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RESUMO

As proteinas PII sio amplamente distribuidas em bactérias, arqueias e plantas. PII atua como
transdutora de sinais e realiza a regulacdo do metabolismo nesses organismos via interagao
proteina-proteina. Ensaios com PII de Azospirillum brasilense ¢ Escherichia coli indicaram
que essas proteinas possuem uma gama de possiveis novos alvos, estendendo sua importancia
e atuagdo no metabolismo. Quatro desses possiveis novos alvos sao o Fator de terminagao de
Transcri¢do Rho, proteina conhecida por estar envolvida em pelo menos metade dos
processos de liberagdo de RNA pds transcricio em bactérias, uma Diguanilato Ciclase
(AbDGC) e uma Fosfodiesterase (AbPDE), proteinas envolvidas na sintese e degradagdao do
mensageiro secundario c-di-GMP e UMP Fosfatase (UmpH) envolvida na homeostase de
pirimidinas. Visando validar e caracterizar essas interagdes, ensaios de co-precipitacdo com as
proteinas purificadas de A. brasilense ¢ também de Escherichia coli foram realizados. As
proteinas PII interagiram com os quatro alvos in vitro. A interacdo com Rho de A. brasilense
(AbRho) ocorreu de forma estavel com ambas as PII dessa bactéria, GInZ e¢ GInB, na
presenca de ATP e ADP, a interagdo foi inibida na presenca de 2-OG, também efetor de PII.
Rho de E. coli (EcRho) também interagiu com as duas PII, GInB e GInK, no entanto a
interacdo foi mais estavel na presenca de ADP. 2-OG também foi o fator limitante desse
complexo. As proteinas AbDGC e AbPDE de A. brasilense ja haviam sido caracterizadas
como alvos de GInZ in vitro, aqui as mostramos como alvos também de GInB, a interacdo foi
observada na presenca de ATP e ADP e inibida por 2-OG. A proteina UmpH de E. coli
interagiu somente com GInkK, a interacao ocorreu na presenca de ATP e ADP, e foi inibida
por 2-OG. Considerando que 2-OG ¢ uma molécula que sofre variacdes dentro da célula se
acumulando em baixo nitrogénio e diminuindo em alto nitrogénio, ¢ possivel indicar que a
interagcdo dessas proteinas com PII deva ocorrer quando 2-OG decresce significativamente
como em choque de amoénio. Essas novas interagdes de PII sugerem funcdo de PII na
terminacdo da transcri¢do, no metabolismo do segundo mensageiro c-di-GMP e na

homeostase da via de pirimidinas.

Palavras-chave: Complexo proteina-proteina, 2-oxogluturato, Terminacao da transcrigao, C-
di-GMP, Pirimidinas.



ABSTRACT

Proteins of the PII family are widely distributed and are found in bacteria, archaea and plants.
PII acts as a signal transducer and regulate central metabolism in these organisms via protein-
protein interaction. Recent studies with PII from Azospirillum brasilense and Escherichia coli
indicated that PII proteins may have additional targets and regulate a plethora of metabolism
pathways. Four of these possible new targets are: the Rho Transcription Termination Factor, a
protein known to be involved in at least half of the processes of RNA release after
transcription in bacteria, a Diguanylate Cyclase (AbDGC) and a Phosphodiesterase (AbPDE),
proteins involved in the synthesis and degradation of the secondary messenger c-di-GMP and
UMP Phosphatase (UmpH) involved in pyrimidine homeostasis. In order to validate and
characterize these novel PII interactions, co-precipitation assays were performed with purified
proteins from A. brasilense and E. coli. The PII proteins interacted with the four targets in
vitro. The interaction with 4. brasilense’s Rho (AbRho) occurred in a stable manner with both
PII paralogues present in this bacterium, GInZ and GInB. The AbRho-PII complex ocurred in
the presence of the PII effectors ATP and ADP and was inhibited in the presence of 2-OG. E.
coli’s Rho (EcRho) also interacted with the two PII, GInB and GInK, however the interaction
showed a preference for ADP. 2-OG was also the limiting factor of this complex. The
AbDGC and AbPDE proteins of A. brasilense had already been characterized as targets of
GInZ in vitro, here we show them as targets of GInB, the interaction was observed in the
presence of ATP and ADP and inhibited by 2-OG. The E. coli UmpH protein interacted only
with GInK, the interaction occurred in the presence of ATP and ADP and was inhibited by 2-
OG. Considering that 2-OG is a molecule that suffers variations within the cell, accumulating
in the absence of nitrogen and decreasing in high nitrogen, it is possible to indicate that the
interaction of these proteins with PII must occur when 2-OG decreases significantly, in
ammonium shock, for example. These new PII interactions suggest PII function in the
transcription termination, metabolism of the second messenger c-di-GMP and in the

pyrimidine homeostasis.

Keywords: Protein-protein complex, 2-oxogluturate, Transcription termination, C-di-GMP,

Pyrimidines
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1. INTRODUCAO

1.1. Proteinas PII

As proteinas PII sdo amplamente distribuidas nos dominios da natureza sendo
encontradas, de forma conservada, em bactérias, arqueias, algas e plantas. Elas regulam vias
metabolicas centrais nesses organismos através da interacdo com enzimas, transportadores de
membrana e fatores de transcri¢do ou proteinas que controlam fatores de transcricdo. As
proteinas PII sdo transdutoras de sinais e sinalizam o balan¢o da concentragdo de carbono,
nitrogénio e energia intracelular, via concentracdo de 2-oxoglutarato (2-OG), glutamina e
[ATP]/[ADP], respectivamente. 2-OG pode indicar intracelularmente tanto a concentragao de
carbono quanto de nitrogénio (ARCONDEGUY; JACK; MERRICK, 2001; HUERGO et al.,
2012; HUERGO; CHANDRA; MERRICK, 2013).

A classificagdo das proteinas da familia PII seguem dois critérios principais, a
conservagdo da vizinhanca génomica e a similaridade dessas proteinas a nivel da sequéncia
priméria. Essas proteinas sdo divididas em quatro grupos principais: 1) GInB,
predominantemente encontrado em proteobactérias e cianobactérias em que, com algumas
excecoes, 0 gene ¢ monocistronico, ou forma um operon com g/nd ou nadkE; 2) GInK, quase
invariavelmente o gene aparece no mesmo operon do transportador de amonio am¢B; 3) Nifl,
genes que compdem o mesmo operon dos genes nif, relacionados a fixagdo biologica de
nitrogénio, encontrado em diazotrofos metanogénicos e em algumas bactérias anaerdbias
estritas; 4) PII-New Group (PII-NG), proteinas PII de proteobacterias no mesmo operon de
genes que codificam para transportadores de metais (ARCONDEGUY; JACK; MERRICK,
2001; SANT’ANNA et al., 2009).

Além da alta similaridade na sequéncia de aminodcidos as proteinas PII também
apresentam alta similaridade estrutural. Proteinas PII com estruturas tridimensionais
resolvidas se apresentam como proteinas homotriméricas, com uma massa molecular de
aproximadamente 37 kDa, com cada subunidade contendo entre 12-13 kDa. A estrutura de
barril compacto de cada monomero abriga duas a-hélices e quatro B-folhas arranjadas em
motivo Baf, conectado por uma alc¢a longa denominada de alga T (loop T) (Fig.1). Essa alca
estd exposta ao solvente, ¢ altamente flexivel e conservada, sendo importante para muitas das
interagdes realizadas por PII (CARR et al., 1996; TRUAN et al., 2010).

Além da algca T, PII apresenta mais duas alcas menores, alca B e C. A alca B se

encontra entre a segunda a-hélice e a quarta B-folha e a alga C esta localizada na regido C-
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terminal da proteina. As alcas T e B de uma subunidade e a alga C de outra formam uma
fenda entre os mondmeros importante para a ligacdo dos efetores (FORCHHAMMER, 2008;
HUERGO; CHANDRA; MERRICK, 2013; TRUAN et al., 2010).

FIGURA 1. Representacio do trimero de GInZ de A. brasilense. O trimero esta ligado a
ATP (rosa), 2-OG (verde) e Mg?" (azul). As alcas B, C e T estio indicadas por setas. A) Vista
superior. B) Vista lateral. Fonte: Truan e colaboradores, 2010.

O desempenho das PII como proteinas transdutoras de sinais depende da ligagdao de
efetores que, ao se ligarem a proteina, mudam sua conformacao permitindo a transmissao da
informagao para seus alvos (TRUAN et al., 2014). Sao efetores o ATP, ADP e 2-OG que tem
sitios altamente conservados nas proteina PII e se ligam nas fendas entre os mondmeros,
sendo possivel a ligagio de ATP, ATP + Mg?" (Mg.ATP), Mg ATP + 2-OG ou ADP
(HUERGO; CHANDRA; MERRICK, 2013; MERRICK, 2015; TRUAN et al., 2014). A
variagdo [ATP]/[ADP] indica o nivel energético celular (JIANG; NINFA, 2007). A varia¢ao
da concentragdo de nitrogénio celular ¢ sinalizado pelos niveis de glutamina e 2-OG que
atuam como efetores de GInD e PII, respectivamente (KAMBEROV; ATKINSON; NINFA,
1995). Em geral, a principal forma de assimilagdo de nitrogénio ¢ através de amonio e, no
caso de bactérias, geralmente ocorre pela via GS/GOGAT (glutamato sintase ou glutamina:2-
oxoglutarato aminotransferase) (ARCONDEGUY; JACK; MERRICK, 2001; MERRICK;
EDWARDS, 1995).
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Essa via possui dois passos, o primeiro catalisado pela proteina Glutamina Sintetase
(GS):
NH4" + L-glutamato + ATP — L-glutamina + ADP + Pi
E o segundo pela Glutamato Sintase (GOGAT):
L-glutamina + 2-OG + NADPH — 2 L-glutamato + NADP"

Nesta via, 2-OG ¢€ o esqueleto carbdnico para a sintese de glutamina e glutamato e,
portanto, uma baixa concentragdo de 2-OG significa suficiéncia de nitrogénio. Ao contrario,
quando sua concentragdo aumenta significa que os grupos nitrogenados da glutamina e
glutamato estdo sendo retirados para serem utilizados na biossintese de outras moléculas,
sinalizando escassez de nitrogénio (HUERGO et al., 2012; LEIGH; DODSWORTH, 2007). O
2-0OG também ¢ um intermediario do ciclo dos 4cidos tricarboxilicos (TCA) e quando a célula
estd em limitacdo de carbono sua concentragdo cai rapidamente e de maneira significativa
(YAN; LENZ; HWA, 2011; ZHANG; WEI; YE, 2013). Por isso, também ¢ um indicador
direto dos niveis de carbono.

Paralelamente a sinalizagdo decorrente da ligacdo dos efetores, as proteinas PII
sinalizam alteragcdes metabolicas ao sofrerem mudancga pds-traducional (CHELLAMUTHU et
al., 2014). Essa modificacdo ocorre principalmente na al¢ca T, e o tipo de modificacdo pode
variar de acordo com o organismo. Em proteobactérias, usualmente ocorre uridililagdo da
tirosina 51 (Tyr51). Em actinobactérias, a modificagdo ¢ devida a adenililagdo também da
Tyr51, enquanto que em cianobactérias ocorre fosforilacdo da serina 49 (Ser49) (HUERGO;
CHANDRA; MERRICK, 2013; MAHESWARAN; URBANKE; FORCHHAMMER, 2004;
MERRICK, 2015). Em arquéias, algas e plantas a modificacdo pos traducional nao ocorre
(CHELLAMUTHU et al., 2014). Em proteobactérias a modificacdo pos-traducional de PII ¢
feita pela proteina GInD (uridilil-transferase/removedora de uridilil), uma enzima bifuncional
que liga glutamina. Em alta concentracdo de glutamina, esse metabolito se liga a GInD
ativando a funcdo que remove UMP em PII, enquanto que a baixa concentragao, a glutamina
se desliga, prevalecendo a funcdo que adiciona UMP em PII e essa modificacdo influencia as

diferentes interagoes realizadas por PII (LEIGH; DODSWORTH, 2007).
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1.2. Proteinas PII em Azospirillum brasilense e Escherichia coli

1.2.1. Proteinas PII e seus efetores

Azospirillum brasilense apresenta as proteinas GInB e GInZ enquanto Escherichia coli
apresenta GInB e GInK (DE ZAMAROCZY, 1998; NINFA; JIANG, 2005). Nessas bactérias,
a estrutura quaternaria das proteinas PII ¢ um homotrimero de aproximadamente 30 A de
altura, onde cada mondmero contém 112 residuos de aminoacidos (cerca de 12-13 kDa) e trés
alcas funcionalmente importantes, alca T (residuos 37-55), alca B (residuos 82-88) e alca C
(residuos 102-105) (NINFA; JIANG, 2005; TRUAN et al., 2010). A al¢a T ¢ a maior das trés
(contendo 18 residuos de aminoacidos), ¢ altamente flexivel, possui o residuo Tyr51 onde
ocorre a modificagdo pos-traducional por uridililagdo e € importante para varias das interagdes
feitas por PII (HUERGO; CHANDRA; MERRICK, 2013). As outras duas al¢as sao
importantes para ligagdo dos efetores ATP, ADP e 2-OG, que modificam a conformagdo da
proteina também influenciando a interacdo de PII com seus alvos (NINFA; JIANG, 2005;
TRUAN et al., 2010).

Os nucleotideos de adenosina ATP e ADP se ligam nas fendas laterais entre duas
subunidades de PII. A estrutura da proteina GInZ, juntamente com ATP e ADP ja foi
resolvida (TRUAN et al., 2014). Assim como GInK (CONROY et al., 2007; XU et al., 1998)
e GInB(PALANCA; RUBIO, 2017) de E. coli. As interagdes moleculares dos nucleotideos de
adenosina ligadas a GInK e GInB sao muito similares ao reportado ao complexo visto em
GInZ de A. brasilense (TRUAN et al., 2014).

Na ligacdo de ATP em GInB de E. coli os 4tomos N1 e N6 da adenina fazem
interagdes de hidrogénio com a Val64 e o N3 com Thr29. A interacdo de N3 da adenina com
Thr29 ocorre também em GInK e GInZ, essa interacdo ¢ importante pois ela confere
seletividade aos nucleotideos de adenina contra as pirimidinas e contra a guanina, j& que a
guanina ndo tem o atomo N na posicdo 6 (PALANCA; RUBIO, 2017). O mutante GIlnB
Thr29Met em E. coli ndo liga ATP (JIANG et al., 1997).

O local de ligagdo do efetor 2-OG na proteina PII s foi observado em 2010, com a
resolucao da estrutura de GInZ, ligada a Mg.ATP e 2-OG (TRUAN et al., 2010). Assim como
os outros efetores, 2-OG também se liga nas fendas laterais entre as subunidades, no entanto,

0 2-OG participa da coordenagio do ion Mg?* juntamente com ATP (TRUAN et al., 2010). O
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ion Mg?* apresenta seis pontos de coordenacio em octaedro, sendo trés com cada um dos
grupos fosfatos do ATP, dois com 2-OG e um com o residuo GIn39 (TRUAN et al., 2010).

A disponibilidade de nutrientes resulta em diferentes estados metabolicos da célula
que afetam a concentragdo de ATP, ADP e 2-OG e, consequentemente, muda os ligantes de
PII. Quando o nivel de 2-OG ¢ alto, por exemplo, PII estd predominantemente ligada a
Mg.ATP + 2-OG ¢ a alga T projeta-se perpendicularmente ao eixo central. Quando o nivel de
2-0G ¢ baixo, PII liga-se predominantemente com ADP e a al¢ca T assume uma conformagao
estendida, paralela ao eixo central (RADCHENKO; THORNTON; MERRICK, 2010;
TRUAN et al., 2010).

A afinidade de PII aos efetores e a avaliacio se essa ligacdo demonstra
cooperatividade entre os trés sitios de ligacdo, foram avaliados em A. brasilense e E. coli
(JIANG; MAYO; NINFA, 2007; TRUAN et al., 2010). Foi confirmado em GInZ ¢ EcGInB
que 2-OG ndo se liga ao sitio de PII na auséncia de Mg.ATP, j& que Mg.ATP ¢ necessario
para estabilizar essa ligagdo (JIANG; MAYO; NINFA, 2007; TRUAN et al., 2010).
Observou-se também que a ligacdo de Mg ATP e 2-OG em GInZ ¢ sinérgica mas nao
apresenta cooperatividade (TRUAN et al., 2014). Em contraste, em EcGInB e GInK, na
presenca saturante de Mg.ATP, apenas a primeira molécula de 2-OG se liga com alta
afinidade, as ligacdes da segunda e terceira moléculas sofrem cooperagdo negativa (JIANG;
MAYO; NINFA, 2007, RADCHENKO; THORNTON; MERRICK, 2010).

A ligacdo de ATP em EcGInB e GInK, na presenga de MgCl, (10mM), apresenta
cooperatividade negativa com a afinidade diminuindo na ocupa¢ao do segundo e terceiro sitio.
Na presenca de 2-OG a afinidade por Mg.ATP aumenta, ocorrendo um efeito sinérgico mas a
cooperatividade negativa continua (FORCHHAMMER, 2004; JIANG; NINFA, 2007). Para
ADP esse efeito de cooperatividade ndo foi observado para EcGInB mas sim para GInK. E
importante destacar que a ligagdo de ADP a GInK ¢ influenciada por 2-OG, ao aumentar a
concentracdo dessa molécula a afinidade por ADP diminui (RADCHENKO; THORNTON;
MERRICK, 2010). Em A. brasilense, o efeito de cooperatividade ndo foi visto em nenhuma
condicdo para ATP ou ADP (TRUAN et al, 2014). Tanto em E. coli (KAMBEROV;
ATKINSON; NINFA, 1995) como em A. brasilense (TRUAN et al., 2014) foi demonstrado
que a afinidade de PII por ADP ¢ maior que por Mg.ATP, por isso Mg.ATP ndo ¢ um
eficiente competidor para ADP, no entanto na presenca de 2-OG a afinidade por Mg.ATP
aumenta, permitindo a competicdo com ADP.

Os niveis intracelulares de ATP, ADP e 2-OG em E. coli foram medidos antes e apos

choque de amoénio (RADCHENKO; THORNTON; MERRICK, 2010). Em células de E. coli



23

em situacdo de limitacdo de nitrogénio o nivel de 2-OG ¢ de cerca de 1,4 mM. No entanto,
apos a adi¢do de 200 uM de amodnio ao meio o nivel de 2-OG cai rapidamente para cerca de
0,3 mM. A medida que o aménio vai sendo utilizado o nivel de 2-OG retorna ao inicial
(RADCHENKO; THORNTON; MERRICK, 2010).

Os niveis de ATP e ADP antes do choque de amoénio alcangaram valores de
aproximadamente 2 mM para ATP e 0,3 mM para ADP. Apds 30 segundos da adigdo de
amonio os niveis de ATP cairam para 1,8 mM e os de ADP subiram para 0,6 mM, no entanto
em 3 minutos, as concentracdes ja haviam retornado ao nivel pré choque de amonio, e apos
esse tempo ambos os efetores aumentaram gradualmente sua concentragdo, principalmente o

ATP (RADCHENKO; THORNTON; MERRICK, 2010).

1.2.2. Regulagdo transcricional e pos-traducional das proteinas PII

As proteinas PII desempenham papel central no metabolismo e por isso sdo reguladas
ao nivel transcricional e poés-traducional. Em A. brasilense o gene ginB esta em um operon
com o gene glnA que codifica a proteina Glutamina Sintetase (GS) enquanto ginZ ¢
monocistronico; se diferenciando da maioria das proteinas GInK de a-proteobactérias que
formam um operon com o gene amtB (DE ZAMAROCZY, 1998). Em E. coli o gene ginB ¢
monocistronico e g/nK ¢ ligado a amtB (THOMAS; COUTTS; MERRICK, 2000; VAN
HEESWIJK et al., 1996).

