux
of drugs. NCBI's Conserved Domains Database also classifies Avin41790 as a Aral-
like arabinose efflux permease (COG2814). E. coli AraJ shares sequence similarity
with drug efflux proteins of the MFS family, suggesting that it may function as a
sugar efflux system [95]. On the other hand, Avin51780 has a motif corresponding to
the 97th family of glycosidases, called Glyco hydro 97 (Pfam). Glycosidases
catalyze the cleavage of glycosidic bonds, generating either anomeric inverted or
retained products [96]. Proteins within this family have a typical and complete
(beta/alpha)8-barrel or catalytic TIM-barrel type domain, which can be involved in
oligomerisation and carbohydrate binding [97]. BLAST searches on the PDB
database have found a family 97 alpha-glycosidase from Bacteroides
thetaiotaomicron (BtGH97a, PDB: 2JKA A) 40% identical to Avin51780. BtGH97a
was showed to act by an inversion mechanism dependent on calcium upon analysis
by 'H nuclear magnetic resonance [96]. Therefore, the observation of IscR-binding

sites upstream both Avin41790 and Avin51780 indicates a putative function for [Fe-S]
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cluster-mediated regulation on carbohydrate metabolism.
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Conclusions

Despite the theoretical tone of this work and the need for future laboratory
validation, the ideas proposed here are supported by a strong bioinformatics
background. Taken together, the results presented here aggregate data on
experimentally characterized and in silico predicted A. vinelandii DJ [Fe-S] proteins.
In this way, the compiled database, added to the proposed IscR-regulated genes, can
be used by researchers to further investigate new metabolic features driven by [Fe-S]
cofactors and expand the current understanding on [Fe-S] cluster biosynthesis and

transfer to terminal proteins.
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Materials and methods

[Fe-S] protein sequences analysis

A. vinelandii DJ genomic information was primarily retrieved from the
organism's genome project home page [12]. Complementary data were also found at
the National Center for Biotechnology Information [13].

STRING 8 (Search Tool for the Retrieval of Interacting Genes/Proteins [14])
was used for the discovery of protein-protein interactions, both physical and
functional ones [15]. The current software release is supported by data from 630
organisms accounting for about 2.5 million proteins deposited. The prediction
method utilized relies on different information sources, that together greatly improve
overall accuracy. STRING consults repositories of experimentally determined
biological processes, as well as it seeks relevant data about the user's query — or
proteins homologous to it — on scientific journals libraries, like Pubmed. Besides
that, STRING's algorithm predicts interaction between proteins based on the genomic
neighborhood of the protein of interest, gene fusions, co-expression patterns and
evolutionary relationships. Utilizing all described criteria, a final score between 0
and 1 is attributed to each protein-protein interaction prediction to denote its
probability of occurrence.

Protein domains were by Pfam [16], a database of protein domain families
generated through seed alignments of amino acid sequences and profile hidden
Markov models (HMMs) [17]. Query sequences are scanned against these profiles to
predict domains based on internal thresholds. The current release, 24.0, contains
11912 Pfam-A families — high quality, curated sets of data — and additional lower
quality Pfam-B families generated using the ADDA (Automatic Domain

Decomposition Algorithm) database [18].
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Estimations of adjacent genes within the same operon or transcription unit
were assessed through MicrobesOnline Operon Predictions Suite [19, 20]. Based
entirely on genomic sequences, the predictions retrieved by the software show good
agreement with microarray data, since genes encoded in the same operon tend to
have similar expression patterns. In order to decide if two adjacent genes belong to
the same operon, MicrobesOnline considers (i) the intergenic distance between the
genes, (i1) orthologs in the same disposition in other genomes, (iii) functional
similarity by the Clusters of Orthologous Groups (COG) standard [21] and (iv)

similarity of codon usage by codon adaptation index [22].