Em A. brasilense os genes gInB e glnA sdo co-transcritos, porém, g/nA também pode
ser transcrito como um unico mRNA (DE ZAMAROCZY; DELORME; ELMERICH, 1990).
Essa transcrigdo diferencial estd relacionada com a fonte de nitrogénio. O gene ginB ¢
precedido de dois promotores um promotor ¢’° ¢ um segundo promotor ¢°* O promotor ¢'° é
constitutivo e transcreve o operon g/nBA com baixa eficiéncia. Na presenca de amonio este
operon ¢ transcrito, no entanto, nessa condi¢do um promotor exclusivo do gene gind ¢é
regulado positivamente aumentando a transcricdo desse gene. Sobre condi¢des de fixagdo de
nitrogénio, ou seja, baixo nitrogénio fixado, ocorre principalmente a transcri¢do do operon
glnBA e esse aumento ¢ ocasionado pelo segundo promotor 6°%, a frente de g/nB. 6°* responde
ao decréscimo de nitrogénio, via a proteina reguladora NtrC que regula positivamente o
operon ginBA. O promotor exclusivo de glnd responde negativamente quando apenas
nitrogénio molecular esta disponivel (DE ZAMAROCZY; DELORME; ELMERICH, 1990;
DE ZAMAROCZY; PAQUELIN; ELMERICH, 1993; HUERGO et al., 2003). Quando ha
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limitagdo de nitrogénio o gene g/nZ é transcrito pelo promotor 6>*, que ¢ NtrC dependente
(DE ZAMAROCZY, 1998).

Em E. coli o gene gInB possui quatro promotores descritos, mas nenhum deles esta
envolvido na regulagio por nitrogénio (ARCONDEGUY; JACK; MERRICK, 2001). Os
promotores principais de glnB se encontram a montante do gene, mas a transcricdo também
pode se iniciar no promotor a montante do gene adjacente yfhA (LIU; MAGASANIK, 1993).
Foi também descrito a inibicdo do gene g/nB a partir da proteina PurF, proteina que reprime
expressdao de genes relacionados a sintese de purinas em condigdes de excesso desses
nucleotideos. Acredita-se que essa regulagdo pode estar envolvida em uma regulagao sutil de
GS, uma vez que que a glutamina esta envolvida na sintese de purinas (HE; CHOI; ZALKIN,
1993).

O gene glnK em E. coli encontra-se ligado ao gene am¢B, e amontante desse operon ha
um sitio de ligacdo de 6>* e um de NtrC, respectivamente. Assim, a expressio do operon é
regulada de maneira dependente de NtrC (THOMAS; COUTTS; MERRICK, 2000; VAN
HEESWIJK et al., 1996).

Ao nivel pés-traducional a resposta ocorre de acordo a disponibilidade de nitrogénio.
A regulacdo de PII em A. brasilense e E. coli ocorre pela ligagdo de um UMP no residuo
Tyr51 em cada alga T do trimero (ARAUJO et al., 2008; FRANCIS; ENGLEMAN, 1978).
Tanto o processo de uridililagao quanto de desuridililagao ¢ realizado pela enzima bifuncional
GInD (Uridilil-Transferase/Removedora de Uridilil ou UTase/UR). A glutamina, possui um
sitio de ligagao em GInD, que quando ligada inibe a atividade ‘uridilil transferase’ (UTase) e
estimula a fungdo ‘removedora de uridilil’ (UR). Na falta de glutamina a fungdo UTase
predomina (ZHANG et al., 2010). A presenca de 2-OG e ATP sdo necessarios para a fungao
UTase aumentando sua atividade devido a ligacdo desses efetores no substrato de GInD, a
proteina PII (ARAUJO et al., 2008; BROWN; SEGAL; STADTMAN, 1971; JIANG;
PELISKA; NINFA, 1998a). A presenca de um ion divalente Mg** ou Mn?" também sdo
importantes para as fun¢des de GInD (ZHANG et al., 2010).

A uridililagdo de PII ocorre a medida que o nivel de aménio diminui. E possivel
observar 4 diferentes formas dessas proteinas em E. coli: PII nao modificada, PII-(1)UMP,
PII-(2)UMP e PII-(3)UMP. Em A. brasilense a formagao dessas 4 formas de PII ocorre
apenas em GInZ; em GInB ¢ possivel observar apenas as formas ndo modificada e a PII-
(3)UMP (ARAUIJO et al., 2008; HUERGO et al., 2006b; INABA et al., 2009). Inaba e
colaboradores justificaram esse fenomeno como um possivel processo de cooperatividade

positiva, ou seja, quando o primeiro grupo UMP ¢ adicionado aumenta afinidade dos outros
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sitios e a uridililacdo ¢ tdo rapida que os intermediarios ndo sao visualizados ou, ainda, que os
hibridos podem nao ser estaveis o suficiente e portanto ndo sdo observados.

A proteina GInD, GInB e GInZ ou GInK, juntamente com as proteinas NtrB, NtrC,
GInE e GS compdem o sistema central de regulacdo de nitrogénio, chamado de sistema Ntr
(MERRICK; EDWARDS, 1995). Esse sistema consiste em uma cascata regulatoria e as
proteinas PII, como transdutoras de sinal, tem um papel importante controlando a atividade do
sistema de acordo com a sinalizagdo dos metabolitos intracelulares, glutamina, 2-OG, ATP e

ADP.

1.2.3. Proteinas PII e o sistema Ntr

A enzima dodecamérica GS (Glutamina Sintetase) foi a primeira enzima descrita como
regulada por proteinas PII (SHAPIRO, 1969). GS ¢ regulada a nivel transcricional e pos-
traducional. A modificagdo pds-traducional ocorre em resposta ao aumento de amonio
extracelular, através da adenililacdo de um residuo de tirosina (Tyr-397) em cada uma das 12
subunidades de GS. A medida que o nivel de amdnio aumenta, consequentemente glutamina
intracelular aumenta, grupos AMP sdo adicionados a GS, levando a uma progressiva
inativacdo da enzima (REITZER, 2003). Esse processo de inativagdo ¢ realizado pela proteina
GInE (Glutamina Sintetase Adenilil-Transferase ou ATase) por sua fun¢do adenilil transferase
(AT). Essa enzima bifuncional é também responsavel pela a¢do reversa em baixa glutamina a
fungdo removedora de adenilil (AR) ativando GS (AMON; TITGEMEYER; BURKOVSKI,
2010; HEESWIJK et al., 1993).

Em A. brasilense, testes com mutantes g/nZ, ginB e duplo mutante demonstraram uma
eficiente modificacdo de GS bem como sua reversio ao estado ndo modificado inferindo que
PII nd3o tem efeito sobre GInE (DE ZAMAROCZY, 1998). Posteriormente Huergo e
colaboradores (2006a) mostraram por um Western blot do padrao de modificacdo de GS em
fun¢do do tempo apds o choque de amdnio, que embora GS estivesse adenililada em resposta
ao aumento de amonio nos mutantes g/nB e ginZ, os niveis de adenililagdo eram mais baixos
que no selvagem, indicando uma possivel atuagao de PII nesse processo. Em E. coli a
interagdo com GInE ocorre tanto com GInB como com GInK via alga T, mas GInB possui
uma atividade mais efetiva na regulacdo (ATKINSON; NINFA, 1998; VAN HEESWIJK et
al., 1996, 2000).

Em E. coli, sob limitagdo de nitrogénio, a concentragdo de glutamina intracelular ¢

baixa e 2-OG ¢ elevada. Nessa condi¢do a proteina GInB ¢ uridililada por GInD, se liga a
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Mg.ATP + 2-OG e interage com o dominio AT de GInE o que resulta na estimulacdo do
dominio AR, que consequentemente ativa GS. Quando nitrogénio estd em abundancia, os
niveis de 2-OG caem o de glutamina sobe, GInB em sua forma ndo uridililada se liga
preferencialmente a ADP, interage com a por¢do AR estimulando a fungdo AT e GS ¢
inativada (JIANG; NINFA, 2009; JIANG; PELISKA; NINFA, 1998a, 1998b; REITZER,
2003). Glutamina também se liga a GInE, na por¢ao AT, e possui a funcao de estabilizar a
interagdo entre GInB e GInE e impedir a ligacdo de GInB-UMP (JIANG; MAYO; NINFA,
2007; JIANG; NINFA, 2007).

Outro alvo de PII que ocorre em E. coli e A. brasilense ¢ a proteina NtrB. As proteinas
NtrB e NtrC fazem parte de um sistema de dois componentes, que geralmente contém uma
histidina quinase (NtrB) e uma proteina regulatoria (NtrC). Através da fosforilagdo de um
residuo conservado na histidina quinase, a mesma fosforila a proteina regulatoria que por sua
vez se liga as regides regulatérias de genes alvo, induzindo ou reprimindo a transcri¢ao
(NINFA; BENNETT, 1991; NINFA et al., 1993).

Em condigdes limitantes de nitrogénio a concentragdo de glutamina intracelular ¢
baixa e de 2-OG ¢ alta. GInB-UMP nao consegue se ligar a NtrB, que em sua forma livre
catalisa sua auto fosforilacdo e transfere esse grupo para o residuo Asp54 de NtrC ativando-a.
Em resposta a limita¢do de nitrogénio, NtrC-P, que possui um dominio C-terminal de ligagao
ao DNA, estimula a transcrigdo de genes alvos ao formar o complexo NtrC-RNA polimerase
holoenzima (NORTH et al.,, 1996). Os produtos dos diferentes genes ativados estdo
envolvidos na assimilagdo de fontes alternativas de nitrogénio como nitrato ¢ aminoacidos
(JIANG; NINFA, 1999). Em altos niveis de nitrogénio a concentragdo de glutamina aumenta
e de 2-OG diminui, GInB em sua forma ndao modificada se liga a NtrB, inibindo sua auto
fosforilagdo e estimula a desfosforilagao de NtrC-P inativando-a (JIANG; PELISKA; NINFA,
1998c).

1.2.4. Proteinas PII e o transportador de amonio AmtB

Como mencionado em A. brasilense os genes ginZ e amtB nao estdo no mesmo
operon, mas o produto proteico desses dois genes interagem intracelularmente. AmtB, ¢ uma
proteina homotrimérica transmembrana com um poro em cada subunidade que age como
transportador passivo de ions amonio quando os niveis de amonio estdo baixos (WINKLER,

2006).
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AmtB ¢ um dos alvos mais conhecidos de PII. Em estado de limitacdo de amonio,
AmtB esta ativa para facilitar a entrada de amonio na célula. Nessa condicdo a concentragdo
de 2-OG esta alta e glutamina baixa ndo permitindo a interacdo entre AmtB e PII que estdo
uridililadas e ligadas a Mg.ATP + 2-OG. Com choque de amonio, a concentragdao de 2-OG
diminui a de glutamina aumenta, PII ¢ desuridililada e passam a interagir com AmtB
inativando-a (HUERGO et al., 2006a).

Em A. brasilense a interacdo in vitro confirmou que a ligacdo de AmtB com GInZ e
GInB s6 ocorre quando as mesmas ndo estdo uridililadas e preferencialmente na presenga de
ADP, ¢ ¢ inibida na presenca de Mg.ATP + 2-OG (HUERGO et al., 2007; RODRIGUES et
al., 2011). Como ja& mencionado nao ¢ possivel observar GInB parcialmente uridililada, mas
ensaios foram realizados com GInZ parcialmente uridililadas e sua interagdo com AmtB foi
positiva mas, 2 medida que mais grupos UMP foram adicionados a GInZ a interagdo foi se
tornando menos estavel (RODRIGUES et al., 2011).

Em E. coli, evidéncias in vivo ja mostraram a associa¢ao entre GInK e AmtB em
choque de amonio (DURAND; MERRICK, 2006) e a estrutura desse complexo também ja foi
resolvida (CONROY et al., 2007). A ligagdo de AmtB e GInK ocorre no momento que
amoOnio ¢ adicionado ao meio e as concentracoes de 2-OG e ATP diminui, ¢ a de ADP
aumenta, nesse momento GInK ¢ desuridililada, liga-se a ADP e ¢ sequestrada por AmtB
(COUTTS et al., 2002). Quando GInK se liga a ADP a alca T adota uma conformagdo
estendida que € critica para a interacdo, pois a al¢a se insere profundamente nos poros da face
citoplasmatica de AmtB, bloqueando o transporte de amoénio (CONROY et al., 2007).

A medida que a concentragao de 2-OG volta a subir, Mg.ATP e 2-OG passam a ocupar
os sitios de intera¢ao novamente modificando a conformac¢ao da al¢a T desfazendo a interacao
AmtB-GInK, e GInK volta a ser uridililada (DURAND; MERRICK, 2006). Estudos in vitro
corroboram com o modelo em E. coli. A dissociagdo do complexo ocorre na presenga de
Mg ATP + 2-OG e ¢ estabilizado na presenca de ADP (RADCHENKO; THORNTON;
MERRICK, 2010).

1.2.5. Proteinas PII e a fixagdo biologica de nitrogénio

Os genes nif codificam proteinas envolvidas na fixacdo bioldgica de nitrogénio,
processo realizado por apenas alguns procariotos, como A. brasilense mas nao por E. coli, que
converte N> atmosférico em NH3 passivel de ser utilizado nas fungdes metabolicas (DIXON;

KAHN, 2004). A transcri¢ao desses genes ¢ altamente regulada, em A. brasilense a montante
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desses genes um promotor 6>* ¢ ativado quando a célula se encontra em situacdo de limitagio
de nitrogénio por uma proteina chamada de NifA (DRUMMOND; CONTRERAS;
MITCHENALL, 1990).

NifA ¢ um proteina conservada em proteobactérias diazotréficas. Em muitos
organismos a expressao de nif4 esta sobre controle de NtrC, no entanto, em A. brasilense isso
nao ocorre ¢ ha indicativos que o gene nif4 ¢ constitutivamente transcrito por um promotor
6’° (FADEL-PICHETH et al., 1999). A regulagdo de sua atividade ¢é realizada diretamente
pela interagdo com GInB (SOTOMAIOR et al., 2012). NifA possui dominio C-terminal de
ligacdo ao DNA mas diferente de NtrC, que ¢ ativada pela fosforilagdo, ¢ ativada pela
interagdo com GInB em seu dominio GAF N-terminal (ARAUJO et al., 2004; ARSENE;
KAMINSKI; ELMERICH, 1996; SOTOMAIOR et al., 2012). GInZ nao pode substituir GInB
nessa funcao (DE ZAMAROCZY, 1998).

Em condig¢des de alto nitrogénio, e consequentemente alta glutamina intracelular, os
genes da fixagdo bioldgica de nitrogénio nao sdo transcritos e a proteina NifA se encontra em
sua forma livre. Nessa condi¢do, o dominio GAF possui atividade inibitoria sobre NifA
inativando-a. Quando os niveis de nitrogénio diminuem a proteina GInB ¢ uridililada, se liga
no dominio GAF e NifA se torna ativa transcrevendo os genes nif (ARAUJO et al., 2004;
CHEN et al., 2005; DE ZAMAROCZY; PAQUELIN; ELMERICH, 1993). A formagao do
complexo GInB/dominio GAF de NifA in vitro ocorre na presenca de Mg.ATP + 2-OG
(SOTOMAIOR et al., 2012).

O processo da fixagdo biologica de nitrogénio € energeticamente dispendioso, por esse
motivo necessita ser altamente regulado. Em A. brasilense essa regulagao ocorre a nivel
transcricional através da regulacdo dependente de NifA e GInB e pds-traducional chamado de
switch-off / switch-on da Nitrogenase. O processo de fixacao de nitrogénio ¢ catalisado pelo
complexo da Nitrogenase, que ¢ composto de duas proteinas: a Dinitrogenase (NifDK) e a
Dinitrogenase Redutase (NifH). A Dinitrogenase Redutase ¢ responsavel pela hidrolise do
ATP e transferéncia de elétrons para a Dinitrogenase, a qual contém o sitio de reducao de N>
(SEEFELDT; HOFFMAN; DEAN, 2009).

As proteinas Dinitrogenase ADP-Ribosiltransferase (DraT) e Dinitrogenase Redutase
Glicohidrolase (DraG) sdo as principais proteinas envolvidas na regulagdo pds-traducional da
Nitrogenase. DraT ¢ responsavel por adicionar uma molécula de ADP-Ribose a partir da
molécula de NAD" no residuo de arginina (Argl01) de umas das subunidades da proteina
homodimérica NifH, resultando em sua inativagdo (switch-off). Isso ocorre devido a adigdo

desse grupo impedir a interagdo entre NifH e NifDK limitando a transferéncia de elétrons
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essencial para a reducdo de Nz. DraG por sua vez possui a fungdo de remover esse
grupamento ADP-ribose ativando NifH (switch-on), permitindo sua interagdo com NifDK e
consequentemente a transferéncia de elétrons e a fixagdo bioldgica de nitrogénio (HUERGO
et al., 2006a, 2006b, 2012).

Ensaios demonstraram que a ADP-ribosilagdo de NifH estd sincronizada com a
desuridililacao de PII e o sequestro principalmente de GInZ e DraG na membrana (HUERGO
et al., 2006a). Estudos posteriores mostraram que AmtB-GInZ-DraG formavam um complexo
ternario em condigdes de alto amonio (HUERGO et al., 2007). Ensaios de interagdo in vivo
mostraram que DraT interage com GInB desuridililada e DraG com GInZ em ambas as
formas, no entanto GInZ-DraG ¢ mais estavel quando PII estd desuridililada (HUERGO et al.,
2006a, 2006b, 2012).

Estudos in vitro e de estrutura mostraram que a interacdo entre DraG-GInZ ¢
estabilizada por ADP. Diferentemente da maioria das interagdes conhecidas a interagdo DraG-
GInZ ndo ocorre via alga T, trés mondmeros de DraG interagem na face lateral do trimero de
GInZ na regido de interface entre duas subunidades (GERHARDT et al., 2012; HUERGO et
al., 2009; RAJENDRAN et al., 2011). J4 DraT-GInB, interage via al¢ca T, a interagdo também
¢ estabilizada na presenga de ADP mas, nesse caso, houve interacdo in vitro em todos as
condi¢des testadas, inclusive na presenca de Mg.ATP + 2-OG, no entanto essa interagao foi
pouco estavel demonstrando que ocorre inibicdo nessa condicdo (HUERGO et al., 2009;
MOURE et al., 2013).

O modelo geral da regulagdo de DraT e DraG discorre que em condi¢des de alto
nitrogénio como o caso de choque de amonio, o nivel intracelular de glutamina aumenta,
desuridililando as proteinas PII, através de GInD (ARAUJO et al., 2008), com a diminuic¢io
dos niveis de 2-OG, ADP se liga a PII estabilizando os complexos DraT-GInB e DraG-GInZ-
AmtB, nessa condicdo DraT ¢ ativada, inativando NifH, enquanto que DraG ¢ sequestrada,
juntamente a GInZ pela proteina AmtB (HUERGO et al., 2009). Em baixa concentracao de
nitrogénio, como em fixacao de nitrogénio, o nivel de 2-OG aumenta, GInD uridilila PII, que
se ligam a Mg.ATP + 2-OG desfazendo seus complexos com GInB-DraT e GInZ-DraG-
AmtB, nessa condicdo DraT ¢ inativada e DraG volta ao citoplasma e retira o grupamento
ADP-Ribose de NifH permitindo a transferéncia de elétrons e a fixacdo de nitrogénio pela
Nitrogenase (HUERGO et al., 2012; MOURE et al., 2013).

A caracterizagdo da interacao de PII com as proteinas envolvidas no metabolismo de
nitrogénio ja sdo conhecidas e bem estabelecidas. No entanto, em 2010, Bourrellier e

colaboradores publicaram o primeiro exemplo de proteina ndo envolvida com o metabolismo
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de nitrogénio, mas cuja a atividade ¢ influenciada por PII em Arabdopsis thaliana
(BOURRELLIER et al., 2010). A proteina em questdo era a Carreadora de Carboxil Biotina
(BCCP), subunidade da proteina Acetil-CoA Carboxilase (ACC), relacionada com sintese de
lipideos.

1.2.6. Proteinas PII e seus novos alvos

A proteina ACC catalisa o passo limitante na biossintese de lipideos que ¢ a producao
de malonil-CoA a partir de acetil-CoA que ¢ usado no alongamento da cadeia dos acidos
graxos. A ACC tipica em bactéria ¢ composta de 4 diferentes polipeptidios divididos em trés
unidades funcionais: o homodimero Biotina Carboxil (BC), a Carreadora de Carboxil Biotina
(BCCP) e um heterotetramero a Carboxiltransferase (CT) (CRONAN; WALDROP, 2002;
TONG, 2013). BC e BCCP formam um complexo estdvel formado de dois dimeros de BC
ligados a 4 mondémeros de BCCP (BROUSSARD et al., 2013). A rea¢do ocorre em dois
passos, primeiro BC catalisa a carboxilacdo da biotina, que estd covalentemente ligada a
BCCP, no segundo passo CT transfere o grupo carboxil da carboxibiotina para acetil-CoA
gerando malonil-CoA (TONG, 2013).

A interagdo BCCP-PII que primeiramente s6 havia sido visualizada em planta
posteriormente foi visualizada em bactéria, especificamente em Escherichia coli e A.
brasilense (RODRIGUES et al., 2014). Utilizando a proteina BCCP de E. coli e realizando
co-precipitacdo com PII de A. brasilense, GInB e GInZ ¢ E. coli, GInB e GInK, foi mostrado a
interacdo de BCCP com todas. No entanto, a interagdo do complexo estavel e ativo, BCCP-
BC, s6 ocorre na presenca das GInB, formando um complexo terndrio. Esse complexo
ternario necessita Mg.ATP para ocorrer. Mg.ATP + 2-OG inibe a formagdo desse complexo
(GERHARDT et al., 2015).

A atividade de ACC também foi mensurada na presenca e auséncia de GInB. Na
reacdo contendo ATP (10 mM) e Mg** (5 mM) houve uma diminui¢io da atividade de 70%
na presen¢a de GInB de A. brasilense e 40% para GInB de E. coli. No entanto, na presenca de
1 mM de 2-OG essa inibigdo era interrompida, confirmando os dados de interagao. A proteina
GInB na sua forma totalmente uridililada ou com a alca T parcialmente deletada nao
conseguiu interagir com BC-BCCP, portanto, ndo teve influéncia na atividade de ACC
(GERHARDT et al., 2015).

A regulagdo dessa interagdo seria a seguinte, quando os niveis de carbono baixam ou

de nitrogénio aumentam, os niveis de 2-OG caem (YAN; LENZ; HWA, 2011; ZHANG; WE];



31

YE, 2013). A reducdo na concentragdo de 2-OG permitiria a interagdo de GInB com BCCP-
BC inibindo ACC e consequentemente a sintese de lipidios. Quando o carbono esta disponivel
ou nitrogénio estd baixo, condicdo em que os niveis de 2-OG aumentam e GInB ¢ uridililada,
impede a interacdo GInB-BCCP-BC permitindo a sintese de acidos graxos em altas taxas.
Como 2-OG ¢ o principal fator limitante nessa interagdo, em resumo, o nivel de 2-OG s6 se
encontra baixo quando os niveis de nitrogénio estdao altos, mas os de carbono estdo baixos
(GERHARDT et al., 2015). Recentemente dados in vivo dessa interacdo foram observados,
em células de E. coli super-expressando GInB que apresentaram sintese de malonil-CoA 30%
menor que as células sem a super-expressao indicando a inibicdo de GInB. Enquanto que nos
mutantes Ag/nB e AglnBginK foi observado um acumulo de acidos graxos de 22% e 80%,
respectivamente (RODRIGUES et al., 2019).

Recentemente, Gerhardt (2015) realizou um ensaio imobilizando a proteina GInZ de 4.
brasilense com cauda de histidina em uma coluna de afinidade e posteriormente carregou o
extrato proteico dessa bactéria na coluna. Apds isso as proteinas ligadas a GInZ foram eluidas
com Mg.ATP + 2-OG e identificadas. A partir desses resultados foi gerado uma lista de
possiveis novos alvos de GInZ que podem expandir o conhecimento acerca dessa proteina e
dentre elas estavam o Fator de Terminag¢do de Transcrigdo Rho, uma Diguanilato Ciclase,
uma Fosfodiesterase. Huergo (ndo publicado), também realizou um ensaio semelhante, mas
com as PII de E. coli, GInK e GInB, como resultado e possiveis alvos em E. coli foram

obtidos o Fator de Terminagdo de Transcricdo Rho e a UMP Fosfatase.

1.3. Fator de Terminac¢ao de Transcri¢cao Rho

O processo de terminacdo da transcricdo em procariotos pode envolver um de dois
mecanismos bem conservados: a terminacdo intrinseca que ocorre em sequencias especificas
presentes no final de operons e a terminagdo dependente do fator Rho que ¢ executado pela
ATPase hexamérica dependente de RNA denominada Fator de Terminag¢do de Transcri¢ao
Rho (MITRA et al.,, 2017; PETERS; VANGELOFF; LANDICK, 2011). O evento de
terminagdo programado ¢ extremamente importante para parar a expressao génica quando ndo
¢ mais necessaria e para a reciclagem da RNA polimerase (RNAP) (MITRA et al., 2017;
PETERS; VANGELOFF; LANDICK, 2011; RAY-SONI; BELLECOURT; LANDICK,
2016).

O gene rho € encontrado em mais de 90% dos genomas bacterianos sequenciados e a

proteina Rho ¢ conservada na maioria das espécies do dominio Bacteria o que sugere que sua
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origem ¢ bastante antiga e que as fungdes dependentes de Rho nao sdo facilmente substituidas
(D’HEYGERE; RABHI; BOUDVILLAIN, 2013). Entre as bactérias que ndo possuem a
proteina Rho incluem-se as do filo Cyanobacteria, a classe Mollicutes e alguns membros dos
géneros Clostridia ¢ Bacilli (D’HEYGERE; RABHI; BOUDVILLAIN, 2013; MITRA et al.,
2017). Em E. coli ¢ estimado que Rho esteja envolvida em 20 a 50% dos eventos de
terminacao da transcri¢ao (PETERS et al., 2009).

A forma homohexamérica de Rho ¢ a principal forma em que essas proteinas sdo
encontradas, mas elas podem assumir outras estruturas quaternarias dependendo da
concentracdo de proteina, o ambiente idnico que ela se encontra ou da presenga de cofatores
(GEISELMANN et al., 1992). Geralmente elas possuem um formato de anel com didmetro
de 120 A e a altura de 90 A (YU et al., 2000). Rho na auséncia de RNA pode existir em dois
formatos, no de anel fechado com 6 subunidades ou no formato de anel aberto que pode ser
hexamérico ou pentamérico. Ambos os formatos sdo funcionais e a versdo aberta pode se
tornar fechada na presenca de uma fita simples de acido nucléico (GAN; RICHARDSON,
1999; YU et al., 2000). As interacoes entre as subunidades ocorrem entre uma alga que
conecta a segunda e terceira a—hélice do dominio N-terminal de uma subunidade com a regido
de interagdo da subunidade adjacente (YU et al., 2000).

A proteina Rho mais extensivamente estudada ¢ a de E. coli que possui 419
aminoacidos e trés sitios funcionais muito importantes por mondmero (Fig. 2). O sitio de
ligacdo primario de RNA (PBS), que se encontra no dominio N-terminal e envolve os
aminoacidos 22 a 116; o sitio de ligagdo e hidrolise de ATP, que contém os motivos Walker A
e B, esta localizada dentro do dominio C-terminal e envolve os aminoacidos 179 a 183, essa
regido possui um al¢a chamada de alga P, que carrega significante homologia com proteina F1
ATPase (DOMBROSKI et al., 1988; DOMBROSKI; PLATT, 1988); e, por fim, o sitio de
ligagdo secundario de RNA (SBS) no dominio C-terminal e que compreende duas algas, a Q
(aminodacidos 278 a 290) e a R (aminoacidos 322 a 326).

A regido N-terminal onde se encontra o sitio PBS, contém trés o—hélices e quatro f—
folhas que formam a chamada conformagdo de ligacdo a oligonucleotideo (OB). Essa
conformagao ¢ suficiente para ligacdo de bases pirimidicas mas ¢ pequena para a ligagdo das
puricas (BOGDEN et al., 1999; SKORDALAKES; BERGER, 2003; WEI; RICHARDSON,
2001). E essa ¢ uma das razdes da Rho ter mais afinidade de liga¢do por sequencias ricas em

pirimidinas que purinas.
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FIGURA 2. Representaciao do hexidmero de Rho de E. coli. O sitio primario de ligagcdo do
RNA (PBS) (azul), pode se ligar a fitas simples de DNA ou RNA. A alca P (vermelho) ¢
associada a ligacdo de ATP. O sitio secundario de ligacdo ao RNA (SBS) compreende a alca
Q (verde) e alga R (roxo). A) Organizacdo dos dominios de Rho de E. coli B) Monomero C)
Hexamero. Fonte: Mitra e colaboradores, 2017.

O sitio de reconhecimento e ligagdo da proteina Rho ao RNA ¢ chamado de rut (Rho
utilization) (CHEN; RICHARDSON, 1987). Apesar da importancia desse sitio, ndo ha
caracteristica consenso que permita defini-lo ou detectd-lo precisamente. A sequéncia ¢
altamente degenerada e tem por volta de 70-80 nucleotideos que sao requeridos para abranger
toda periferia da por¢ao terminal N-terminal de Rho (PBS), sendo que em cada monomero se
ligam duas bases pirimidicas, citosina preferencialmente, e 9-13 bases fazem as ligagdes entre
os mondmeros. Geralmente esse sitio ndo apresenta estrutura secundaria (ALIFANO et al.,
1991; BEAR et al., 1985; MORGAN et al., 1985; NADIRAS et al., 2018).

O sitio de ligacdo do ATP da proteina Rho estd localizado na interface da regido C-
terminal das subunidades. Todas as seis fendas entre as subunidades tem habilidade de ligar
nucleotideos, mas apenas trés moléculas de ATP se ligam, alternadas com moléculas de RNA
apresentando cooperatividade negativa (GEISELMANN; VON HIPPEL, 1992; STITT, 2001).

O sitio SBS ¢ caracterizado pelas algas Q e R. Enquanto a alca R esta envolvida na liga¢do do
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ATP e do RNA (XU; KOHN; WIDGER, 2002), a alca Q se estende ao centro do anel
formado por Rho e interage unicamente com o RNA (KIM; PATEL, 2001).

O mecanismo de terminagdo da transcricdo ¢ complexo e envolve varios passos.
Primeiramente Rho precisa se ligar ao sitio ruz (CHEN; RICHARDSON, 1987). O RNA se
envolve ao redor de PBS de cada mondmero e entdo passa através do centro do anel fazendo
contanto com SBS. A atividade de hidrolise de ATP ¢ entdo ativada e Rho comeca a se
movimentar pelo RNA no sentido 5°— 3°. A proximidade da al¢a R ao dominio de ligacdo a
ATP ou a alga P sugerem uma explicagdao para a ligagdo de RNA e a hidrolise de ATP
estarem acopladas (KIM; PATEL, 2001).

O processo de translocacdo ainda estd em debate, mas o modelo mais aceito ¢ o
chamado Tethered tracking model (Fig. 3). Esse modelo propde que apos Rho estar ligada ao
RNA nos dois sitios, ela se desloca ao longo do RNA mas ainda ligada ao sitio rut, formando
uma estrutura em formato de ziper (STEINMETZ; PLATT, 1994). A zona de terminagao
geralmente se encontra de 60 a 90 nucleotideos a jusante de rut e a RNAP faz pausas nessa
zona, no entanto, nem todo sitio de pausa da RNAP ¢ zona de terminagdo (KASSAVETIS;
CHAMBERLIN, 1981). A terminag¢do ¢ induzida quando Rho entra em contato com o canal
de saida de RNA da RNAP, liberando o transcrito. O mecanismo do acesso de Rho ao hibrido
DNA:RNA para liberar RNA ainda esta sendo investigado. Entre as hipoteses esta a que Rho
empurraria o complexo de alongamento para ter acesso ao hibrido ou que a interagdo com o
canal de saida da RNAP provoca uma mudanga conformacional na proteina permitindo o
acesso (Fig. 3) (DUTTA; CHALISSERY; SEN, 2008; RICHARDSON, 2002).

A liberagdo do transcrito envolve a capacidade helicase de Rho para desprender o
RNA sintetizado do DNA molde. A taxa de transloca¢ao de Rho sobre o RNA ou no hibrido
DNA:RNA, ¢ a mesma (20 nucleotideos/segundos a 37°C). A taxa de hidrélise de ATP
também ndo ¢ alterada quando Rho estd sobre um RNA simples fita ou sobre um hibrido

(WALSTROM et al., 1997; WALSTROM; DOZONO; VON HIPPEL, 1997).

1.3.1. Fungoes do Fator de Terminac¢do de Transcricdo Rho

A proteina Rho desempenha uma variedade de fungdes na fisiologia celular, sendo a
liberacdo do transcrito a fun¢do mais conhecida (CARDINALE et al., 2008; PETERS et al.,
2009, 2012). Como em bactérias ndo hé a presenga de uma membrana envoltdria para o DNA
os processos de transcri¢ao e traducao geralmente ocorrem em simultdneo com os ribossomos

se ligando no mRNA nascente e bloqueando o acesso das proteinas Rho aos sitios de ligacao
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(HARINARAYANAN; GOWRISHANKAR, 2003; ROBERTS, 1969). Quando a tradugao
cessa por limitagdo de nutriente, por exemplo, os ribossomos se desligam desbloqueando o
sitio rut e possibilitando acesso da proteina Rho que termina a transcri¢do, prevenindo o
acimulo de mRNA, uma vez que Rho libera 0o mRNA no citoplasma, deixando-o passivel de
ser degradado pelas ribonucleases (HARINARAYANAN; GOWRISHANKAR, 2003;
ROBERTS, 1969).

Atividade
translocase
ATP -

ADP
Pi

Rho entra em
‘ contato com
RNAP

Translocagio “Alosterico”

FIGURA 3. Representacio do modelo da terminacido mediada pelo fator Rho. A proteina
Rho se liga ao sitio rut do RNA alvo via sitio PBS encontrado na periferia da proteina Rho,
posteriormente o0 RNA ¢ levado ao sitio SBS e a translocagdao dependente de ATP se inicia.
Durante a translocagao o sitio rut permanece ligado a PBS e o RNA e forma uma estrutura em
formato de ziper até encontrar a RNAP liberando o transcrito. Fonte: Peters e colaboradores,
2011.



36

Além de contribuir com a terminagdo da transcri¢do, Rho também regula este evento.
A transcricdo do proprio gene rho ¢ autorregulada e estudos sobre a regido a montante do
transcrito ja identificaram até cinco sequencias atenuadoras que sao dependentes de Rho, ou
seja, que inibem a transcricdo na presenga da proteina (BARIK; BHATTACHARYA; DAS,
1985; MATSUMOTO et al., 1986). Recentemente foi observado o envolvimento de RNAs
curtos ou SRNAs (do inglés small RNAs) nesse processo (SILVA et al., 2019). O sRNA Sral
que ¢ altamente expresso em anaerobiose e na fase estacionaria tardia, mas pode ser
encontrado em outros momentos metabolicos como na fase exponencial, pode se ligar na
regido 5’ nao traduzida (5’-UTR) do mRNA-rho, impedindo a ligagao de Rho nessa regiao do
transcrito, protegendo-o de uma terminagdo prematura (SILVA et al., 2019).

Outro exemplo envolvendo sRNA ¢ o gene rpoS que codifica para o fator de
transcri¢do . Esse fator se liga nas regides regulatérias do DNA quando a célula esta sob
limitacdo nutricional ou alguma outra condicdo adversa. Geralmente rpoS ndo ¢ transcrito
durante a fase exponencial de crescimento, e essa regulacdo ¢ feita pela proteina Rho que,
nesta fase, se liga a um sitio rut presente na regiao 5’-UTR do mRNA-rpoS, terminando a
transcricdo prematuramente. Em E. coli, na fase estaciondria ou sob condigdes de estresse, os
sRNA DsrA, ArcZ e RprA se acumulam e se ligam na regidao 5’-UTR do mRNA-rpoS ndo
permitindo o acesso de Rho e consequentemente possibilitando a transcrigdo
(SEDLYAROVA et al., 2016).

A regulagio de Rho também foi vista no transportador de Mg?" CorA em Salmonella
enterica (KRINER; GROISMAN, 2015). O mecanismo desta regulacdo ainda nio esta bem
estabelecido, no entanto, j& se sabe que a montante do gene cor4 ha uma pequena regido
codificadora (ORF), chamada corL, que possui um sitio 7ut em sua proximidade. O RNA ¢
transcrito como um todo, ou seja com as duas ORF, no entanto na regido contendo corL o
RNA pode assumir estrutura secundaria que o deixa passivel de ser traduzido ou ndo. Quando
ele esta organizado de forma a ndo ser traduzido o sitio rut fica inacessivel a Rho, e o gene
corA ¢ livremente transcrito. Quando corL é eficientemente traduzido, o sitio rut fica
disponivel e ocorre a terminacao da transcri¢ao de cor4 (KRINER; GROISMAN, 2015).

A proteina Rho também estd envolvida no controle por riboswitches, sequencias
nucleotidicas, conhecidas como elementos cis de RNA, presentes geralmente na regido 5°-
UTR que regulam a expressdo génica em resposta a abundancia de metabolicos ou ions
metalicos (BEDARD; HIEN; LAFONTAINE, 2020). O RNA assume diferentes estruturas em
resposta a diferentes ligantes, permitindo ou reprimindo a transcricdo (SERGANOV;

NUDLER, 2013). Em S. enterica foi observado que em alto Mg** a regido lider do gene mgtA4,
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que codifica uma proteina sensora de Mg?*, apresenta uma conformagdo que permite a ligagio
de Rho e o consequente término transcricdo (HOLLANDS et al., 2012). Enquanto que em
baixo Mg?" a conformacio da regido lider é sequestrada na formagio de uma al¢a que ndo
permite a interagdo com Rho. Em E. coli, Hollands e colaboradores (2012) reportaram a
relacdo de Rho com riboswitches através da regido lider do gene ribB, que codifica uma
proteina envolvida na sintese de riboflavinas. Os autores observaram que na presenga de
flavina mononucleotideo (FMN) a terminacdo da transcricdo do gene ribB por Rho ¢
estimulada.

Outra funcao que pode ser associada a Rho ¢ a repressio de DNA exogenos
(CARDINALE et al., 2008). Um organismo procaridtico pode ser infectado por profagos que
passam a fazer parte de seu genoma e como esses profagos podem expressar genes toxicos, o
hospedeiro desenvolveu algumas maneiras de reprimir a expressdo destes genes. A
terminagdo da transcricdo mediada por Rho pode ser uma das maneiras, uma vez que ja foi
mostrado que a reducdo da atividade de Rho levou ao aumento da expressdo dos genes de
profagos (CARDINALE et al., 2008).

O avanco da transcritdmica permitiu observar que ao longo do genoma de procariotos
algumas sequencias antisense podem ser transcritas em larga escala a partir de sitios de inicio
inespecificos ou de promotores fracos. Este evento recebeu o nome de transcri¢do antisenso
pervasiva (do inglés antisense pervasive transcription) que pode gerar uma situacao
conhecida como ruido transcricional (do inglés transcriptional noise) (GEORG; HESS,
2011). Quando presentes em elevada concentracdo estes transcritos podem ser deletérios para
a célula e estudos com E. coli e Bacillus subtilis mostraram que a reducdo da atividade da
proteina Rho leva ao aumento da transcri¢ao de RNAs antisense (PETERS et al., 2012). Rho
também auxilia na integralidade do genoma, os processos de replicacdo, transcricdo e
recombinac¢do podem gerar estruturas contendo DNA ligado a RNA, especialmente durante a
replicacdo a forquilha pode encontrar uma transcricdo ainda nao terminada, ¢ Rho pode
auxiliar na liberagdo do DNA através da sua atividade helicase (DUTTA et al., 2011;
WASHBURN; GOTTESMAN, 2011).

1.3.2. Interagoes realizadas por Rho
Além de reconhecer sequencias nucleotidicas (sitio rut), a proteina Rho ¢ capaz de

estabelecer interacdo com a proteina NusG, um fator de alongamento de transcri¢ao capaz de

acelerar o processo por sua atividade anti-pausa (TOMAR; ARTSIMOVITCH, 2013). NusG
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possui dois dominios conectados por uma alca flexivel, o dominio N-terminal contém o sitio
de interacdo com a RNAP enquanto que o C-terminal, apresenta o motivo KOW que pode se
ligar tanto com Rho como com a proteina S10 ou NusE, uma componente do ribossomo 30S
(BURMANN et al., 2010; CHALISSERY et al., 2011). Uma regido hidrofébica (aminoacidos
203-208) proxima da interface entre duas subunidades de Rho foi identificada como local de
interacao com NusG. Ainda que Rho possua seis sitios de interacdo com NusG, a interacao
ocorre com apenas uma NusG por vez, indicando algum tipo de cooperatividade negativa
(CHALISSERY et al., 2011; PASMAN; VON HIPPEL, 2000, VALABHOJU; AGRAWAL,;
SEN, 2016).