Regulatory IscR sequence motifs estimation

The MEME Suite Motif-based sequence analysis tools [23], version 4.3.0,
were used for generation of an IscR-binding domain position-specific scoring matrix
(PSSM). Specifically, MEME (Multiple Em for Motif Elicitation) tool was applied to
this task using the expectation maximization algorithm [24], a mathematical
approach suited to find the best possible scores in an iterative process without testing
all possibilities [25]. 4. vinelandii DJ's genome was scanned with the constructed
PSSM by FIMO (Find Individual Motif Occurrences). FIMO searches for hits on a
specified genome based on motifs provided by the user. The algorithm reports
probabilities of positive occurrences, smaller than a specified threshold, as p-values,
assuming a zero-order background model. P-values are then used to calculate q-
values — a report of the minimal false discovery rate at which motifs are considered
significant. Tomtom Motif Comparison Tool was used to compare DNA motifs to
databases of known motifs. Scores are also reported as p- and g-values, based on the

number of overlapping positions between the query motif and a motif from the
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database [26].

MREC (Motif REcognition Computer program [27] identifies cis-regulatory
motifs in sets of promoter sequences, scoring groups of candidate motifs with
similar sequences using p-values [28]. This software was applied to cross-validate
putative IscR-regulated candidates discovered by the MEME Suite. Scores are
independent of the length of sequences, which was observed to greatly improve
predictions. The software was tested on both in silico and biological data from

prokaryotes and was proved to outperform Cosmo and MEME motif-finding tools.
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Figures

Figure 1: Alignment of the N-terminal portion of the three thioredoxin-like
proteins from Azotobacter vinelandii DJ. — Avin06670, Avin45140 and

Avin47420.

Sequences of the three thioredoxin-like proteins Avin06670, Avind45140 and
Avin47420 are shown. The figure highlights the conserved underlined CGPC motif
(CAPC for Avin06670) with its two cysteines depicted in gray and the four additional

cysteines from Avin45140 forming two CXXC motifs.

Figure 2: Alignment of two MoaA homologous proteins (Avin03850 and
Avin30330) with Avin35520.

Avin35520 is a possible new member dedicated to the biosynthesis of molybdenum
cofactor. Avin35520 has a shortened N-terminal portion and contains four conserved

cysteine residues compared to the MoaA homologues.

Figure 3: Domain organization of Azotobacter vinelandii DJ xdh-like and ior-
like gene products.

Architectures of A. vinelandii DJ XdhA and lorA-like proteins, compared to B.
diminuta lorA; domain organization of A. vinelandii DJ XdhB and lorB-like
proteins, compared to B. diminuta IorB. XdhA and lorA-like proteins share the two
[2Fe-28S] clusters binding region, while lorB-like proteins seem to be tandem repeats

of XdhB domain Ald Xan dh C2 (Pfam).

Figure 4: Schematic representation of domains comprehended in Azotobacter
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vinelandii DJ rhodanese-like proteins.

Domains drawn to scale using ExPASy Proteomics Server's tool My Domains
according to Pfam coordinates. Red diamonds: predicted active site cysteine residues

(Pfam).

Figure 5: STRING analysis of MoeB2 (Avin02700) a rhodanese domain protein.

MoeB?2 is associated to the molybdopterin biosynthesis protein domains ThiF and
MoeZ MoeB and its closest STRING hit — showed here — is Burkholderia
thailandensis E264 protein MoeZ (BTH_110296), sharing 65.43% identity to MoeB?2.
The software infers strong association of the query sequence to molybdenum
metabolism (MoeZ interactions with BTH 12202, BTH 11706, BTH 11704 and

MoaC), as well as a relevant connection with IscS (see text).

Figure 6: MicrobesOnline database genome alignment with genes coding for

rhodaneses with ankirin repeats.

Some eubacteria appear to have a tendency to encode this particular kind of
rhodanese (highlighted in light red) together with mcbC-like oxidorreductases (light

blue).

Figure 7: Panel on Azotobacter vinelandii DJ characterized and predicted [Fe-

S] proteins.

Proteins are color-coded according to the nature of [Fe-S] cofactors they are known or

predicted to ligate. Proteins are also organized in the functional categories assigned by A.
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vinelandii DJ genome project or clustered in larger groups for convenience.

Figure 8: Distribution of Azotobacter vinelandii DJ known and predicted [Fe-S]
proteins into functional categories.