NusG ndo possui capacidade de aumentar a taxa de translocagdo, ATPésica ou de
ligagdo de Rho no RNA (NEHRKE; ZALATAN; PLATT, 1993) mas aumenta a taxa de
liberagdo de transcritos em zonas de terminacdo quando estd ligada a ambos Rho e RNAP.
Mais de um terco das terminagdes dependentes de Rho ¢ também dependente de NusG
(PETERS et al., 2012; SHASHNI et al., 2014). A interacdo de NusG com S10 acopla
transcri¢cdo e tradugdo criando um bloqueio fisico para o acesso de Rho a NusG e, com isso,
reduzindo a eficiéncia de terminacdo de transcritos NusG dependentes. No entanto, a
afinidade de NusG por S10 ¢ menor que por Rho, ocorrendo competitividade entre essas duas
proteinas para se ligarem a NusG (BURMANN et al., 2010; PASMAN; VON HIPPEL, 2000).

Outro fator de alongamento que estd relacionado com Rho, mas que ndo interage
diretamente ¢ o fator NusA. Ao ligar-se 8 RNAP ¢ ao RNA NusA impede a ligacao de Rho e
impede sua agdo de terminadora de transcricdo (BURNS; RICHARDSON; RICHARDSON,
1998; QAYYUM; DEY; SEN, 2016).

Outras proteinas foram relatadas como inibidores do fator de transcricdo Rho como
YaeO e Hfq em E. coli e Psu, do bacteriofago P4. A proteina YaeO inibe a atividade de Rho
diretamente ao se ligar ao sitio SBS (GUTIERREZ et al., 2007). A interagdo com Hfq permite
a ligacdo de Rho ao RNA mas inibe a agdo ATPésica de Rho e sua atividade helicase (RABHI
et al., 2011). Psu ¢ uma proteina do bacteriofago P4 que interage com a proteina Rho

diminuindo sua atividade ATPasica (PANI et al., 2006).

1.4. Diguanilato Ciclases e Fosfodiesterases

O diguanilato ciclico ou bis-(3’-5")-monofosfato dimérico ciclico de guanosina (di-
GMP ciclico ou c¢-di-GMP) ¢ reconhecido como um mensageiro secundario universal dentro

dominio Bactéria e seu nivel intracelular envolve as enzimas Diguanilato ciclase (DGC) e
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Fosfodiesterase (PDE), responsdveis por sua sintese e degradacdo respectivamente
(HENGGE, 2009). As proteinas Diguanilato ciclases promovem a condensacdo de duas
moléculas de GTP para produzir uma molécula de c-di-GMP, que atua como sinalizador,
sendo efetor de muitas proteinas que promovem as alteragdes celulares. O c-di-GMP ¢
degradado por Fosfodiesterases (PDE) que o transformam em 5’-fosfoguanilil-(3'-5')-
guanosina (5’-pGpG) e que, por sua vez, ¢ reciclado em dois GMP. Ambas as proteinas, DCG
e PDE, podem ser encontradas no citoplasma ou ancoradas a membrana plasmatica
(DAHLSTROM; O’TOOLE, 2017, HENGGE, 2009; ROMLING; GALPERIN;
GOMELSKY, 2013).

DGC e PDE foram identificadas na maioria das bactérias, mas estdo ausentes em
arqueias e eucariotos (GALPERIN; NIKOLSKAYA; KOONIN, 2001). Elas trabalham em
oposicao, balanceando a formacgado/degradacdo de c-di-GMP influenciando varios processos
como formac¢ao de biofilme, motilidade, ativagdo de viruléncia, biossintese de moléculas e
respostas ao estresse (DAHLSTROM; O’TOOLE, 2017; KULASAKARA et al., 2006;
MARTINEZ-GIL; RAMOS-GONZALEZ; ESPINOSA-URGEL, 2014; SRIVASTAVA et al.,
2013). A grande parte das bactérias codificam mais de uma proteina envolvida na sintese e
degradacdo do c-di-GMP, sendo que em algumas foram encontradas mais de 60 (GALPERIN;
NIKOLSKAYA; KOONIN, 2001). Apesar do grande numero dessas proteinas, muitos
estudos tem demonstrado que a maioria das DGC estdo envolvidas em apenas um ou dois
processos de sinalizacdo, indicando que algum tipo de mecanismo leva a ativagdo de uma
DGC especifica (HA; RICHMAN; O’TOOLE, 2014; MATSUYAMA et al., 2016; NEWELL
et al., 2011; TUCKERMAN et al., 2009).

A atividade de DGC ¢ regulada por dois motivos altamente conservados GGDEF
(Gly-Gly-Asp-Glu-Phe) ou GGEEF (Gly-Gly-Glu-Glu-Phe) que formam o dominio GGDEF
geralmente na regido C-terminal, chamado de sitio A (CHAN et al., 2004). Na estrutura da
proteina, geralmente dimérica, dois desses dominios sdo justapostos em um arranjo
antiparalelo, e ambos podem aceitar a molécula de GTP para sintese de c-di-GMP. A presenca
de dois ions divalentes é requerida para formagdo da ligacdo fosfodiéster, geralmente Mg®" ou
Mn?" (Fig. 4A e B) (CHAN et al., 2004; PAUL et al., 2004; WASSMANN et al., 2007). Os
dois primeiros residuos de Gly do motivo estdo envolvidos na ligagdo de GTP, o quarto
residuo (Glu) na coordenacdo do ion metalico e o terceiro residuo que pode ser Asp ou Glu é
indispensavel para a catalise participando também da coordenagdo do ion metalico (CHAN et
al., 2004; WASSMANN et al., 2007). Muitas proteinas podem apresentar o dominio GGDEF

degenerado, perdendo sua capacidade catalitica, mas que pode funcionar como regulador
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alostérico. Existem algumas excegdes a esses sitios que mantém sua atividade como GGEEF,
AGDEF, GGDEM e SGDEF (DAHLSTROM; O’TOOLE, 2017).

A formacdo do homodimero de DGC cataliticamente ativo pode ser regulado de duas
formas. Primeiro pela ligacdo de efetores alostéricos nos dominios sensores que essas
proteinas possuem. Um exemplo ¢ a DgcZ de E. coli, em situagdes especificas ions zinco se
ligam a ela proximo ao sitio GGDEF inibindo a atividade de formagao de c-di-GMP
(ROMLING; LIANG; DOW, 2017). O segundo mecanismo ¢é por retroalimentagio, a cinco
residuos a partir do dominio GGDEF em direcdo ao N-terminal pode-se encontrar outro
motivo conservado chamado de RxxD ou RxxE. Esse motivo funciona como um sitio de
inibicao alostérica para ligacdo de c-di-GMP de maneira ndo competitiva, também pode ser
chamado de sitio auto inibitorio (sitio I) (Fig. 4A) (CHRISTEN et al., 2006).

As proteinas PDE podem ser divididas em dois grupos principais devido a sua
estrutura, as que possuem o dominio EAL e as que possuem o dominio HD-GYP. No primeiro
grupo estdo as PDE que possuem o dominio EAL que contém o motivo EAL (Glu-Ala-Leu),
esse dominio compreende as fosfodiesterases que transformam o c-di-GMP no produto 5'-
pGpG. O dominio EAL ¢ conservado estruturalmente, apresentando oito a-hélices e oito [3-
folhas alternadas com uma organizacao bastante flexivel (BARENDS et al., 2009).

Essas enzimas geralmente possuem grande afinidade pelo substrato, ao redor de nano
molar (SUNDRIYAL et al., 2014), e necessitam de um ion divalente para desempenhar sua
atividade sendo, na maioria dos casos, Mg>* ou Mn?*, enquanto Ca?" ou Zn?" inibem sua
atividade (Fig. 4C) (TAL et al.,, 1998; TCHIGVINTSEV et al., 2010). Sdo comumente
encontradas como dimeros, no entanto estudos mostram que a PDE tem atividade como
monomero e pode ser encontrada como oligomeros maiores in vitro (BARENDS et al., 2009;
SCHMIDT; RYJENKOV; GOMELSKY, 2005; TCHIGVINTSEYV et al., 2010).

O segundo grupo de PDEs ¢ o que possui o dominio HD-GYP e se caracteriza por
hidrolisar c-di-GMP e 5’-pGpG para a formacdo de GMP, podendo influenciar diretamente
os niveis de c-di-GMP, hidrolisando-o, ou indiretamente hidrolisando o produto 5’-pGpG e
prevenindo inibi¢cao de dominios EAL (COHEN et al., 2015; ORR et al., 2015).

Algumas proteinas podem ter os dois sitios, de sintese e degradagdao de c-di-GMP
(SCHIRMER, 2016). Como mencionado, alguns dominios GGDEF podem se tornar
degenerados e ndo ser mais cataliticamente ativos, no entanto podem passar a apresentar
funcdo alostérica como receptores de c-di-GMP (regulagao negativa) ou GTP (regulagdo
positiva) de PDE por exemplo. O mesmo pode ocorrer com sitios EAL e HD-GYP (HOBLEY

et al., 2012; OZAKI et al., 2014). Mas pode ocorrer de ambos os sitios serem funcionais,
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nesse caso os dominios sdo diferencialmente regulados por fatores ambientais e/ou sinais
intracelulares que faz um dominio prevalecer sobre o outro em determinadas condigdes
(BHARATTI et al., 2012). A regulagdo nesses casos pode incluir ligagdo de efetor, percepgao
de sinal, intera¢do proteina-proteina, entre outras (FEIRER et al., 2015; MILLS et al., 2015;
QI et al., 2009).

A)

FIGURA 4. Estrutura das proteinas PleD (DGC) de Caulobacter crescentus ¢ RbdA
(PDE) de Pseudomonas aeruginosa. A) Estrutura da proteina PleD (DGC), demonstra o
dimero (um mondmero colorido e outro cinza), contendo dominio REC (vermelho) e GGDEF
(verde), no dominio GGDEF ligado GTP-a-S no sitio A e c-di-GMP no sitio 1. B)
aproximagio do motivo GGDEF, Mg?" (amarelo). C) Proteina RbdA (PDE), com motivo ELL
(amarelo) ligado a c-di-GMP e Mg?* (verde). Fonte: Adaptado de Wiggers e colaboradores,
2018 e Xin e colaboradores, 2019.
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Além desses dois motivos principais as proteinas DGC e PDE podem ter outras
regides, especialmente no dominio N-terminal, que podem estar associados a percepcao de
estimulos ambientais como nivel de oxigénio, potencial redox ou luz (PAUL et al., 2004). Os
demais dominios comumente encontrados em DGC e PDE constituem-se dos dominios REC,
GAF, PAS ¢ HAMP. O dominio REC, ¢ responsavel por regular os niveis de c-di-GMP em
resposta a sinais intracelulares ou extracelulares recebidos por seu sensor cognato de histidina
quinase (PAUL et al., 2004). O dominio GAF, pode ligar GMP ciclico (¢cGMP), aumentando a
sintese de c-di-GMP (AN et al., 2013). O dominio PAS pode ter varias fungdes como
promover a sinalizacdo da transferéncia de grupos fosforil e interagdo proteina-proteina
(VOROBIEYV et al., 2012). HAMP encontrado em muitos receptores transmembranas, que
transmitem sinais do periplasma ao citoplasma via mudanga conformacional (MASCHER;
HELMANN; UNDEN, 2006; PAPPALARDO et al., 2003). Outros dominios podem ser
encontrados em menores propor¢des como MASE sensor associado a membrana, CHASE
ciclase ou histidina quinase associado ao sensoriamento extracelular e CACHE canais de Ca**
e receptores de quimiotaxia (ANANTHARAMAN; ARAVIND, 2001; MASCHER;
HELMANN; UNDEN, 2006; ZHULIN; NIKOLSKAYA; GALPERIN, 2003).

1.4.1. Fungoes do c-di-GMP

A principal funcdo desempenhada por c-di-GMP ¢ a transicao entre a fase movel da
bactéria para sua fase séssil. O aumento intracelular de c-di-GMP sinaliza para diminui¢do da
velocidade da motilidade bacteriana, formacao de biofilme e entrada em seu estado séssil,
enquanto que a diminui¢ao de c-di-GMP sinaliza motilidade e dispersdo e esses processos
podem envolver uma grande gama de proteinas (Fig. 5).

Foi descoberto que nas enterobactérias o movimento flagelar que envolve muitas
proteinas ¢ mediado por c-di-GMP. O rotor flagelar ¢ um complexo proteico localizado na
face citoplasmatica do flagelo e ¢ composto pelas subunidades FliG, FliM e FliN. A rotacao ¢
alimentada por um gradiente i6nico realizado pelas proteinas transmembrana MotA ¢ MotB,
com FliG sendo critica para a conversao do fluxo de prétons de MotA e MotB para o
movimento que gera a rotagdo do corpo flagelar (ROMLING; GALPERIN; GOMELSKY,
2013). A proteina YcgR que liga c-di-GMP interfere na movimentagdo flagelar e dois
modelos foram propostos para sua agdo. O primeiro indica a interacao de YcgR as proteinas
FliG e FliM, que se intensifica na presenga de c-di-GMP gerando mudanca conformacional e

consequente diminuicdo da motilidade. No segundo modelo YcgR ligada a c-di-GMP se
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ligaria a MotA interferindo no gradiente i6nico diminuindo a rotagao do flagelo (PAUL et al.,
2010).

Um dos processos que esta intimamente relacionado com motilidade em bactérias ¢
quimiotaxia, € uma das proteinas responsaveis por entregar sinais quimiotaticos ao flagelo ¢ a
proteina de resposta CheY em sua forma fosforilada (CheY-P). Essa proteina se liga a FliM
direcionando o movimento flagelar (TOKER; MACNAB, 1997). A proteina CheY-P ¢
inativada pela fosfatase CheX (MOTALEB et al., 2005). Sultan e colaboradores (2011)
apresentaram evidencias que na bactéria patogénica Borrelia burgdorferi a proteina PlzA,
uma receptora de c-di-GMP, se liga a fosfatase CheX, de maneira c-di-GMP dependente,

desfosforilando CheY-P, e consequentemente diminuindo a motilidade.

Motile
lifestyle

FIGURA 5. Controle da formaciao do c-di-GMP. A formacdo e degradagdo do segundo
mensageiro ¢-di-GMP ¢ controlado, respectivamente, por Diguanilato Ciclases (DGC) e
Fosfodiesterases (PDE). DGC possui um dominio GGDEF responséavel pela condensagdo de
duas moléculas de GTP na formag¢ao do c-di-GMP, alto c-di-GMP sinaliza entrada no estado
séssil. PDE que possuem dominio EAL degradam c-di-GMP no produto 5’-pGpG, enquanto
as que possuem dominio HD-GYP podem degradar o c-di-GMP ou 5’-pGpG em GMP, baixa
concentracao intracelular de c-di-GMP sinaliza dispersdo. Fonte: Flemming e colaboradores
(2016).

Em A. brasilense, a proteina Tlpl estd envolvida no processo de quimiotaxia e de
colonizagdo das raizes de plantas. Tlpl esta ancorada na membrana com o dominio N-

terminal voltado para espago periplasmatico com uma provavel regido sensorial € um dominio
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C-terminal citoplasmatico que interage com as proteinas envolvidas na sinalizagdo para
quimiotaxia e nesse dominio inclui o sitio de ligacdo a c-di-GMP (O’NEAL et al., 2017). Os
niveis de c-di-GMP em A. brasilense variam de acordo com a concentragdo de oxigénio.
Quando os niveis de O> estdo baixos o nivel de c-di-GMP aumenta, promovendo redugdo da
motilidade, quando os niveis de O, aumentam, c-di-GMP diminui, aumentando a motilidade
de A. brasilense (RUSSELL et al., 2013). As mudangas nos niveis de c-di-GMP permite que
A. brasilense otimize a procura por ambientes onde maximiza seu metabolismo microaerdbico
(ZHULIN et al., 1996).

Como citado acima, o aumento c-di-GMP pode favorecer o estado séssil através de
sistemas que diminuem a motilidade, atingindo o flagelo diretamente, ou de sinais
quimiotaticos que diminuem a velocidade da motilidade bacteriana. No entanto o c-di-GMP
também pode promover o estado séssil estimulando proteinas e fatores de transcri¢do de genes
relacionados a formagdo de biofilme, pili adesivos e adesinas.

Muitas bactérias possuem a capacidade de biossintese de celulose, um componente
comum dos biofilmes bacterianos (OGAWA; MAKI, 2003). Ross e colaboradores (1987)
demonstraram que em Komagataeibacter xylinus o c-di-GMP ¢ o ativador alostérico da
sintese de celulose via Celulose Sintase. Essa proteina contém um dominio conhecido como
PilZ onde se liga o c-di-GMP (AMIKAM; GALPERIN, 2006) para entdo favorecer o
aumento da sintese de celulose (WEINHOUSE et al., 1997).

A sintese de poli-B-1,6-N-acetilglicosamina (PAG), um exopolissacarideo muito
comum dos biofilmes bacterianos, também ¢ regulado por c-di-GMP. Em E. coli duas DGC
(DosC e YdeH) sao requeridas para a formagao de biofilme dependente de PAG. Enquanto
DosC afeta a transcricdo regulando positivamente o operon da biossintese de PAG,
pgaABCD, a atividade de YdeH estabiliza a proteina PgaD a nivel pds-transcricional sendo
necessaria para biossintese do exopolissacarideo (BOEHM et al., 2009; TAGLIABUE et al.,
2010). A biossintese de outros polissacarideos como alginato, Pel e Psl presentes em diversas
espécies bacterianas, também estdo relacionados com os niveis de c-di-GMP (BARAQUET
et al., 2012; LIAO; SAUER, 2012).

Outros reguladores transcricionais dependentes de c-di-GMP ja foram relatados. O
fator de transcri¢do VpsT em Vibrio cholerae se liga a c-di-GMP e sofre uma mudanca na sua
oligomerizacdo permitindo a regulacdao positiva de genes relacionados com formagdo de
biofilme e negativa de genes relacionados com motilidade (KRASTEVA et al., 2010). O fator
de transcricdo FleQ de Pseudomonas aeruginosa também regula a formagao de biofilme e

motilidade. Quando nao ligado a c-di-GMP esse fator ativa a transcri¢do de genes flagelares e
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reprime genes de formagao de biofilme, quando o nivel de c-di-GMP aumenta, o efetor se liga
a FleQ, mudando sua estrutura quaternaria, a proteina se desliga do DNA permitindo a
transcricdo dos genes de formacdo de biofilme e diminuindo a transcricdo dos flagelares
(MATSUYAMA et al., 2016).

Pili sdao longos apéndices filamentosos ndo flagelares compostos de proteinas que se
encontram na superficie bacteriana e estdo comumente associados com a formacao de
biofilmes em superficies biodticas e abioticas (BARNHART; CHAPMAN, 2006). Em
Klebsiella pneumoniae a proteina DGC YfiN estimula a expressdao do pili tipo 3, enquanto
que a PDE MrkJ regula negativamente sua expressao (JOHNSON et al.,, 2011). Em P.
aeruginosa também foi demonstrado que a elevada concentracio de c-di-GMP produzido pela
DGC MorA aumenta a expressdo de CupA envolvida na biossintese do pili (MEISSNER et
al., 2007).

Além do pili as adesinas também contribuem para a formacdo de biofilme uma vez
que estdo presentes na superficie celular e servem de ponto de aderéncia do substrato e
também estabilizam a matriz extracelular. O sistema Lap em Pseudomonas fluorescens ¢ um
dos exemplos mais estudados do circuito do efetor c-di-GMP. As proteinas do sistema Lap
contém: adesina de membrana (LapA), protease periplasmatica (LapG), proteina efetora
(LapD) e o transportador ABC (LapB, C e E) responsavel pela secre¢do de LapA (HINSA et
al., 2003). A DGC GcbC interage fisicamente com LapD e isso esta diretamente ligado com a
habilidade de sinalizacdo provavelmente ao passar o c-di-GMP para LapD (DAHLSTROM et
al., 2015; NEWELL; MONDS; O’TOOLE, 2009). A proteina LapD, encontrada na
membrana, se liga a ¢c-di-GMP em seu dominio EAL, e sofre mudanga estrutural no seu
dominio HAMP (NAVARRO et al., 2011). Essa mudanca estrutural promove o sequestro da
protease periplasmatica LapG (BOYD et al., 2012) que deixa de clivar LapA que, por sua vez,
estd na membrana externa e age como adesina se fixando ao substrato e influenciando na
formacao de biofilme (BOYD et al., 2014).