Proteins are divided into groups established during the sequencing of A. vinelandii
DJ genome. Numbers near each bar stand for functional sub-categories, as follows:
amino acid biosynthesis — glutamate family (1.3), pyruvate family (1.5), serine
family (1.6); Purines, pyrimidines, nucleosides and nucleotides — nucleoside and
nucleotide interconversions (2.2), pyrimidine ribonucleotide biosynthesis (2.4), other
(2.99); fatty acid and phospholipid metabolism — biosynthesis (3.1) ; biosynthesis of
cofactors, prosthetic groups and carriers — biotin (4.1) , heme and porphyrin (4.4),
molybdopterin (4.7), pyridine nucleotides (4.10), others (4.99); central intermediary
metabolism — nitrogen metabolism (5.2), sulfur metabolism (5.5), nitrogen fixation
(5.6), aromatic compounds (5.7), other (5.9); energy metabolism — aerobic (7.1),
amino acids and amines (7.2), electron transport (7.5), Entner-Doudoroft (7.6),
sugars (7.13), TCA cycle (7.14), other (7.99); transport and binding proteins — amino
acids, peptides and amines (8.1), cations (8.4); DNA metabolism, replication,
recombination and repair (9.2); translation — ribosomal proteins: synthesis and
modification (11.5), tRNA modification (11.6); regulatory functions — Crp, Fnr
(12.10) , other (12.99); cellular processes — toxin production and resistance (14.6),

other (14.99); hypothetical, conserved hypothetical (16.2); undefined (18.99).

Figure 9: Generation of an IscR-binding position-specific score matrix (PSSM).

The matrix used here was based on the IscR-binding region upstream the iscR genes
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of A. vinelandii DJ and sequenced Pseudomonas species. The PSSM constructed in
this study (Avin_+ Pseudomonads IscR signatures, lower logogram) was compared
to the IscR-binding matrix for Beta and Gammaproteobacteria from RegTransBase's
curated database of transcription factor binding sites (IscR_Beta Gamma, upper
logogram). Three statistical methods — Pearson correlation coefficient, Euclidean
distance and Sandelin-Wasserman similarity function — were then used to determine
the similarity between the two matrices. Results are reported as g-values (the
minimal false discovery rates at which observed similarities would be deemed
significant) and converted to p-values. Overlap, query offset and orientation are

position-specific parameters that help calculating p-values.

Figure 10: Position of predicted IscR-binding motifs relative to the first codon
of candidate genes.

The distance of all elements is compared to iscR (Avin40410), a gene that has a
known IscR-binding motif about 40 nucleotides upstream its start codon. All

representations are drawn to the same scale.

Figure 11: STRING analysis of Pseudomonas aeruginosa PA14 50S ribosomal

protein L7/L12 (RplL).

P aeruginosa PAI4 RplL is the closest A. vinelandii DJ homologue for this
polypeptide within STRING's database. The rp/L gene product is involved in the
complex process of ribosome assembly and translation: an extensive and highly

regulated protein network. Only the 20 most direct interaction partners are shown.
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Figure 12: STRING analysis of Pseudomonas stutzeri NifB protein.

P, stutzeri NifB is the closest 4. vinelandii DJ homologue for this polypeptide within
STRING's database. The nifB gene product is involved in maturation of the MoFe
nitrogenase, a multi-step process dependable on many proteins. Only the 10 most

direct interaction partners are shown.

Figure 13: Conservation of the Avin17910 to Avin17930 operon structure of

Azotobacter vinelandii DJ among the Pseudomonas genus.

This predicted operon encodes a putative glycosyl transferase (light green) and two

conserved hypothetical genes.
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Figure 1

Avin06670 MSEIPYIFDVTDASEDQLVLENS——=——=——=—————————————————————— FHKPVL 29
Avind7420 MSEL--ITNVSDASFEQDVLQA-———————————————"——"——"——"—\—"—~—(—~—(—~—(——— EGPVL 25
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**
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Avin35520 @ ---—- DLRTLRITGGEPLISPLEFDGFMAELG- RLGFADVSLTTNGQLLSRKLPVLLAAGI 77
. * ****** : *: REIN H [ **** * * **
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..... HER R R R HN P : HEER O
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* * .* ** * * Kk . F *  * ** . *
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. * * * *
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Figure 5
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Figure 8
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Figure 9
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Figure 10
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Figure 11
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Figure 12
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Tables

Table 1: Azotobacter vinelandii DJ NADH-uibiquinone oxidoreductases
encoding [Fe-S] subunits.

Listed are the the ATP-uncoupled Nqr (membrane-associated) and Ndh systems, as
well as the ATP-coupled Nuo-type oxidoreductase. Products labeled in gray denote
predicted [2Fe-2S] proteins, while those in black stand for predicted [4Fe-4S]

proteins. Some terms are abbreviated. Pfam: protein motifs description.

Table 2: Rnf electron complex systems from Azotobacter vinelandii DJ.

In both operons listed, subunits B and C, labeled in black, are characterized as [4Fe-

4S] proteins. Some terms are abbreviated. Pfam: protein motifs description.

Table 3: Cytochrome c reductase and cytochrome c oxidase cbb3 systems
from Azotobacter vinelandii DJ.

The Rieske subunit of complex III, PetA (Avin13060) is a [2Fe-2S] protein — labeled
in gray. The accessory protein CcoG (Avin19970) to the terminal oxidase cbb3 is a
predicted [4Fe-4S] protein, as depicted in black. Some terms are abbreviated. Pfam:

protein motifs description.

Table 4: Membrane bound Ni-dependent carbon monoxide dehydrogenase

and accessory proteins from Azotobacter vinelandii DJ.

Also shown is the transcriptional regulator coo4 (Avin47010), distantly located from

the coo operon. CooF (Avin04500) is a known [4Fe-4S] protein, while Avin04480 is
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predicted to bind a cluster of the same nature; both proteins are highlighted in black.

Some terms are abbreviated. Pfam: protein motifs description.

Table 5: Formate dehydrogenase (FDH) and accessory proteins from

Azotobacter vinelandii DJ.

FdhH (Avin03820) is a [4Fe-4S] protein and the B subunit of FDH. FdhE
(Avin03840) is also a [4Fe-4S] protein accessory to the process of FDH assembly.

Some terms are abbreviated. Pfam: protein motifs description.

Table 6: Thioredoxin-like genes encoded in Azotobacter vinelandii DJ genome.

Products labeled in gray denote predicted [2Fe-2S] proteins. Some terms are

abbreviated. Pfam: protein motifs description.

Table 7: Glutaredoxin (Grx) homologs in Azotobacter vinelandii DJ.

Avin04690 and Avin14040 are predicted to harbor [2Fe-2S] cofactors and are shaded
in gray. Avin51060, the nif-associated Grx, is likely to ligate a [4Fe-4S] cluster

(black). Some terms are abbreviated. Pfam: protein motifs description.

Table 8: Molybdenum cofactor biosynthesis protein A (MoaA) homologs in

Azotobacter vinelandii DJ.

Avin03850 and Avin30330 are two known [4Fe-4S]-containing MoaA homologs,
while Avin35520 is a similar protein with the same domains as the MoaA-like

protein. Two other molecules share a more distant similarity with MoaA (Avin20630
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and Avin20660) and together with Avin35520 are predicted to bind a [4Fe-4S]

cluster. Pfam: protein motifs description.

Table 9: Azotobacter vinelandii DJ xdh operon and three predicted xanthine

dehydrogenase-like encoding operons.

The three putative transcription units ( Avin25820 to Avin25850, Avin26060 and
Avin26070, and Avin35540 to Avin35570) bear consistent homology to

Brevundimonas diminuta 1soquinoline 1-oxidoreductase genes.

Table 10: Genomic neighborhood of rhodanese-domain proteins in

Azotobacter vinelandii DJ.

The predicted sulfurtransferase elements whitin each operon are highlighted in gray.

See text for details. Some terms are abbreviated. Pfam: protein motifs description.

Table 11: Azotobacter vinelandii DJ's genome scanning for IscR-regulated

genes.

(A): A. vinelandii DJ candidates whose genes are predicted to encode IscR-binding
motifs, as computed by the MEME Suite. From 36 putative sites identified using the
PSSM generated, those having p-values below a 1x107 threshold are listed here. (B):
The procedure described in (A) was also done using the MREC tool. Candidates
having similar IscR-binding motifs were grouped by MREC on a high significance
dataset with a single p-value. Members predicted by both MEME Suite and MREC —
depicted in gray in (A) and (B) — were designated as 'best hits' and were chosen for
further computational investigations.
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Table 12: Genomic neighborhood analysis of the 10 genes having the best

scored IscR-binding motifs in Azotobacter vinelandii DJ.