Esse sistema responde a concentragdo de fosfato inorganico, em condi¢des de baixo
fosfato inorgéanico, o gene rapA ¢ transcrito e produz uma PDE que degrada o c-di-GMP que
se desliga de LapD que, consequentemente, permite a protedlise da adesina LapA
(CHATTERIJEE et al., 2012, 2014).

Muitas proteinas DGC e PDE além de ter o sitio para formagao ou degradacao de c-di-
GMP, respectivamente, possuiu outros dominios sensores. Dois exemplos sdo proteinas de E.
coli, uma DGC chamada de DosC e uma PDE chamada de DosP que sdo sensoras de oxigénio

(TUCKERMAN et al., 2009). A primeira possui um dominio com uma globina modificada e
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o segundo um dominio PAS. Juntas modulam o nivel de c-di-GMP produzido em resposta ao
oxigénio molecular. Ja foi observado que essas proteinas interagem, abrindo a possibilidade
que DGC e PDE podem trabalhar juntas como um complexo para regular a concentragdo de c-
di-GMP relacionado a um efetor especifico (TUCKERMAN et al., 2009).

Muitas sdo as possibilidades de agdo de c-di-GMP intracelularmente e sua fungao
envolve muitos processos metabdlicos importantes. Recentemente foi observada a interacao
de proteinas envolvidas na sintese e degradacdo de c-di-GMP com a proteina GInZ de A4.
brasilense. Dentre mais de 30 possiveis DGC e PDE em A. brasilense somente duas delas
foram indicadas como provaveis novos alvos de GInZ (GERHARDT, 2015), o que corrobora
com a ideia que as proteinas DGC e PDE estdo envolvidas em poucas vias recebendo sinais
especificos. GInZ forma parte das proteinas PII sensoras dos niveis energéticos e
principalmente de nitrogénio e carbono intracelular, a interacdo observada de GInZ com
especificas DGC e PDE ocorre em baixa concentracdo de 2-OG in vitro, ou seja, extrapolando
para o fisioldgico essa condi¢do traduz a sinaliza¢do de alto nivel de nitrogénio, abrindo a
possibilidade de uma nova regulagdo da sintese de c-di-GMP via interacdo com a proteina

GInZ (URBANSKI, 2018).

1.5. UMP Fosfatase (UmpH)

A UmpH de Escherichia coli ¢ uma proteina envolvida na homeostase da via de novo
de pirimidinas (REAVES et al., 2013). O gene que codifica para essa proteina ¢ chamado de
nagD e ¢ conhecido ha muito tempo (PLUMBRIDGE, 1989), no entanto, a fung¢ao fisiologica
de UmpH s06 foi descoberta recentemente (REAVES et al., 2013). O gene nagD faz parte de
um operon divergente em E. coli, o operon nagE-nagBACD (ALVAREZ-ANORVE et al.,
2009; PLUMBRIDGE, 1989), e seus produtos estao relacionados com o processamento de N-
Acetilglicosamina (GIncNAc), um componente essencial para a sintese da parede celular
bacteriana (PERI; GOLDIE; WAYGOOD, 1990).

A regulacdo da expressdo do operon contendo nagD ¢ realizada pelo regulador
transcricional NagC um dos produtos do operon (FERNANDEZ; PLUMBRIDGE, 2019).
NagC reprime a expressdo do operon, e essa repressdo ¢ revertida quando essa proteina
interage com N-Acetilglicosamina-6-Fosfato (GIcNAc6P), o produto do transporte de
GlcNAc para dentro da célula, que ¢ utilizado por NagB ¢ NagA (ALVAREZ-ANORVE et
al., 2009). UmpH, no entanto, ndo ¢ necessaria para o uso eficiente de GIcNAc

(PLUMBRIDGE, 1991).
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UmpH pertence a superfamilia das dehalogenases caracterizada por um dominio
principal (core domain) altamente conservado (KOONIN; TATUSOV, 1994). A familia
compreende numerosas proteinas que se distribuem de procariontes a eucariontes superiores,
incluindo seres humanos. A grande maioria das enzimas sdo fosforil transferases, embora a
superfamilia tenha o nome de dehalogenases (LU; DUNAWAY-MARIANO; ALLEN, 2005).
Quando as sequéncias de aminoacidos de todas as suas regides codificadoras sao comparadas,
as semelhangas entre os membros da familia geralmente ndo sdo muito altas (15 a 30% de
idéntidade), no entanto suas regides centrais envolvidas na atividade catalitica sdo altamente
conservadas (KUZNETSOVA et al., 2006; LU; DUNAWAY-MARIANO; ALLEN, 2005).

A estrutura da proteina UmpH de E. coli j& foi resolvida, a mesma possui 250 residuos
de aminodcidos e por volta de 27 kDa por mondémero (TREMBLAY; DUNAWAY-
MARIANO; ALLEN, 2006). Dados da estrutura e gel filtragdo demonstram que essa proteina
se apresenta como mondmero em solucdo (TREMBLAY; DUNAWAY-MARIANO; ALLEN,
2006). Assim como os demais membros da familia das dehalogenases, UmpH possui um
dominio principal (core domain) altamente conservado de estruturas secundarias o/
alternadas, que suportam o sitio catalitico, composto por quatro algas nomeadas de algas 1, II,
eIV (Fig. 5) (ALLEN; DUNAWAY-MARIANO, 2004). A organizacdo dos residuos nesse
sitio interagem com cofator Mg?" e com o substrato. O dominio principal e o substrato entram
em contato através do grupo fosforil que ¢ transferido. Um segundo dominio variavel nessas
proteinas ¢ um dominio mével chamado CAP que também pode interagir com o substrato
dessolvatando o sitio catalitico e confere especificidade (Fig. 6) (TREMBLAY; DUNAWAY-
MARIANO; ALLEN, 2006).

1.5.1. Fungdo de UmpH

As pimidinas sdo bases nitrogenadas (citosina, uracila e timina), produzidas a partir do
anel pirimidico. Essas bases sdo utilizadas na formagdo de nucleotideos que sdo moléculas
obrigatorias em todos os organismos. Os nucleotideos sdo substratos para sintese de RNA e
DNA e sao utilizados como os principais doadores de energia nos processos celulares
(KILSTRUP et al., 2005). Os nucleotideos podem ser sintetizados a partir de aminoacidos ou
outras moléculas pequenas através da via de novo, ou através de nucleobases e nucleosideos
pré formados pela via chamada de salvamento (KILSTRUP et al., 2005).

A sintese de novo de pirimidinas ¢ realizada em cinco reacdes principais catalisadas

por cinco enzimas (HOVE-JENSEN, 1989). A regulacio da homeostase da via das
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pirimidinas envolve duas estratégias a primeira chamada de retroalimentagdo candnica e a
segunda de metabolismo de transbordamento (REAVES et al., 2013). A retroalimentagdo
candnica ¢ conhecida e altamente estudada. Nessa regulacdo ocorre a retroalimentacao
alostérica negativa da primeira enzima da via de novo, e da enzima anterior. A primeira
enzima da via € a Aspartato transcarbamoilase (ATCase) e ela ¢ inibida quando ocorre
aumento dos produtos finais UTP e mais fortemente pelo CTP (KANTROWITZ, 2012). A
enzima anterior ¢ a Carbamoil Fosfato Sintetase (CPSase) responsavel pela sintese de
carbamoil-fosfato, substrato da ATCase, ¢ a mesma ¢ inibida pelo intermediario da via UMP,
portanto quando os niveis de UMP, UTP e CTP aumentam ocorre a inibi¢do dessas enzimas
diminuindo suas atividades (KANTROWITZ, 2012; PETERSON; COCKRELL;
KANTROWITZ, 2012; WILD; LOUGHREY-CHEN; CORDER, 1989). CPSase ndo ¢ parte
direta da via de novo pois também alimenta a via de biossintese de arginina (KANTROWITZ,

2012).

FIGURA 6. Estrutura da proteina UmpH de Escherichia coli. As alcas estdo indicadas por
setas sendo a alca I (vermelho), II (verde), III (azul) e IV (dourado). A alga mével do dominio
CAP esta em roxo. Fonte: Tremblay e colaboradores (2006)

A regulacao por metabolismo de transbordamento foi proposta recentemente por
Reaves e colaboradores (2013). No trabalho foram mutados os genes que codificam para as
duas enzimas envolvidas na regulagdo pela retroalimentagdo candnica, ATCase (pyrl) e
CPSase (carB), sem a regulacdo dessas proteinas os autores esperavam que os niveis dos

nucleotideos trifosfatados aumentassem, no entanto isso nao foi observado, o que foi possivel
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notar foi a concentragao de uracila subir.

Considerando que UMP pode originar uridina e uracila os autores deletaram 18 genes
que poderiam estar relacionados com a interconversdao dessas trés moléculas, na tentativa de
encontrar a proteina que estaria desviando a via de sintese de novo para uracila. A mutagao de
dos genes nagD que codifica UmpH e surE que codifica UmpG, diminui o acumulo de uracila
por volta de 40% e 45% respectivamente. O duplo mutante desses dois genes diminuiu o
acumulo de uracila em 80% indicando que esses dois genes estdo relacionados com o desvio
de UMP da biossintese de novo de pirimidinas para a formagao de uracila. Outro dado que
suporta a acao conjunta de UmpH e UmpG ¢ que apenas no mutante duplo que hd acumulo do
produto final UTP, indicando que UmpH pode assumir a fungdo de UmpG e vice-versa
(REAVES et al., 2013). As proteinas UmpH e UmpG transformam UMP em uridina mas nao
em uracila, essa etapa ¢ realizada pela enzima Udp (REAVES et al., 2013).

Outro dado relatado pelos autores foi com a proteina UMP Quinase, responsavel pela
conversao de UMP em UDP. Essa enzima forma um ponto de estrangulamento quando os
niveis de UTP aumentam. UTP pode se ligar de maneira cooperativa na UMP quinase
inibindo a formagao de UDP e aumentando os niveis de UMP, substrato de UmpH e UmpG.

Em resumo quando os niveis dos produtos finais UTP e CTP ou do intermediario
UMP aumentam ha inibicdo por retroalimentacdo candnica, mas o aumento de UMP pode
levar ao desvio dessa molécula para a formacao de uridina catalisada por UmpH ou UmpG. A
concentragdo de UMP na célula no estado estacionario ¢ de 52 uM, e o Km ump para UmpH ¢
de 120 uM indicando que o controle de UmpH ocorre pela concentracdo do substrato. A
uridina ¢ substrato da enzima Udp que a transforma em ribose-1-P e uracila que pode ser
excretada, por isso essa via ¢ chamada de metabolismo de transbordamento (REAVES et al.,
2013).

Estudos com proteina UmpH revelaram que ela consegue utilizar uma gama de
substratos como UMP, CMP, GMP, AMP, ribose 5-P, pirodoxal 5’-P, glicerol 3-P, Glicose 6-
P, N-glicosamina 6-P, d TMP, dCMP, dAMP, dGMP entre outros, no entanto, a atividade mais
eficiente ¢ na presenga de UMP (TREMBLAY; DUNAWAY-MARIANO; ALLEN, 2006).

Entretanto, ndo ha registro de interagcdo da proteina UmpH com outras proteinas.
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2. OBJETIVOS

Objetivo Geral

Analisar a relacdo funcional das proteinas PII sobre o Fator de Terminagdo de
Transcricdo Rho, uma Diguanilato Ciclase (AbDGC), uma Fosfodiesterase (AbPDE) e a UMP
Fosfatase (UmpH).

Objetivos especificos

v' Expressar e purificar as proteinas de interesse.

v’ Validar e caracterizar intera¢do de PII com o Fator de terminagio de Transcrigdo Rho
em A. brasilense e em E. coli

v Caracterizar a interacdo entre a proteina GInB com AbDGC e AbPDE em A.
brasilense

v" Validar e caracterizar a interagéo entre as proteinas PIIl com UmpH em E. coli

<

Caracterizar as enzimas através de ensaios cinéticos.

v Determinar o efeito das proteinas PII sobre a atividade das enzimas.
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3. CAPITULO I

THE TRANSCRIPTION TERMINATOR FACTOR RHO INTERACTS IN VITRO
WITH THE SIGNAL TRANSDUCTION PII PROTEINS OF Azospirillum brasilense
AND Escherichia coli

Abstract

Transcription factor Rho is a ring-shaped, homohexameric protein that causes transcript
termination through actions on nascent RNAs. The process of transcription termination is
essential to proper expression and regulation of bacterial genes. The PII proteins are widely
distributed in nature and are pivotal players in control of metabolism. PII controls the activity
of a diverse range of targets via protein-protein interaction, and in recent years the extend of
these interactions have increased. Here, we show that the signal transduction protein PII
associates with Rho from two different organisms, Azospirillum brasilense and Escherichia
coli. Using the pull-down approach, we were able to characterize the interactions in vitro of
Rho proteins with PII. The PII-Rho complexes in A. brasilense occurred in the presence of
ATP and ADP, however, increasing 2-oxoglutarate levels in the presence Mg.ATP the
interactions were inhibited. E. coli’s interactions occured preferably in the presence of ADP
and were also inhibited increasing 2-oxoglutarate levels in the presence of Mg.ATP. We
performed assays on Rho activity in vitro in the presence of PII proteins using ATP and
poly[C], therefore the presence of PII did not change Rho activity under the tested conditions.

Introduction

The rho gene has been found in more than 90% of the sequenced bacterial genomes,
suggesting an ancient origin. Futhermore, the functions associated to Rho are not easily
substituted in bacterial cells (D’Heygere, Rabhi and Boudvillain, 2013). Typically, Rho is a
ring-shaped homohexameric enzyme with multiple sites for interaction with RNA and ATP. It
couples the energy of ATP hydrolysis to promote translocation in the 5’— 3’ direction on
nascent single stranded RNA transcripts to terminate transcription (Boudvillain, Figueroa-
Bossi and Bossi, 2013).

Rho-mediated termination requires protein binding to specific sequences called rut
(rho utilization) sites, C-rich and secondary poorly-structure sites in the nascent RNA. Upon
Rho anchoring the RNA, the nascent RNA passes through the homohexameric ring, and the
ATPase activity fuels the translocation of Rho along nascent transcript removing bound
obstacles until it catches up with RNA polymerase (RNAP) and triggers dissociation of the
transcription elongation complex (Peters, Vangeloff and Landick, 2011; D’Heygere et al.,
2015).
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The Rho factor also controls the expression of non-coding RNAs (Peters, Vangeloff
and Landick, 2011), prevents formation of toxic RNA-DNA structures during transcription
(R-loop) (Krishna Leela et al., 2013), silences foreign DNA (Cardinale et al., 2008), controls
gene expression (Ciampi, 2006), regulates specific genes/operons in response to
environmental cues (Bossi ef al., 2012; Hollands et al., 2012), prevents spurious transcription
and has involvement in maintenance of genome integrity (Cardinale et al., 2008; Peters et al.,
2009, 2012).

The PII family comprises a very widespread group of signal transduction proteins that
are present in Bacteria, Archaea and in plant chloroplasts (Forchhammer, 2008). The three
dimensional structure of PII from several organisms have been determined showing highly
conserved structure. PII proteins are homotrimers and form a compact barrel-like structure.
Each monomer carries three protruding loops called loop B, C and - the most flexible - T; the
last one emerges from each subunit and is vital for some of PII functions (Carr et al., 1996;
Xu et al., 2003; Yutaka Mizuno et al., 2007; Truan et al., 2010).

The PII proteins regulate nitrogen metabolism through protein-protein interaction with
transporters, key enzymes of nitrogen assimilation, and transcription factors or proteins that
control transcriptional factors (Huergo, Chandra and Merrick, 2013). PII proteins bind ATP,
ADP and 2-oxoglutarate (2-OG) (Ninfa and Jiang, 2005; Jiang, Mayo and Ninfa, 2007; Truan
et al., 2010). ATP or ADP binds each of the three lateral clefts located between the subunits
formed by the two smaller loops (B and C loops) (Conroy ef al., 2007; Jiang and Ninfa, 2009;
Truan et al., 2010). 2-OG can only bind PII protein in the presence of Mg.ATP and the three
binding sites for 2-OG have been identified near Mg.ATP (Truan et al., 2010).

Considering that PII can bind ATP, ADP and 2-OG, this protein has the ability to
sense the intracellular energy status through ATP/ADP ratio and nitrogen and carbon status
binding 2-OG (Jiang and Ninfa, 2009; Fokina et al., 2010; Truan et al., 2010; Gerhardt ef al.,
2012). The cellular levels of these metabolites can vary depending of the environment. The 2-
OG levels vary according to the availability of nitrogen (Leigh and Dodsworth, 2007; Huergo
et al., 2012). When the nitrogen levels are high, 2-OG is used as carbon skeleton for the
assimilation of nitrogen and the intracellular pool of 2-OG drops; while under low nitrogen
availability, 2-OG accumulates (Schutt and Holzer, 1972; Yuan et al., 2009; Radchenko,
Thornton and Merrick, 2010). The ATP and ADP also vary in post-ammonium-shocked cells,
at the first moment the ATP pool decreases whereas the ADP increases reciprocally
(RADCHENKO; THORNTON; MERRICK, 2010). The fluctuations in the intracellular levels

of these compounds affect the PII structure as well as its protein-protein interactions. In



53

Proteobacteria, PII is also regulated by reversible uridylylation of the T-loop. In low nitrogen
the T-loop is covalently bond by UMP, whereas in high nitrogen this modification is reversed.
This post-translational change also influences PII activities (Atkinson ef al., 1994; Aratjo et
al., 2008).

Azospirillum brasilense is a diazotrophic a-proteobacterium found in association with
several plants of agricultural interest (Dobereiner and Pedrosa, 1988). 4. brasilense encodes
two PII proteins GInB and GInZ (de Zamaroczy, 1998). Their most well-known function is
regulation of nitrogen metabolism, but also PII can regulate fatty acid biosynthesis by the
multi-subunit acetyl-CoA carboxylase/complex (ACC) in A. brasilense, Escherichia coli,
Arabidopsis thaliana and Synechocystis sp. (Feria Bourrellier ef al., 2010; Rodrigues et al.,
2014; Gerhardt et al., 2015; Hauf et al., 2016).

Given the ability of PII acting as sensors of a variety of signals, the targets of proteins
regulated by interaction with PII are likely to be larger. An interactome analyses with GInZ
from A. brasilense 2812 support that PII may regulate a large pool of proteins, and the
Transcription Terminator Factor Rho was identified as a potential new target (Gerhardt,
2015). In this work, we confirm and explore, in vitro, the interactions between PII from A.
brasilense FP2 (GInZ and GInB) and its Rho protein. In order to evaluate if this interaction
would be conserved in other organisms, we also tested Rho protein from E. coli with both PII
from this organism GInB and GInK. The Rho protein from both organisms interacted with PII
in the presence of ATP and ADP and the interaction was inhibited in the presence of the 2-OG

molecule.

Experimental procedures

Bacterial strains, plasmids and growth conditions

The bacterial strains and plasmids used are listed in Table 1. 4. brasilense FP2 was
grown at 30°C in NFbHP medium (Machado et al., 1991) containing 20 mM NH4Cl as

nitrogen source. E. coli strains were grown in LB medium (Sambrook et al., 1989) at 37°C.
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TABLE 1. Bacterial strains and plasmids

Strains/plasmid Genotype/phenotype Source/reference

A. brasilese

FP2 Wild-type Pedrosa and Yates, 1984

E. coli

DH10B Sm’, F¢ [proAB* lacZAM15] Invitrogen

BL21 (ADE3) Expresses T7 RNA polymerase Agilent

Plasmids

pET29a Km'". Expression vector T7 promoter Novagen

pET28a Km'. Expression vector T7 promoter Novagen

pMSA3 Km'. (pET28a). Expresses the 4. brasilense Araujo et al., 2004
GInZ carrying a 6xHis tag at N-terminal

pMSA4 Km'" (pET-28a). Expresses 4. brasilense Moure et al., 2012
untagged GInZ

pLMA-MLV1 Km'. (pET28a). Expresses the 4. brasilense Huergo et al., 2007
GInB carrying a 6xHis tag at N-terminal

pLH25PET Km' (pET-28a). Expresses A. brasilense Araujo et al., 2004
untagged GInB

pGAHisGInZAloop Km'". (pET28a). Expresses the 4. brasilense Aratjo, 2018
GInZ carrying a T-loop deletion and a 6xHis
tag at N-terminal

pTRpetHisGInK Km".(pET28a). Expresses the E. coli GInK Rodrigues et al., 2014
carrying a 6xHis tag at N-terminal

pJT25 Amp". (pT7-7). Expresses E. coli untagged Radchenko, Thornton and
GInK Merrick, 2010

pTRpetHisGInB Km". (pET28a). Expresses the E. coli GInB Gerhardt et al., 2015
carrying a 6xHis tag at N-terminal

pTRPETGInB Km' (pET-29a). Expresses E. coli untagged Gerhardt et al., 2015
GInB

pLHpet29RHO.3 Km'" (pET-29a). Expresses 4. brasilense This Work
untagged Rho

pEt28b-Rho Km'" (pET-28a). Expresses E. coli untagged Boudvillain ef al., 2009
Rho

Cloning and molecular biology methods

Isolation of plasmid DNA, gel electrophoresis, bacterial transformation and cloning
were performed as described (Sambrook et al., 1989). Enzymes were obtained from
commercial sources and used according to the manufacturers’ instructions. DNA sequencing
was performed using dye-labeled terminators in an automated DNA sequencer ABI 3500

from Applied Biosystems.
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The A. brasilense FP2 rho gene was amplified by PCR using the 4. brasiliense FP2
genomic DNA as template, the primers: 5S-CCCCCCATATGCATCTCCAAGAGCTGAAG-
3’ in combination with 5’-GCGGTAAGCTTCTATTGGTTCATGGACTCGAAGAA—-3
(Restriction sites for Ndel and Hindlll are underlined), and high-fidelity pfu DNA
polymerase. The PCR products were digested with Ndel and Hindlll and ligated into pET29a,
previously digested with the same enzymes. The resulting pLHpet29RHO.3 plasmid was

sequenced to check its integrity.

Protein methods

Electrophoresis of proteins was carried out by SDS-PAGE (Laemmli, 1970) and gels
were Coomassie blue stained. Protein concentrations were determined by the Bradford assay
(Bradford, 1976) using bovine serum albumin as standard.

Protein sequence analysis of AbRho and EcRho were performed on ClustalW program
(Thompson, Higgins and Gibson, 1994). Domains prediction was performed on Pfam (Finn et

al., 2016)

Protein expression and purification

Rho from Azospirillum brasilense and Escherichia coli

BL21 (ADE3) cells carrying the pLHpet29RHO.3 or pEt28b-Rho plasmid were
cultivated on 400 ml LB at 37°C to a 0.5 ODsoo. Isopropyl--D-thiogalactopyranoside (IPTG)
(0.5 mM) was added and after 3 hours cells were harvested by centrifugation (5.000 % g for
10 minutes at 4°C). The pellet was resuspended in 20 ml of buffer 1 (50 mM Tris-HCI pH 8.0,
0.1 M NaCl). Cells were disrupted by sonication (10 minutes with cycles of 15 seconds) and
cellular extracts were clarified by centrifugation (20.000 x g for 20 minutes at 4°C). The
soluble fraction was first loaded onto an 1 ml heparin column (GE-healthcare) at room
temperature, which was pre-equilibrated with buffer 1. The bound proteins were washed by
10 ml of buffer 1. After, bound proteins were eluted with a NaCl gradient (0.1 to 0.75 M of
NaCl in buffer 1). Second, fractions containing protein of interest were loaded onto a 320 ml
size exclusion column Sephacryl S-200 (GE HealthCare), which was pre-equilibrated with
buffer 1, the isocratic elution occurred at a flow rate of 0.5 ml per minute at room
temperature. Fractions containing AbRho or EcRho were pooled and dialyzed in buffer 2 (50

mM Tris-HCI pH 8.0, 0.1 M NacCl, 10% glycerol (v/v)).
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Purification of PII

The expression and purification of His-tagged proteins (His-AbGInB, His-AbGInZ,
His-AbGInZALoop, His-EcGInB and His-EcGInK) were performed according to Rodrigues et
al. (2014) and the native PII proteins (AbGInB, AbGInZ, EcGInB e EcGInK) were expressed
and purified according to Gerhardt et al. (2015).

Complex co-purification

PII-His proteins and the untagged Rho proteins overexpressed pellets were
resuspended in 10 ml of buffer 3 (50 mM Tris-HCI pH 8.0, 0.1 M KCl). Cells were disrupted
by sonication (10 minutes with cycles of 15 seconds), and cellular extracts were clarified by
centrifugation (20.000 x g for 20 minutes at 4°C). The soluble extracts containing one PII-His
protein and one untagged Rho protein were combined, after adding ADP (1 mM) and MgCl
(5 mM), and loaded on the 1 ml HiTrap chelating column. Elution was performed increasing
the imidazole concentration (0.1 — 1 M) at room temperature. The elution pattern was

analyzed in 15% SDS-PAGE stained with Coomassie blue.

In vitro uridylylation of PII

Purified His-PII (Rodrigues et al., 2014), was subjected to in vitro uridylylation in a
500 pl reaction mixtures containing 100 uM His-PII (considered as monomer), 1 mM ATP, 2
mM UTP, 5 mM 2-OG, 1 uM of purified E. coli GInD (kindly provided by Dr. Thiago E.
Rodrigues). The reaction was performed using 100 mM Tris—HCI pH 7.5, 100 mM KCI and
25 mM MgCl; as buffer. The reactions were incubated at 37°C three hours and terminated by
heating at 70°C for 15 min to allow GInD denaturation, after the reaction was put on ice for 10
minutes, and GInD is further removed by centrifugation (20.000 x g for 15 minutes at 4°C).
The His-PII-UMP was dialyzed against buffer 2 (50 mM Tris HCI pH 8.0, 100 mM KClI,
glycerol 10% (v/v)). The His-PII uridylylation was determined by Native-PAGE as described
previously (Inaba et al., 2009).
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Gel filtration chromatography

Analytical gel filtration chromatography was performed on a 25 ml Superose 6 10/30
column (GE Healthcare) at a flow rate of 0.5 ml per minute using buffer 1 at room
temperature. The column was calibrated with the following molecular mass markers from
Bio-Rad: Thyroglobulin (670 kDa); gama-globulin (158 kDa); ovalbulmin (44 kDa),
myoglobin (17 kDa) and B12 Vitamin (1.35 kDa).

Circular dichroism (CD)

Circular dichroism (CD) was performed on a JASCO J-815 (JAPAN Spectroscopy &
Chromatography Technology) spectropolarimeter coupled to a temperature controller.
Proteins were diluted in 20 mM TrisHCI pH 8.0 to final hexamer concentration of 0.5 pM.
The CD spectra were recorded at 25°C in the measure range of 200—300 nm. The baseline was
corrected subtracting the buffer spectrum. The secondary structure content was calculated

using K2D3 software (Louis-Jeune, Andrade-Navarro and Perez-Iratxeta, 2012).

Dynamic Light Scattering (DLS)

DLS analysis were carried out on a Dynapro NanoStar (Wyatt Technologies) in 10 pl
volume disposable cuvette. Protein concentration of 35 uM (considering hexamer) was found
to be sufficient for the assay. We performed the test with and without poly[C] (2.5 ng). Data

were analysed using the software Dynamics 7.1.9, associated with the DLS machine.

NTP hydrolysis assay

Rho NTP hydrolysis activities were determined with the EnzCheck Phosphate Assay
kit (Molecular Probes). In the presence of inorganic phosphate (Pi), the substrate 2-amino-6-
mercapto-7-methylpurine ribonucleoside (MESG) is converted enzymatically by purine
nucleoside phosphorylase (PNP) to ribose 1-phosphate and 2-amino-6-mercapto-7-
methylpurine. Enzymatic conversion of MESG results in a shift in absorbance at 360 nm. The
final reactions were prepared in 200 ul and placed in a 96-well transparent plate. The
reactions contained Hepes buffer pH 7.9 (20 mM), KCl1 (50 mM), MgCl, (1mM), MESG (0.2
mM), PNP (1 U/mL) in NTPase buffer (1 mM MgCl,, 50mM Tris-HCl pH7.5, 0.1 mM
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sodium azide), poly[rC] (2.5 pg) and Rho (60 nM considering hexamer). The reaction
components changing will be indicated when necessary. After equilibration at 30°C for 1 min,
NTP were added to the reaction, and the activity was monitored for 2 minutes. Absorbance
measurements were performed in TECAN plate reader at 360 nm every 10 sec. For the
determination of catalytic constants, the data were fitted to Michaelis—Menten equation using
GraphPad Prism software.

Data were analyzed using One-way ANOVA followed by Tuckey test (GraphPad

Prism 6.0). Probabilities of < 0.05 were accepted as significant.

Protein co-precipitation using magnetic beads (Pull-down)

In vitro complex formation was performed at room temperature using His-Magnetic
beads (Promega) as described (Huergo et al., 2007), with modifications. All reactions were
conducted in buffer containing 50 mM Tris-HCI pH 8.0, 0.1 M NaCl, 5 mM de MgCl,, 0.05%
Triton X-100 (v/v), 10% glycerol (v/v), 20 mM imidazole in the presence or absence of
effectors as indicated in each experiment. Five microliters of beads were equilibrated washing
with 200 pl of buffer. Binding reactions were performed in 400 pl of buffer by adding 20 pg
His-PII and then 40 pg untagged Rho. To assess the specificity of the interaction between Rho
and PII we used 20 pg of two different His-tag proteins, PyrE from E. coli (kindly provided
by MSc. Ana C. Goedert) and Lonely Guy from A. brasilense (kindly provided MSc. Isabela
C. Rodrigues). The proteins were mixed at room temperature. The beads were washed three
times with 200 pl of buffer. Then, the samples were mixed with sample buffer and analyzed in
15% SDS-PAGE stained with Coomassie blue.

Gel band densitometry analyses were performed using Gel Analyzer 19.1 program.

Results

Rho protein from Azospirillum brasilense FP2 is hexameric in solution

Protein sequence analysis of AbRho and EcRho were performed and showed an
identity of 68% and a similarity of 85% (Fig. S1). The organization of the domains in these
proteins are also similar predicting three domains for both proteins: N-terminal domain, RNA-

binding domain and nucleotide-binding domain (Fig. S1).
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The Rho proteins from both organisms were similarly expressed and purified (Fig S2).
The proteins showed different elution patterns in the heparin column (Fig. S2A and C),
AbRho protein began to elute in the first fractions (= 150 mM NaCl), with the elution peak at
200 mM (Fig. S2A). EcRho protein required a higher salt concentration for its elution, the
peak was at 500 mM, but the total elution extended from 350 to 550 mM (Fig. S2C). The
second step of purification occurred by size exclusion column. In this step, both proteins had a
similar elution pattern (Fig. S2B and D).

Typically, Rho factor, in a variety of organisms, is a ring-shaped homohexameric
enzyme (Boudvillain, Nollmann and Margeat, 2010) and EcRho has previously presented this
pattern (Skordalakes and Berger, 2003). To evaluate the pattern of AbRho we used Superose
6 analytical gel filtration column. AbRho monomer is 46.9 kDa and EcRho 47 kDa.
Considering that both proteins are hexameric, the expected elution pattern would be around
282 kDa. The assay was performed with both proteins, AbRho and EcRho, and their elutions
patterns were similar (Fig. 1A and B). EcRho protein eluted by 13.15 ml reaching a molecular
weight of 270.97 kDa compared to the calibration curve, which was close to expected (~ 282
kDA) (Fig. 1A and C). AbRho protein eluted at 12.95 ml resulting in a molecular weight of
307.91 kDa also similar to that expected for a hexameric protein (Fig. 1B and C). The results
showed that the proteins are in their quaternary structure in solution. Dynamic light scattering
(DLS) analysis showed that the majority of the proteins in solution were in quaternary
structure (Fig. S3B). The molecular weight obtained from DLS was 209 kDa for AbRho and
200 kDa for EcRho with a polydispersity (pd) of 13.2% and 15.9% respectively. In the
presence of the cofactor poly[C] the molecular weight increased to 258 kDa (14% pd) for
AbRho and 260 (20.9% pd) for EcRho, it is known that poly[C] stabilizes the Rho protein
hexamer (Geiselmann et al., 1992).

Comparing secondary structure of these proteins by circular dichroism (CD) (Fig.
S3A), we found for EcRho 36.01% a-helix and 18.82% [B-strand, similar to results found by
Thomsen et al. (2016). For AbRho we observed a 25.6% o-helix and 24.17% B-strand.
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FIGURE 1. Gel filtration analysis of purified Rho proteins from A. brasilense and E.
coli. A) Elution profile of purified AbRho on a Superose 6 column (GE Healthcare). B)
Elution profile of purified EcRho on a Superose 6 column (GE Healthcare). C) Log MW vs
Kav ((Ve-V0)/(Vi-Vo)) plots of molecular mass standards (BioRad) and Rho proteins.
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AbRho is an NTPase inhibited by ADP

Characterization assays were performed with Azospirillum brasilense Rho protein. We
first tested Rho activity with its usual substrate, adenosine triphosphate (ATP). AbRho was
able to use ATP as substrate. Plotting the initial velocities against increasing concentrations of
ATP we got a typical Michaelis-Menten hyperbolic response (Fig. 2A). The Kwm.atp for this
enzyme was 30uM =+ 2.6, similar to the range for other Rho proteins like £.coli’s Rho (11 uM
+ 0.5) (Park et al., 1995) and Mycobacterium tuberculosis’ Rho (70 uM + 14) (Kalarickal et
al., 2010). In E. coli all six pockets have the ability to bind nucleotides, but studies indicated
that Rho hexamer binds only three ATP or RNA molecules at the alternate sites owing to
negative cooperativity (Stitt, 1988; Geiselmann and Von Hippel, 1992). The calculated Kcat
Of E. coli Rho protein is 10 s and takes into account three active sites per hexamer (Stitt and
Xu, 1998). Assuming that in A. brasilense this phenomenon can also occur, the Kcar
calculated for three active sites was 5.5 s™ (£ 0.17), a result similar to that seen in E. coli.

All assays were performed in the presence of commercial poly[C], a RNA cofactor
which is an important factor for AbRho activity (Fig. 2B).

We investigated whether AbRho had substrate preference within all triphosphate
nucleotides. Just like EcRho (Nowatzke and Richardson, 1996), AbRho protein showed the
ability of utilize all triphosphate nucleotides (Fig. 2). Statistical analysis showed a preference
of AbRho for ATP and UTP.

The diphosphate nucleotide ADP is the reaction product and is a competitive inhibitor
of EcRho (Galluppi and Richardson, 1980). For AbRho a dose dependent inhibition was
observed when we tested different ADP concentrations at fixed ATP (1mM) (Fig. 2D).
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FIGURE 2. RNA-dependent NTP hydrolysis activities of the AbRho protein. AbRho
activity was determined with the EnzCheck Phosphate Assay kit. Data are reported as the
average of duplicate experiments showing the standard deviation. A) AbRho activity in the
presence of increasing concentration of ATP (1-200 uM). B) Stimulation of the ATPase
activity of AbRho by polyribonucleotide poly[rC]. The reaction was conduct with and without
poly [rC] (2.5 pg) C) Comparison of the NTPase activities under the same standard
conditions. All nucleotides used were at 1 mM. Statistical Analysis was performed with One-
way ANOVA followed by Tukey test. * p< 0,05 compared to ATP D) Effect of the presence
of different concentrations of ADP on AbRho activity, the concentrations of ATP in the
assays was 1 mM. The different ADP concentrations were added to reaction mixtures in the
presence of AbRho, ATP was the last component added and was used to start the catalysis.

AbRho and EcRho Interact with PII Signal Transducer Proteins

Gerhardt (2015) developed an interactome assay showing possible new GInZ targets in
A. brasilense 2812 and one of them was the transcription termination factor Rho. A.
brasilense has two PII proteins, GInZ and GInB. In order to validate the AbRho-GInZ
interaction and test if this interaction could also occur with GInB, A. brasilense PII proteins
were purified in a N-terminal 6xHis-tag form and were used for in vitro co-precipitation (pull-

down) assays with native AbRho. To evaluate if this interaction could be conserved in other
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organisms we also tested Rho protein from E. coli with both PII from this organism EcGInB
and EcGInK.

AbRho protein showed a low affinity for the bead (Fig. 3 lanes 2, 5 and 8), however, it
is clear the enrichment that occurs in the presence of PII. AbRho interacts with both PII
proteins (GInB and GInZ), in the presence of ATP and ADP, but in the presence of Mg.ATP
and 2-OG, the interaction does not occur (Fig. 3). EcRho also interacts with the two PII
proteins; however, EcRho in the performed assay shows greater complex with GInB than
GInK, the EcRho-GInK complex was observed only in the presence of ADP and in the
EcRho-GInB complex, ADP showed a positive effect in complex formation (Fig.3). Mg. ATP
+ 2-OG inhibit the EcRho-PII complexes.

We performed a co-purification assay to confirm the complexes between PII and Rho
in vitro (Fig. S4). We used soluble extracts containing His-PII protein and untagged Rho
overexpressed. Both extracts were combined, | mM ADP were added and loaded on HiTrap
chelating column. 6xHis-PII has affinity and binds to HiTrap column while the native AbRho
and EcRho do not (Fig.S4C and F). After imidazole elution all the complexes, AbRho-GInB,
AbRho-GInZ, EcRho-GInB and EcRho-GInK, remained stable (Fig.S4A, B D and E)
confirming complexes formation.

To verify whether the interaction between AbRho and EcRho with PII proteins was
specific, we used two random 6xHis proteins and performed a pull-down assay together with
AbRho and EcRho. The E. coli random protein was PyrE, involved in pyrimidine synthesis
and A.brasilense random protein was the Lonely Guy (LOG), which participated on the
cytokinin metabolism. AbRho and EcRho did not interact with random 6x-His proteins,
showing that the interaction with PII is specific (Fig. S5). We also found that AbRho protein
interacts with PII in the absence of effectors and in the presence of only 2-OG (I mM),
reinforcing the need for Mg.ATP to respond to 2-OG. While for EcRho, it does not interact
with PII without effectors or when in the presence of only 2-OG (Fig. S6).

Rho and PII proteins can bind the Mg?* ion as cofactor. We investigated whether the
absence of this ion would interfere with the formation of the complexes. The Mg?" binding on
PII protein requires ATP, for that reason the reaction were performed at fixed concentration of
ATP (1 mM). For AbRho-GInB and AbRho-GInZ we found that the absence of Mg>"
decreases the formation of the complexes but they still occurring (Fig. 4). The EcRho-GInK
did not occur in any tested condition when ATP was the effector. EcRho-GInB complex

decreases in the absence of Mg?* (Fig. 4).
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FIGURE 3. In vitro formation of the AbRho-PII and EcRho-PII complexes. Complexes
formation were assessed by pull-down using Ni** beads. Reactions were performed in the
presence of MgCl, (SmM) and the effectors ATP, ADP and/or 2-OG at ImM as indicated.
Binding reactions were conducted in 400 pl of buffer adding purified His-PII (20 pg) mixed
with native Rho (40 pg). The eluted fractions from the Ni*" beads were analyzed by SDS-
PAGE and the gel was stained with Coomassie Blue.
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FIGURE 4. In vitro formation of the AbRho-PII and EcRho-PII complexes are stabilized
by Mg?*. Complexes formation were assessed by pull-down using Ni** beads. Reactions were
performed under fixed ATP concentration (I mM) in the presence or absence of MgCh
(5mM) as indicated. Reactions were conducted in 400 pl of buffer adding purified His-PII (20
ng) mixed with native Rho (40 ng). The eluted fractions from the Ni*" beads were analyzed
by SDS-PAGE and the gel was stained with Coomassie Blue.
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2-0OG prevents formation of the Rho-PII complex of A. brasilense and E. coli

Since high 2-OG inhibits Rho-PII complex formation (Fig. 3), we investigated the
influence of 2-OG on the Rho-PII interaction. A new pull-down assay was performed
increasing the 2-OG concentration in the presence of ATP (1 mM) and Mg?** (5 mM). We
found that increasing 2-OG concentration inhibits the complex formation in a dose dependent
manner for AbRho-GInZ, AbRho-GInB and EcRho-GInB complexes (Fig. 5).