The computations were carried out by both MEME Suite and MREC tool.

Candidates are depicted in gray, while putative transcriptional partners are in white.
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Table 1

Locus Tag  Gene Pfam Product
Membrane associated
Avin14590  ngrA NQRA NADH:ubq oxidored. Na(+) sub. A
Avin14600 ngrB NQR2_RnfD_RnfE NADH:ubq oxidored. Na(+) sub. B
Avin14610  nqrC FMN_bind NADH:ubq oxidored. Na(+) sub. C
Avin14620  nqrD Rnf-Nar NADH:ubq oxidored. Na(+) sub. D
Avin14630  nqrE Rnf-Nar NADH:ubq oxidored. Na(+) sub. E
Avin14640 nqgrF Fer2 + FAD_6 + NAD _1 NADH:ubq oxidored. Na(+) sub. F
Cytosoalic
Avin12000 ndh Pyr_redox_2
ATP-coupled
Avin28440  nuoA Oxidored_g4 NADH:ubq oxidored, sub. A
Avin28450  nuoB Oxidored_g6
Avin28460  nuocd Complex1_30kDa +_49kDa NADH:ubq oxidored, sub. CD
Avin28470 nuoE Complex1_24kDa NADH:ubq oxidored, sub. E
Avin28480  nuoF Complex1_51K
Avin28490  nuoG Fer2 + Molybdop_Fe4S4 NADH:ubg oxidored, sub. G
Avin28500  nuoH NADHdh NADH:ubq oxidored, sub. H
Avin28510  nuol Fer4 + Fer4
Avin28520 nuodJ Oxidored g3 NADH:ubg oxidored, sub. J
Avin28530  nuoK Oxidored_g2 NADH:ubq oxidored, sub. K
Avin28540 nuoL  Oxidored_q1_N + Oxidored g1 NADH:ubqg oxidored, sub. L
Avin28550  nuoM Oxidored_q1 NADH:ubq oxidored, sub. M
Avin28560 nuoN Oxidored_q1 NADH:ubq oxidored, sub. N
Table 2
Locus Tag  Gene Pfam Product
Rnf2
Avin19220 mfE Rnf-Ngr Electron transp. complex, sub. E
Avin19230  mfG FMN_bind Electron transp. complex, sub. G
Avin19240  mfD NQR2_RnfD_RnfE Electron transp. complex, sub. D
Avin19250  mfC Complex1_51K + Fer4 + Fer4 Electron transp. complex, sub. C
Avin19260  mfB FeS + Fer4 + Ferd Electron transp. complex, sub. B
Avin19270  mfA Rnf-Ngr Electron transp. complex, sub. A
Rnf1
Avin50900 Nitro FeMo-Co N, fixation-related protein
Avin50910 nafY Nitro_FeMo-Co N2 fixation-related protein, y sub.
Avin50920  mfH UPF0125 Electron transp. complex, sub. H
Avin50930  rnfE1 Rnf-Ngr Electron transp. complex, sub. E
Avin50940  mfG1 FMN_bind Electron transp. complex, sub. G
Avin50950  mfD1 NQR2_RnfD_RnfE Electron transp. complex, sub. D
Avin50960 mfC1  Complex1_51K + Fer4 + Ferd Electron transp. complex, sub. C
Avin50970  rfnB1 FeS + Ferd + Ferd Electron transp. complex, sub. B
Avin50980  rnfA1 Rnf-Ngr Electron transp. complex, sub. A
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Table 3