For AbRho-GInZ and AbRho-GInB interactions, 0.01 mM 2-OG concentration
decreased by half the amount of complexes formed when compared to the interaction in the
absence of 2-OG (Fig. 5 and S7, lanes 3 and 4). For the highest concentrations tested almost
no complexes were detected.

EcRho-GInB complex occurs in the presence of 2-OG at concentrations 0.01 and 0.1
mM (Fig. 5 and S7, lanes 3, 4 and 5). The interaction in the absence of 2-OG and at a
concentration of 0.01 mM of 2-OG was similar, dropping by half at a concentration of 0.1
mM (Fig. 5, lane 5 and Fig. S7), for 1 mM and 2 mM no interaction was detected. EcRho-

GInK interaction was not detected in any tested condition (Fig. 5 and S7).
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FIGURE 5. In vitro formation of the AbRho-PII and EcRho-PII complexes are
dependent on the 2-OG concentrations. Complexes formation were assessed by pull-down
using Ni** beads. Reactions were performed under fixed concentration of ATP (1 mM) and
MgCl, (5SmM), increasing concentrations of 2-OG as indicated. Reactions were conducted in
400 pl of buffer adding purified His-PII (20 pg) mixed with native Rho (40 pg). The eluted
fractions from the Ni’*" beads were analyzed by SDS-PAGE and the gel was stained with
Coomassie Blue.
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Rho-PII complexes formation are positively influenced by ADP concentration for Escherichia

coli, but not for Azospirillum brasilense

We evaluated the influence of ATP and ADP in Rho-PII complexes. Assays were
performed by pull-down with different concentrations of these two effectors (Fig.6). The
AbRho-PII interactions were not influenced by ATP or ADP, and complexes formation
occurred with GInB and GInZ in all tested effector’s concentrations (Fig.6). In E. coli ADP
positively influences in vitro interaction with GInB and GInK (Fig. 6). The higher is ADP
concentration, the more stable the interaction becomes, with more complexes being detected
when the ADP concentration became higher than ATP (Fig. 6, lane 7).

We performed pull-down increasing the concentration of ATP and ADP effectors
independently. As expected, AbRho-PII complexes formation were not influenced by these
effectors under any tested conditions (Fig. S8 and S9). For EcRho, the results were different
for each PII. EcRho-GInB interaction occurred in an ADP-dependent manner. It started at
0.0 mM and stabilized in 0.75 mM (Fig. S8). At different ATP concentrations, the
interaction occurred in a similar way under all tested conditions, showing that lower ATP
concentrations stabilize the complex, but the amount of complexes formed is low (Fig. S9).
The EcRho-GInK interaction started in the presence of a higher concentration of ADP (0.1
mM) compared with GInB (Fig. S8), and no interactions were visualized in the presence of
ATP (0.01 — 1 mM) (Fig. S9).

One assay containing the three effectors was also performed. In general, AbRho
interacted likewise with GInB and GInZ, and the interaction occurred in the presence of 2-OG
(0.1 mM), but was inhibited as the concentration of 2-OG increased, except in the absence of
ATP (Fig. S10). It is noted in interactions with EcRho that the interaction increases as the
concentration of ADP increased, indicating that ADP is binding GInB preventing the
inhibitory action of 2-OG. In high 2-OG and in the presence of Mg.ATP the EcRho-PII
interactions are totally inhibited (Fig. S10).
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FIGURE 6. In vitro formation of the EcRho-PII complexes increase as the [ATP]/[ADP]
ratio decreases, but [ATP]/[ADP] ratio does not affect the AbRho-PII complexes.
Complexes formation were assessed by pull-down using Ni?* beads. Reactions were
performed under different concentration of ATP and ADP as indicated and fixed
concentration of MgCl> (SmM). Reactions were conducted in 400 pl of buffer adding purified
His-PII (20 pg) mixed native Rho (40 pg). The eluted fractions from the Ni** beads were
analyzed by SDS-PAGE and the gel was stained with Coomassie Blue.
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AbRho interacts with PII in the absence of T loop and when it is post-translational modified

In order to investigate whether the interaction between AbRho and PII occurs via T
loop, we used the T loop partially truncated g/nZ gene, expressing the GInZALoop protein to
perform the interaction assays. AbRho-GInZALoop interaction occurred even in the presence
of Mg.ATP + 2-OG, indicating that this interaction does not occur via T Loop (Fig. 7).

During nitrogen increase, PII suffers a post-translational modification, called
uridylylation. Hence, we investigated if this modification could interfere in the interaction
with AbRho. The assay was performed with GInB and GInZ partially uridylylated (Fig. S11)

and we observed that this post-translational modification does not prevents the interaction

(Fig. 8).

ATP ADP ATP+20G
1.2 3 4 5 6 7 8 9
AbRho — ——— — —
His-AbGInZALoop— — — — —
1 2 3 4 5 6 7 8 9
AbRho S+ -+ 4+ .+ 4
His-AbGInZALoop + -  + + -+ o+ -+

FIGURE 7. In vitro formation of the AbRho-GInZ complex does not require the T loop.
Complex formation was assessed by pull-down using Ni** beads. Reactions were performed
in the presence of the effectors ATP, ADP and/or 2-OG at ImM, as indicated and fixed
concentration of MgCl, (5 mM). Binding reactions were conducted in 400 ul of buffer adding
purified His-GInZALoop (20 pg), mixed with AbRho (40 pg). The eluted fractions from the
Ni®" beads were analyzed by SDS-PAGE and the gel was stained with Coomassie Blue.
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ATP ADP ATP+20G
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AbRho — — —

His-ADGINZUMP — | ~— —_— —_— —
1 2 3 4 5 / 9

ADbRho - + + - + + - + +

His-AbPIIUMP + - + 4+ -+ + - +

FIGURE 8. in vitro formation of the AbRho-PII complexes occur independently of the
uridylylated form of PII. Complexes formation were assessed by pull-down using Ni?*
beads. Reactions were performed in the presence of the effectors ATP, ADP and/or 2-OG at
ImM, as indicated and fixed concentration of MgCl, (5 mM). Binding reactions were
conducted in 400 ul of buffer adding purified His-PII (20 pg) uridylylated, mixed with
AbRho (40 pg). The eluted fractions from the Ni*" beads were analyzed by SDS-PAGE and
the gel was stained with Coomassie Blue.

AbRho and EcRho activity in the presence of PIl

In order to examine whether the presence of PII proteins influence Rho activity, the
ATPase activity was measured. Both AbRho and EcRho showed the same ATPase activity in
the presence or absence of PII proteins (Fig. 9A). ATP concentration was varied for AbRho
from 1 to 200 uM in the presence and absence of GInB, but the results showed the same Ky,
Vmax, and Kcar (Fig. 9B and C) with or without PII in the reaction. What may have occurred
is that the Rho-PII interaction do not influence ATPasic activity, affecting another Rho’s
activity such as helicase, or that this complex needs a specific condition for the effect to be
visualized that has not been tested in the reactions or that in a specific condition Rho is
sequestered by the membrane by PII as observed for DraG (Huergo et al., 2007, 2009).
Something recurring in Rho interactions is that the influence of other proteins on its activity
can be masked by the cofactor poly[C], since it has a great affinity for Rho, and it can mask

the influence of other proteins on Rho’s activity (Pani ef al., 2006; Rabhi et al., 2011).
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FIGURE 9. The effects of PII protein on Rho activity. AbRho activity was determined
with the EnzCheck Phosphate Assay kit. Data are reported as the average of duplicate
experiments showing the standard deviation (£). In all conditions tested, the concentration of
Rho was 60 nM, PII was 600 nM and poly[C] was 2,5 ng. A) AbRho and EcRho activity in
the presence of PII protein. B) AbRho activity in the presence of increasing concentration of
ATP in the presence of GInB. C) The Km-atp, VMax and the Kcar determined for AbRho and
AbRho + GInB by fitting the data into Michaelis—Menten equation using the GraphPad Prism
software. *Kcar was calculated considering three active sites.

Discussion

In our study we characterized Rho from A. brasilense, and compared it to the well-
studied E. coli’s Rho protein. The primary structure of these two protein are similar (Fig. S1).

The oligomeric propensities of EcRho is widely known, the homohexameric form was found
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to be the major state of EcRho in the presence of ATP and RNA (Geiselmann et al., 1992). In
this work we observed AbRho assuming an hexameric structure in solution.

The Km-atp obtained for the AbRho protein is in the same range compared to other
Rho proteins already analyzed. Considering that in E. coli the level of ATP is stable (2 mM),
generally two orders of magnitude greater than the Km-atp of EcRho (Radchenko, Thornton
and Merrick, 2010) and assuming that a similar pattern occur in A. brasilense, AbRho and
EcRho can operate at Vmax in the cell. EcRho (Nowatzke and Richardson, 1996) and AbRho
can also hydrolyze other nucleotides than ATP, showing a broad nucleotide substrate
specificity (Fig. 2C). The diphosphate nucleotide ADP is the reaction product and is a
competitive inhibitor of EcRho ATPase activity (Galluppi and Richardson, 1980). A similar
effect was observed here with AbRho (Fig. 2D). High ADP concentrations regulate the Rho
activity, indicating that ADP and ATP compete for the same site in AbRho.

Rho protein has many functions and among them this protein acts in the regulation of
gene transcription, a function shared with other PII targets like NtrB and NifA (Huergo,
Chandra and Merrick, 2013). In all assays to investigate the interaction of AbRho-PII and
EcRho-PII we observed the complex formation was inhibited in the presence of Mg. ATP + 2-
OG (Fig. 3 and Fig. 5). The binding of Mg.ATP + 2-OG to PII causes a conformational
changes in PII, especially in T-Loop, which causes inhibition of many interactions of PII with
their targets (Jiang and Ninfa, 2007; Truan et al., 2010).

The interaction between Rho and PII can only happen when the level of 2-OG is low.
This state usually occurs when the nitrogen available is high, which increases the
concentration of intracellular glutamine and decreases the concentration of 2-OG (Leigh and
Dodsworth, 2007). 2-OG in E. coli has already been quantified, the lower limit of detection of
this metabolite was determined minutes after an abrupt increase of ammonium in nitrogen-
limiting cells, this made 2-OG levels reach 0.3 mM (Radchenko, Thornton and Merrick,
2010), just above the minimum for interaction shown in in vitro assays (Fig.5). Other in vitro
assays have also shown total limitation of interaction at low levels of 2-OG, with 0.01 mM for
AmtB-GInZ (Huergo et al., 2007) and 0.1 mM for DraG-GInZ (Huergo et al., 2009), and both
proteins are regulated by PII in vivo. We also have to take into account that 2-OG
quantification is challenging due to difficulties involved in this determination, such as 2-OG
leakage or degradation by cell metabolism, or fluctuations in cell volume under the sampling
conditions (Yan, Lenz and Hwa, 2011).

The dissociation constant (Kg) of 2-OG in saturated ATP was evaluated in E. coli

(Jiang and Ninfa, 2007) and A. brasilense (Truan et al., 2014). In E. coli, the binding of 2-OG
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shows negative cooperativity and therefore has three Kg, they are 0.012 mM, 0.12 mM and 5
mM. Relating to the data obtained for E. coli’s Rho-PII complexes (Fig. 5), when 2-OG binds
the first site, it already causes inhibition of the interaction, the binding in the second increases
the inhibition and in the above concentrations, the interaction is completely inhibited. In 4.
brasilense there is no cooperativity, and the K4 for 2-OG is 0.048 mM. Therefore, in 0.1 mM
of 2-OG all PII sites would be occupied. The data obtained from the AbRho-PII interaction
showed this relation, since from 0.1 mM band densitometry in the AbRho-PII interaction was
not significantly altered (Fig. 5 and Fig. S7).

Differently of 2-OG, ATP and ADP binding cause only a slight change in the
conformation of PII. Almost all know PII interactions were detected in ADP or ATP presence.
Unlike mostly know PII interactions, AbRho-PII complexes are formed in presence of ADP
and ATP, without dose dependence and they also occur in effector absence. EcRho-PII
complexes, however, requires ADP and/or ATP. EcRho-GInB is stable in the presence of
ATP, without dose dependence, however for ADP, the formation of this complex increase as
the level of ADP increases. EcRho-GInK was only formed in the presence of ADP (Fig. 3 and
Fig. 6). The requirement of ATP or ADP for PII complexes formation have already been
reported. ADP is generally the required effector, as example for AmtB-GInK interaction
(Radchenko, Thornton and Merrick, 2010), AmtB-GInZ (Rodrigues et al., 2011), and the
proteins involved in the regulation of Nitrogenase DraT with GInB and DraG with GInZ
(Huergo et al., 2009).

Many of PII interactions occur via the T loop, a flexible and expose region in PII
surface. For AbRho-GInZ, however, T loop was not required for complex formation,
indicating that interaction did not occur via T loop (Fig. 7). Although not common A.
brasilense DraG, also does not interact with GInZ by T loop, interacting on the lateral face of
GInZ (Rajendran et al., 2011). Despite the fact of T loop was not required for AbRho-GInZ
complex, the interaction of AbRho-GInZAloop in the presence of Mg. ATP + 2-OG (Fig. 7)
suggests that the T-loop structure assumed when its these effectores is important for the
inhibition of the complex. The fact that T loop is not required for AbRho-GInZ complex
formation in reinforced by detection of interaction with uridilylated PII. Since this post-
translational modification occurs in Tyr51 in T loop, the presence of a charged group can
impair interaction with same PII targets, especially when this interaction is made via T loop.

All PII, AbRho and EcRho binds Mg?* as cofactor. The interaction in the presence and
absence of magnesium revealed that the lack of this ion interferes with the AbRho-GInZ,

AbRho-GInB and EcRho-GInB interactions (Fig. 4). It has already been reported that Rho
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protein binds to Mg?* and that the lack of this ion can decrease the activity of this protein
(Stitt, 1988), while PII can bind both ATP and Mg.ATP. Considering that ATP was the
effector used in this interaction, probably the conformation achieved with Rho and PII bound
to Mg.ATP favored the interaction.

PII can influence the activity of its targets in many ways. We tried to assess whether
PII interfered in Rho's ATPase activity. However, under the conditions tested we were not
successful to detect any effect of PII on the activity of Rho proteins (Fig. 9). This absence of
effect could be related with RNA cofactor (poly[C]) used in our essay. Previous assays with
EcRho showed an interaction with Hfq protein, a post-transcriptional regulator. When it binds
to Rho, Hfq prevents Rho from ending transcription. This regulation were only detected when
the authors used a RNA similar to natural rut site (Rabhi et al, 2011), in the presence of
poly[C], an artificial RNA cofactor, any regulation was observed (Rabhi et al., 2011).

Another similar case occurred with the Psu protein of bacteriophage P4. This protein
also suppresses Rho termination activity. However, in the presence of poly[C] it is not
possible to observe this effect. The authors also tried to assess whether the Ky changed in the
presence of Psu and poly[C] but were unsuccessful, they only observed the inhibition of Psu
when they used a natural RNA (Pani et al., 2006). The explanation for these cases is that the
presence of a cofactor as strong as poly[C], which has a high affinity for binding sites in Rho,
can mask possible effects in Rho leaving its activity at maximum.

In a study carried out with different Rho mutants in E. coli, while many had their
activity decreased in the presence of a natural mRNA, in the presence of poly[C] the activity
of mutant Rho remained, indicating that poly[C] caused an optimal ATPase conformation
even in Rho mutants (Chen and Stitt, 2004). Because poly[C] is a very strong cofactor, this
may have masked the effect of PII on Rho activity (Fig.9).

Considering all the in vitro data obtained, we can formulate a possible cellular
condition for Rho-PII interaction (Fig. 10). Under low glutamine the intracellular levels of
and 2-OG accumulate. The PII proteins are fully uridylylated and presumably bound to
Mg.ATP + 2-OG. Which do not result in PII-Rho complexes. When nitrogen starved cells
receive an ammonium shock, the intracellular level of glutamine increases, PII is
deuridylylated and the intracellular 2-OG concentration drops and there are a transitory
fluctuation on ATP/ADP ratio, increasing the concentration of ADP and decreasing ATP. In
this condition, Rho could interacts with PII, being able to inhibit or stimulate Rho activity,
until the levels of 2-OG increase again. Furthermore, the interaction of PII with Rho can have

a variety of functions such as preventing Rho from binding with other proteins at low 2-OG
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levels, or for being sequestered from the cytoplasm to the membrane as occurs with DraG
which is sequestered by the AmtB-GInZ complex in ammonium shock conditions in A.

brasilense (Huergo et al., 2007, 2009).

A) Nitrogen limiting condition | i B) Ammonium shock
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FIGURE 10. Interaction model of Rho-PII complex. /n vitro assays showed that, the Rho-
PII interaction occur when the intracellular 2-OG level is low. The ammonium shock occurs
when a nitrogen limited bacterial cell receive a high ammonium concentration, in this
particular state the 2-OG level drops, probably allowing Rho-PII interaction. ADP also
increases in this metabolic state, positively influencing the interaction. When ammonium is
consumed 2-OG level increases and it binds PII, no longer allowing PII to interact with Rho.