Locus Tag Gene Pfam Product
Cytochrome c reductase
Avin13060 petA Rieske Ubg.-cyt. ¢ reductase, [Fe-S] sub.
Avin13070 petB Cyt._B N+ Cyt._B_C Cytochrome b/b6
Avin13080 petC Cytochrom_C1 Ubg.-cyt. ¢ reductase, cytochrome c1
Cytochrome terminal oxidase
Avin19940  ccoS CcoS Cytochrome c oxidase maturation ptn.
Avin19950 ccol HMA + E1-E2_ATPase + Hydr.  Copper-translocating P-type ATPase
Avin19960  ccoH No Cytochrome c oxidase accessory ptn.
Avin19970  ccoG Fer4 Cytochrome c oxidase accessory ptn.
Avin19980  ccoP Cytochrom_C (2x) Cytochrome ¢ oxidase cbb3, sub. Il|
Avin19990  ccoQ No Cytochrome c¢ oxidase cbb3, sub. IV
Avin20000  ccoO FixO Cytochrome c oxidase cbb3, sub. Il
Avin20010  ccoN COXA1 Cytochrome ¢ oxidase cbb3, sub. |
Table 4
Locus Tag  Gene Pfam Product
Avin04450 HupE_UreJ Nickel transp. for CO dehydrogenase
Avin04460 No Hypothetical protein
Avin04470  cooC CbiA CO dehydrogenase assesory protein
Avin04480 Pyr_redox_2 FAD/pir. nucleotide-disulph. Oxidored.
Avin04490  cooS Prismane CO dehydrogenase, catalytic subunit
Avin04500  cooF Fer4 Fe-S binding protein
Avind7010  cooA Crp CO oxidation regulator, Crp/Fnr
Table 5
Locus Tag  Gene Pfam Product
Avin03800 fdhD FdhD-NarQ Formate dehydr. accessory ptn.
Avin03810 fdhG ~ Mo_Fe4S4 + Mo + Mo_binding Formate dehydrogenase, a subunit
Avin03820  fdhH Fer4 Formate dehydrogenase, B subunit
Avin03830 fdhl Cytochrom_B_N Formate dehydrogenase, y subunit
Avin03840 fdhE FdhE Formate dehydr. accessory ptn.
Table 6
Locus Tag Gene Pfam Product
Avin06670 Thioredoxin Thioredoxin protein
Avind5140 Thioredoxin Thioredoxin 2, TrxC
Avind7420 trxA Thioredoxin Thioredoxin 1, Trx1
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Table 7

Locus Tag  Gene Pfam Product
Avin04680 Rhodanese Rhodanese-like protein
Avin04690 Glutaredoxin Dithiol-glutaredoxin protein
Avin04700  secB SecB Protein-export chaperone
Avin14040 Glutaredoxin Glutaredoxin 4 protein
Avin50990 nifL PAS + PAS + HATPase_c Regulatory protein
Avin51000 nifA  GAF + Sigmab4_activat + HTH_8 Sigmab4 transc. Activator
Avin51010 nifB Radical_SAM + Nitro_FeMo-Co Nitrogenase cofactor
Avin51020 Ferd Ferredoxin
Avin51030 nifO ArsC Nitrogenase-associated
Avin51050 rhdN Rhodanese Rhodanese/ sulfurtransferase
Avin51060 Glutaredoxin Glutaredoxin-related protein
Table 8
Locus Tag Gene Pfam Product
Avin03850 moaA  Radical_SAM + Mob_synth C Mo cofactor biosynthesis protein A
Avin20620 Glycos_transf 2 Glycosyl transferase, family 2
Avin20630 Radical_SAM MoaA, NifB, PgqE family protein
Avin20650 Glycos_transf 2 Glycosyl transferase, family 2
Avin20660 Radical_SAM MoaA, NifB, PqqE family protein
Avin20670 YdjC Conserved hypothetical protein
Avin20680 No Conserved hypothetical protein
Avin30330 moaA  Radical_SAM + Mob_synth_C Mo cofactor biosynthesis protein A
Avin35520 Radical_SAM + Mob_synth_C Mo cofactor biosynthesis protein
Table 9
Locus Tag  Gene Pfam Product
Avin22270  xdhC XdhC_CoxlI Xanthine dehydr. accessory ptn.
Avin22280  xdhB Ald_Xan dh C+ _C2 Xanthine dehydr. Mo-pterin bind. Sub.
Avin22290  xdhA Fer2 + 2 + CO_deh flav_C Xanthine dehydr. small sub.
Avin25820 No Conserved hypothetical protein
Avin25830 XdhC_CoxI Conserved hypothetical protein
Avin25840 Ald_Xan_dh_C2 (3x) Oxidored. Mo-pterin-binding subunit
Avin25850 Fer2 + Fer2_2 Ferredoxin
Avin26060 Fer2 + Fer2_2 Oxidoreductase Fe-S binding subunit
Avin26070 Ald_Xan_dh_C2 (3x) Oxidoreductase
Avin35540 Fer2 + Fer2_2 Fe-S binding oxidoreductase
Avin35550 Ald_Xan_dh_C2 (3x) Oxidored., xanthine dehydr.-like
Avin35560 No Hypothetical protein
Avin35570 Cupin_2 Conserved hypothetical protein

83



Table 10

Locus Tag  Gene Pfam Product
Avin02700 moeB2 ThiF + MoeZ_MoeB + Rhodan. Molybdopterin biosyn. protein
Avin02710 ThiF + MoeZ_MoeB Molybdopterin biosyn. protein
Avin02720 ThiS Molybdopterin biosyn. protein
Avin02730 No Conserved hypothetical protein
Avin04680 Rhodanese Rhodanese-like protein
Avin04690 Glutaredoxin Dithiol-glutaredoxin protein
Avin04700  secB SecB Protein-export chaperone
Avin07440 psd PS_Decarbxylase Phosphatidylserine decarboxylase
Avin07450  rhdA Rhodanese + Rhodanese Rhodanese
Avin20950 PP2C Ser/Thr phosphatase, 2C-like
Avin20960 No Hypothetical protein
Avin20970  rhdE Rhodanese Rhodanese-like
Avin20980  cysE3 Hexapep (4x) Serine O-acetyltransferase
Avin21500 Rhodanese (3x) Rhodanese-like protein
Avin21510  metC Cys_Met_Meta PP Cystathionine beta-lyase
Avin30940 No Hypothetical protein
Avin30950 No Hypothetical protein
Avin30960 Rhodanese (4x) Rhodanese-like protein
Avin30970 CDO_| Cysteine dioxygenase type |
Avin32980 Rhodanese + Rhodanese 3-mercaptopyruvate sulfurtransferase
Avin46800  IptD OstA_C Organic solvent tolerance
Avind6810 Rotamase + Rotamase Pep-prolyl cis-trans isomerase
Avind6820  pdxA PdxA PLP biosynthetic protein
Avind6830  ksgA RrnaAD dimethyladenosine transf.
Avind6840  apaG DUF525 ApaG-protein
Avind6850  apaH Metallophos bis(5-nucleosyl)-tetraphos.
Avind6860  gIpE Rhodanese Thiosulfate sulfurtransferase
Avind6910 Lactamase_B Beta-lactamase-like protein
Avin46920 STAS Sulphate transporter
Avin46930 Rhodanese Rhodanese-domain protein
Avin48680 Nitroreductase (2x) McbC-like oxidoreductase
Avind8690  rhdK Rhodanese + Ank (3x) Rhodanese with ankyrin repeat
Avind8700 Nitro_FeMo-Co Metallocluster binding
Avin48710 No Conserved hyp. protein
Avind8720 GST N+GST C Glutathione S-transferase
Avin50990  nifL PAS + PAS + HATPase_c Nitrogen fixing regulatory ptn.
Avin51000  nifA GAF + Sigma54_activat + HTH_8 Nif-specif. Sigmab4 act.
Avin51010  nifE  Radical_SAM + Nitro_FeMo-Co Nitrogenase cofac. Biosyn.
Avin51020 Fer4 Ferredoxin
Avin51030  nifO ArsC Nitrogenase-associated
Avin51050  rhdN Rhodanese Rhodanese/sulfurtransferase
Avin51060 Glutaredoxin Glutaredoxin-related
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Table 11

A) MEME order of significance (10'5 treshold)

Cell division protein FtsK FtsK_SpolllE Avin28220 6,62E-006
UDP-glucose 4-epimerase Epimerase Avind4740 1,24E-005
Transcriptional regulator, Lacl family Lacl + Peripla_BP_1 Avin27300 1,78E-005
Hypothetical protein None Avind0100 1,78E-005
Membrane protein, Auxin Efflux Carrier Auxin_eff Avin12580 2,25E-005
General glycosylation protein None Avin33460 3,15E-005

AA ABC transporter periplasmic None Avin16838 4,83E-005
Transposase None Avin31320  5,95E-005

ABC transp. substrate binding, family 3 SBP_bac_3 Avin21410 9,75E-005

B) MREC order of significance
p-value = 1,75E-015

Molybdate ABC transporter None Avin50730
Sensory histidine protein kinase PAS (2x) + HisKA + HATPase_c Avin25270
Transcriptional regulator protein DgoR IcR Avin51350
Sugar isomerase (SIS) HTH_6 + SIS Avin50020

Lysine 2,3-aminomutase None Avind1820

ABC transp. aliph. sulfonate subs.-binding None Avin31680

Bacterial regulatory protein, GntR family GntR + FCD Avin26860

Sigmab4-dep. Activ. XyIR/DmpR family ~ XylR N+ V4R + Sigmab4_activat Avin08880
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Table 12

Product Pfam Locus tag

Glycosyl transferase, group 1 Glycos_transf_1 Avin17910
Conserved hypothetical protein DUF2334 Avin17920
Conserved hypothetical protein UPF0104 Avin17930
Preprotein translocase, SecE subunit SecE Avin06100
Transcription term./antiterm. factor NusG NusG + KOW Avin06110
508 ribosomal protein L11 Ribosomal_L11_N + Ribosomal_L11 Avin06120
ribosomal protein L1 Ribosomal_L1 Avin06130

508 ribosomal protein L10 Ribosomal_L10 Avin06150

508 ribosomal protein L7/L12 Ribosomal_L12 Avin06160
P26 sRNA Avin65060

Regulatory protein PAS + PAS + HATPase_c Avin50990

Sigmab4 transc. Activator GAF + Sigmab4_activat + HTH_8 Avin51000
Nitrogenase cofactor NifB Radical_SAM + Nitro_FeMo-Co Avin51010
Ferredoxin Ferd Avin51020
Nitrogenase-associated ArsC Avin51030
Rhodanese/sulfurtransferase Rhodanese Avin51050
Glutaredoxin-related Glutaredoxin Avin51060
Glutathione-disulfide reductase Pyr_redox_2 + Pyr_redox_dim Avin25010
Hypothetical protein None Avin26260
Hypothetical protein None Avind9130
Hypothetical protein None Avin16910
TonB-dependent siderophore receptor Plug + TonB_dep_Rec Avin12430
Carbohydrate transport membrane protein MFS_1 Avind1790
Alpha-glucosidase Glyco_hydro 97 Avin51780
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Concluséo e perspectivas

Utilizando uma ampla abordagem computacional, o presente trabalho
da um passo a frente na caracterizacdo funcional do genoma da bactéria
fixadora de nitrogénio A. vinelandii. Do ponto de vista do metabolismo de
cofatores [Fe-S], novos elementos putativos foram identificados e
catalogados. Além disso, buscou-se compreender melhor a rede regulatéria
da proteina IscR, cujo mecanismo de acédo envolve um centro [2Fe-2S]. A
partir deste estudo, sera possivel investigar a atividade predita de genes
candidatos, assim como avaliar novos processos metabdlicos dependentes

de grupamentos [Fe-S].

Como perspectiva de validagcdo dos resultados aqui apresentados,
entre outros objetivos, nosso grupo de pesquisa desenvolve no momento um
grande projeto de transcriptdmica de A. vinelandii. Com o advento de novas
tecnologias de sequenciamento de acidos nucleicos capazes de gerar
milhdes de leituras em poucas horas, estudos praticos de genomas inteiros
sdo agora possiveis. Além disso, consideravel avanco no campo de
enriquecimento de RNAs mensageiros procariéticos a partir de extratos de
RNA total tornou a transcriptémica bacteriana em larga escala uma realidade
(85). Ainda que tal estudo contribua de forma significativa para o melhor
entendimento do metabolismo de cofatores [Fe-S], um experimento dessa
natureza certamente ira agregar substancial conhecimento a biologia geral

de A. vinelandii.
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Complete list of Azotobacter vinelandii known and predicted [Fe-S] proteins.
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