Conclusion

New targets for PII proteins are being discovered and this increases the importance of
this protein within microbial metabolism. PII are signal transducer proteins, which the
effectors binding or post-translational modification, cause a conformational change
influencing its interactions with their targets, modulating different cellular behaviors. Several
PII targets are transcriptional regulators and enzymes, in this work we described the
interaction of PII proteins in A. brasilense and E. coli with their Rho proteins, whose main
functions is to terminate bacterial transcription using its ATPase activity and transcription
regulation. The main inhibitory effector of PII-Rho interactions in 4. brasilense and E. coli, is

the PII’s effector 2-OG, probably this molecule binds PII protein causing a conformational
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changing, preventing the PII-Rho complexes formation. Therefore, this interaction probably
occurs when the 2-OG is low, one example of a metabolic state when 2-OG drops is when
nitrogen-limiting cell encounters high available nitrogen concentration. This condition causes

a decrease in the intracellular levels of 2-OG, allowing the interaction between PII and Rho.
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FIGURE S1. Alignment of Rho proteins from Azospirillum brasilense (AbRho) and
Escherichia coli (EcRho). Analyzes using Pfam predicted three domains in both proteins. In
green is the N-terminal domain; in red is the RNA-binding domain and in blue is the ATP
synthase alpha/beta family, nucleotide-binding domain.
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FIGURE S2. Purification of AbRho and EcRho proteins. Sonication buffer = Tris HCI pH
8.0 (0.05 M) and NaCl (0.1 M). The elution gradient range was 0.1 to 0.75 M of NaCl on
Heparin column and isocratic in Gel Filtration (NaCl — 0.1 M). MW = Molecular Weight; SF
= Soluble Fraction; FT = Flow Through; WF = Washing Fraction. A) Elution profile of the
AbRho protein after purification with the Heparin column. Samples were collected every 1 ml
and the 10 pl were analysed in 12.5% SDS-PAGE gels, the gel was stained with Coomassie
blue. B) Elution profile of the AbRho protein after passing through the Gel Filtration.
Samples were collected every 500 pul and the 10 pl were analysed in 12.5% SDS-PAGE gels,
the gel was stained with Coomassie blue. C) Elution profile of the EcRho protein after
purification with the Heparin column. Samples were collected every 1 ml and the 10 pl were
analysed in 12.5% SDS-PAGE gels, the gel was stained with Coomassie blue. D) Elution
profile of the EbRho protein after passing through the Gel Filtration. Samples were collected
every 500 pl and the 10 pl were analysed in 12.5% SDS-PAGE gels, the gel was stained with
Coomassie blue.
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FIGURE S3. Structural analysis of Rho proteins by Circular dichroism (CD) and
Dynamic light scattering (DLS). A) CD spectrum of AbRho and EcRho (~ 0,5 uM
considering the hexamer). CD was recorded at 30 °C. The secondary structure content was
calculated using K2D3 software. B) Dynamic Light Scattering profile of AbRho and EcRho
alone (~35 uM considering the hexamer) and with poly[C] cofactor.
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FIGURE S4. Co-purification of AbRho and EcRho proteins with PII. Sonication buffer =
Tris HCI pH 8.0 (0.05 M); KCI1 (0.1 M); ADP (I mM) and MgCl> (5mM). The elution
gradient range was 0.1 to 1 M of imidazole on HiTrap chelating column. Samples were
collected every 1 ml and the 10 pl were analysed in 12.5% SDS-PAGE gels, the gel was
stained with Coomassie blue. MW = Molecular Weight; SF = Soluble Fraction; FT = Flow
Through; WF = Washing Fraction. A) Elution profile of the AbRho-GInZ complex B) Elution
profile of the AbRho-GInB complex C) Elution profile of the AbRho only (control) D)
Elution profile of the EcRho-GInK complex E) Elution profile of the EcRho-GInB complex F)
Elution profile of the EcRho only (control).
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FIGURE S5. AbRho and EcRho does not pull-down unspecifically. Complexes formation

were assessed by pull-down using Ni*" beads. Reactions were performed in absence of

effectors and under fixed ATP or ADP concentration (I mM) in presence of MgCl, (5SmM).
Reactions were conducted in 400 pl of buffer adding random purified His proteins (20 pg)
mixed with native Rho (40 pg). The eluted fractions from the Ni** beads were analyzed by
SDS-PAGE and the gel was stained with Coomassie Blue. Lanes 1 and 6: Control with His-
PII only; lanes 2 and 7: Control with native Rho only; lanes 3 and 8: Pull down without
effectors; lanes: 4 and 9: Pull down in the presence of ATP; lanes: 5 and 10: Pull down in the

presence of ADP.
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FIGURE S6. AbRho interacts in vitro with PII in the absence of effector, whereas EcRho
does not. Complexes formation were assessed by pull-down using Ni*" beads. Reactions were
performed in absence of effectors and under fixed 2-OG concentration (1 mM) as indicated.
All assays were in presence of MgCl, (SmM). Reactions were conducted in 400 ul of buffer
adding random purified His proteins (20 pg) mixed with native Rho (40 pg). The eluted
fractions from the Ni?>" beads were analyzed by SDS-PAGE and the gel was stained with
Coomassie Blue.
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FIGURE S7. In vitro formation of the EcRho-PII complexes occur in an ADP-dependent
manner whereas AbRho-PII complexes occur independly of the ADP concentration.
Complexes formation were assessed by pull-down using Ni** beads. Reactions were
performed under fixed concentration of MgCl, (SmM), increasing concentrations of ADP as
indicated. Reactions were conducted in 400 ul of buffer adding purified His-PII (20 pg)
mixed with native Rho (40 pg). The eluted fractions from the Ni** beads were analyzed by
SDS-PAGE and the gel was stained with Coomassie Blue.
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FIGURE S8. In vitro formation of the AbRho-PIl and EcRho-GInB complexes occur
similarly in different concentrations of the ATP concentration. EcRho-GInK do not
occur in the presence of only ATP. Complexes formation were assessed by pull-down using
Ni** beads. Reactions were performed under fixed concentration of MgCl, (SmM), increasing
concentrations of ATP as indicated. Reactions were conducted in 400 pl of buffer adding
purified His-PII (20 pg) mixed with native Rho (40 pg). The eluted fractions from the Ni**
beads were analyzed by SDS-PAGE and the gel was stained with Coomassie Blue.
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FIGURE S9. Effect of different concentrations of the PII effectors on in vitro formation
of AbRho-PII and EcRho-PII complexes. Complexes formation were assessed by pull-
down using Ni?* beads. Reactions were performed in different concentrations of the effectors
ATP, ADP and 2-OG, as indicated and fixed concentration of MgCl, (5 mM). Binding
reactions were conducted in 400 pl of buffer adding purified His-PII, mixed with native Rho.
The eluted fractions from the Ni** beads were analyzed by SDS-PAGE and the gel was
stained with Coomassie Blue.
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FIGURE S10. PII of A. brasilense partially uridylylated by GInD of E. coli. The reaction
was performed in 500 pl reaction mixtures containing 100 pM His-PII (considered as
monomer), | mM ATP, 2 mM UTP, 5 mM 2-OG, 1 uM of purified E. coli GInD, 100 mM
Tris—HCl pH 7.5, 100 mM KCl and 25 mM MgCl,. The uridylylation His-PII was determined
by Native-PAGE.
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4. CAPITULO I

A DIGUANYLATE CYCLASE AND A PHOSPHODIESTERASE FROM
Azospirillum brasilense SP245 INTERACT WITH GInB IN VITRO

Abstract

Cyclic diguanylate (c-di-GMP) is a near universal signaling molecule produced by
Diguanylate Cyclases (DGC) and is degraded by Phosphodiesterases (PDE) and the balance
of this molecule influences in bacterial behavior. These proteins are associated with motility,
biofilm formation, virulence and other processes. Many DGC and PDE studied to date have
been found to signal for a specific c-di-GMP related process. Physical interaction of DGC and
PDE with its target proteins have been suggested as a mechanism to provide signaling fidelity.
Recently, the physical interaction between the GInZ protein with specific DGC and PDE in A4.
brasilense SP245 was identified in vitro. GInZ is part of the PII protein family, whose main
function is to transduce signals via physical interaction with their targets. The interaction was
characterized in vitro and demonstrated to occur in the presence of ATP and ADP, two GInZ
effectors, and was inhibited in the presence of the third GInZ effector, 2-OG, in the presence
of ATP and Mg?". However, 4. brasilense has a second PII called GInB, whose interaction
with DGC and PDE was identified and characterized, using pull-down assays. As with GInZ,
the interaction with GInB occurred in the presence of ATP and ADP, but was inhibited by 2-
OG, in the presence of ATP and Mg*". Different ATP and ADP concentrations did not affect
the interaction, but the interaction responded 2-OG in a dependent manner. The interaction
with PDE was Mg?* dependent, an important effector of these proteins, whereas DGC-GInB
did not have this dependence. Knowing that in general DGC and PDE proteins respond to
specific signals to have their actions stimulated and inhibited, the interaction with PII
indicates a new way of controlling these proteins and, consequently, cellular behavior.

Introduction

Bis-(3°,5)-cyclic dimeric GMP (c-di-GMP) is a seconder messenger involved in the
regulation of several bacterial processes, such as motility, virulence and biofilm formation
(Hengge, 2009; Romling, Galperin and Gomelsky, 2013). The cellular concentration of c-di-
GMP is controlled by two enzymatic domains with opposing activities: GGDEF domain with
synthesis activity and EAL or HD-GYP domains with degradation activity (Chan et al., 2004;
Romling, Liang and Dow, 2017). Diguanylate Ciclases (DGC) enzymes catalyze the synthesis
of c-di-GMP using two GTP molecules, which binds two GGDEF domains, in two different
monomers, usually arranged in a dimer conformation forming the site for the condensation of
the molecules, also called A site. GGDEF domain presents a GGDEF or a GGEEF motif.
Some of the DGC proteins possess a second binding site called inhibitory site or I site. This is

a regulatory site containing an RxxD motif. When c-di-GMP binds to the RxxD motif, this
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domais act to inhibit DGC activity thereby providing a negative feedback inhibition loop
(Chan et al., 2004; Wassmann et al., 2007).

The hydrolysis of the c-di-GMP is catalyzed by EAL or HD-GYP domains, which is
harbored by the Phosphodiesterase enzymes (PDE). The EAL domain transforms c-di-GMP
into the product 5'-phosphoguanylyl-(3'-5 ')-guanosine (5'-pGpG) (Tal et al, 1998;
Tchigvintsev et al., 2010) and HD-GYP domain is characterized by hydrolyzing c-di-GMP
and 5'-pGpG into GMP. In some bacteria, PDE HD-GYP can directly influence levels of c-di-
GMP, hydrolyzing it, or indirectly hydrolyzing the 5'-pGpG product preventing inhibition of
EAL domains (Cohen et al., 2015; Orr et al., 2015).

Many proteins can have both c-di-GMP synthesis and degradation sites. When the
both sites are functional, the domains are differentially regulated by environmental factors
and/or intracellular signals that make one domain prevail over the other under certain
conditions (Bharati et al., 2012). Regulation in these cases may include effector binding,
signal perception, protein-protein interaction, among others (Qi et al., 2009; Feirer et al.,
2015; Mills et al., 2015). On the other hand, some GGDEF domains may become degenerate
and no longer be catalytically active. However, they may have an allosteric function such as
c-di-GMP (negative regulation) or GTP (positive regulation) PDE receptors, for example. The
same can occur with EAL and HD-GYP domains (Hobley et al., 2012; Ozaki et al., 2014).

PII signal transduction proteins control metabolic status in organisms ranging from
bacteria to higher plants. Azospirillum brasilense has two PII proteins named GInZ and GInB.
The binding of effectors in PII is essential for the performance of their functions as a signal
transducer protein. The binding of ATP, ADP and 2-OG effectors in PII is highly conserved,
being possible the binding of ATP, ATP + Mg®" (Mg.ATP), Mg.ATP + 2-OG or ADP. The
metabolic balance of these effectors dictates the ability of PII to interact with its target
proteins. The conformation change caused by effector binding allows PII to transmit
information to other proteins (Huergo, Chandra and Merrick, 2013; Truan et al, 2014;
Merrick, 2015) via protein-protein interaction (Arcondéguy, Jack and Merrick, 2001; Huergo
et al., 2012; Huergo, Chandra and Merrick, 2013).

In addition to the signaling performed by PII through the binding of effectors, the
perception of signals in this protein can also occur due to post-translational modification. This
modification occurs in the most flexible protein structure named T loop. The type of
modification can vary according to the organism, in proteobacteria usually is a uridylylation
of a tyrosine residue (Tyr51) (Forchhammer, 2004; Maheswaran, Urbanke and Forchhammer,

2004; Merrick, 2015).
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Recently, Urbanski (2018) characterized in vitro interaction of a Diguanylate Cyclase
and a Phosphodiesterase from A. brasilense SP245, here named AbDGC and AbPDE
respectively, with GInZ protein, one of the PII of this bacterium. The complexes AbDGC-
GInZ and AbPDE-GInZ were formed in the presence of ATP and ADP, and was inhibited by
the addition of 2-OG and Mg.ATP (Urbanski, 2018).

A. brasilense is found in the soil and is a metabolically versatile bacterium that uses
chemotaxis to find microaerophilic environments which is, an ideal condition for its growth.
The levels of c-di-GMP is involved in this process (Russell et al., 2013; O’Neal et al., 2017).
A. brasilense needs to sense and respond quickly to changes in the environment, to decide
between its sessile or mobile state, and the integration of the functions of c¢-di-GMP with the
signals performed by PII would be helpful to this bacterium mechanism.

In this work we characterize in vitro the interaction of the AbDGC and AbPDE
proteins of A.brasilense SP245 (Urbanski, 2018), with the GInB, a second protein of the PII
family found in this bacterium. As seen for GInZ (Urbanski, 2018), GInB also interacts with
AbDGC and AbPDE in the presence of ATP and ADP and the interaction was inhibited by 2-
OG.

Experimental procedures

Bacterial strains and plasmids

The bacterial strains and plasmids used are listed in Table 1.
Molecular biology methods

Gel electrophoresis, isolation of plasmids, bacterial transformation were performed as
described by Sambrook et al., (1989). The enzymes used were obtained from commercial
sources and used according to the instructions provided by the manufacturers.
Protein methods

Proteins Electrophoresis was carried out by SDS-PAGE (Laemmli, 1970) and gels

were Coomassie blue stained. Protein concentrations were determined by the Bradford assay

using bovine serum albumin as standard (Bradford, 1976).
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Strains/plasmid Genotype/phenotype Source/reference

E. coli

DH10B Sm', F¢ [proAB" lacZAM15] Invitrogen

BL21 (ADE3) Expresses T7 RNA polymerase Agilent

Plasmids

pET29a Km'. Expression vector T7 promoter Novagen

pET28a Km'. Expression vector T7 promoter Novagen

pMSA3 Km'. (pET28a). Expresses the A. Araujo etal., 2004
brasilense GInZ carrying a 6xHis tag at
N-terminal

pLMA-MLV1 Km". (pET28a). Expresses the A. Huergo etal., 2007
brasilense GInB carrying a 6xHis tag at
N-terminal

pGAHisGInZAloop Km'. (pET28a). Expresses the 4. Aratjo, 2018
brasilense GInZ carrying a T-loop
deletion and a 6xHis tag at N-terminal
(GInZALoop)

pTRpetHisGInK Km".(pET28a). Expresses the E. coli Rodrigues efal., 2014
GInK carrying a 6xHis tag at N-terminal

pTRpetHisGInB Km'". (pET28a). Expresses the E. coli Gerhardtetal., 2015
GInB carrying a 6xHis tag at N-terminal

pAHUDGC Km" (pET-29a). Expresses 4. brasilense Urbanski, 2018
untagged AbDGC

pAHUPDE Km" (pET-29a). Expresses A. brasilense Urbanski, 2018

untagged AbPDE

Protein expression and purification

Expression of AbDGC and AbPDE

Escherichia coli BL21 (ADE3) cells carrying the pAHUDGC or pAHUPDE plasmid
were cultivated on 400 ml LB at 37°C to an ODsoo of 0.5. After reached the expected OD,

cells were transferred to 16°C for 30 minutes and protein expression was induced by adding

0.25 mM Isopropyl-B-D-thiogalactopyranoside (IPTG). After 16 hours, cells were harvested

by centrifugation (5.000 x g for 10 minutes at 4°C). The pellet was resuspended in 20 ml of

buffer 1 (50 mM Tris-HCI pH 8.0, 0.1 M KCI). Cells were disrupted by sonication (10

minutes with cycles of 15 seconds); cell extracts were clarified by centrifugation (20.000 x g

for 20 minutes at 4°C).
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Ammonium sulphate precipitation of AbDGC and AbPDE

Ammonium sulphate precipitation was carried out as described by Urbanski (2018)
with modifications. Ammonium sulphate was added slowly to the soluble fractions containing
AbDGC and AbPDE expression up to 20% saturation. The samples were incubated for one
hour at 0°C. After this period the supernatant was separated from the precipitate by
centrifugation for 10 minutes, (10.000 x g) at 4°C. The precipitate was resuspended in 5 ml of
buffer 1. The resulting resuspended protein was dialyzed in buffer 2 (Tris HCI pH 8.0 (50
mM), KCI (100 mM) and Glycerol (10% v/v)), for 16 hours at 4°C.

Purification of PIl

The His-tagged proteins (His-AbGInB, His-AbGInZ, His-AbGInZALoop, His-EcGInB
and His-EcGInK) were expressed in E. coli BL21 (ADE3), ODgoo of 0.5 added IPTG for 3
hours at 37°C. Cells were harvested by centrifugation and resuspended in 20 ml of buffer 1.
Cells were disrupted by sonication (10 minutes with cycles of 15 seconds), and the extracts
were clarified by centrifugation (20.000 x g for 20 minutes at 4°C). The next purification step
was performed using a heating step as described (Moure et al., 2012). After, the cells were
centrifuged (20.000 % g for 20 minutes at 4°C) and the supernatant was loaded onto a 1 ml
HiTrap chelating column (GE Healthcare) containing Ni** (100mM) previously equilibrated
with buffer 1. The bound proteins were washed with 10 ml of buffer 1. The elution was
performed with increasing imidazole gradient (0.1 to 1M in buffer 1).

Protein fractions were analyzed by SDS-PAGE, and the fractions containing the

protein of interest were dialyzed in buffer 2.

Purification of AbDGC and AbPDE using His-GInZ protein

His-GInZ was expressed (see purification of PII), and the extract containing the His-
GInZ expression was mixed with the extract containing the overexpression of the AbDGC or
ADbPDE protein on buffer 1 (20 ml). The extracts were sonicated together for 10 minutes with
cycles of 15 seconds. The soluble fraction was obtained by centrifugation for 20 minutes
(20.000 x g at 4 ° C). After that ATP (1 mM) was added, and the resulting fraction was loaded
on the 1 ml HiTrap chelating column equilibrated with buffer 1. His-GInZ binded to the
column held AbDGC or AbPDE and a washed step were performed with 50 mM of imidazole
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in buffer 1. The elution of AbDGC or AbPDE was made adding 2-OG (2 mM), ATP (1 mM)
and MgClz (5 mM) in buffer 1. The proteins were observed in SDS-PAGE gels, stained with

Coomassie blue.

In vitro uridylylation of PII

In vitro uridylylation of His-PII was carried out according to a modified version of the
protocol previously described (Rodrigues et al., 2014). Purified His-PII was subjected to in
vitro uridylylation in a 500 pl reaction mixtures containing 100 pM His-PII (considered as
monomer), ATP (I mM), UTP (2 mM), 2-OG (5§ mM), 1 uM of purified E. coli GInD (kindly
provided by Dr. Thiago E. Rodrigues), Tris—HCl pH 7.5 (100 mM), KCl (100 mM) and
MgCl; (25 mM). The reactions were incubated at 37°C for three hours and terminated by
heating at 60°C for 15 min then we put the solution on ice for 15 minutes, GInD was removed
by centrifugation (20.000 x g for 20 minutes at 4°C). The His-PII-UMP was dialyzed against
buffer 2 (50 mM Tris HCI pH 8.0, 100 mM KClI, glycerol 10%). The His-PII uridylylation
was determined by Native-PAGE as described previously (Inaba et al., 2009).

Gel filtration chromatography

Analytical gel filtration chromatography of AbDGC and AbPDE were performed on a
25 ml Superose 6 10/30 column (GE Healthcare) at room temperature and a flow rate of 0.5
ml per minute using buffer 1. The column was calibrated with the following molecular mass
markers from Bio-Rad: Thyroglobulin (670 kDa); gama-globulin (158 kDa); ovalbulmin (44
kDa), myoglobin (17 kDa) and Vitamin B12 (1.35 kDa).

Protein co-precipitation using magnetic beads (Pull-down)

Five microliters of HisMagnetic beads (Promega) were equilibrated by wash with 200
pl of buffer containing 50 mM Tris-HCI pH 8.0, 0.1 M NaCl, 0.1% Triton X-100 (v/v), 10%
glycerol (v/v), 20 mM imidazole in the presence or absence of effectors as indicated in each
experiment. The interactions were conducted in 400 pl of buffer adding 20 pg His-PII and
then 40 pug untagged AbDGC or AbPDE. The proteins were mixed at room temperature; The
beads were washed three times with 200 pl of buffer. Then, the samples were boiled and

analyzed in 15% SDS-PAGE stained with Coomassie blue.
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Gel band densitometry analyses were performed using Gel Analyzer 19.1 program.

Results

AbDGC and AbPDE proteins from A. brasilense SP245 assume quarternary structure in vitro

The AbDGC protein monomer is about 38 kDa while the AbPDE is 93 kDa.
Generally, these types of proteins are found in quaternary structure. In order to know the
organization of these proteins we used an analytical gel filtration chromatography column.
However, before the analytical step, we tried to purify the AbDGC and AbPDE proteins with
different approaches.

First, proteins were precipitate with ammonium sulphate. The resulting proteins
presented many contaminants to analytical gel filtration step. Following we tried to purify
AbDGC and AbPDE using different ionic exchange columns, but the proteins did not showed
affinity to any column tested (Heparin, Q, DEAE,CM and SP). Then, as we knew AbDGC
and AbPDE interacted with the GInZ and that interactions were abolished in the presence of
Mg.ATP + 2-OG (Urbanski, 2018), we purified the proteins using an Mg.ATP + 2-OG
complex inhibition approach.

We mixed either HisGInZ-AbDGC or HisGInZ-AbPDE extracts in the presence of
ATP (1 mM), sonicated them together loaded the soluble fraction into the HiTrap chelating
column. Then we eluted the content bound to GInZ with Mg.ATP + 2-OG, as the AbDGC and
AbPDE proteins were overexpressed they were bound in greater amounts to His-GInZ and at
elution it was possible to observe them relatively purified, while His-GInZ remains bound to
the column (Fig. S1A and B). The resulting purified proteins were loaded in the analytical
column Superose 6.

The AbDCG protein eluted in the volume 14.64 ml, it corresponds to 96 kDa, this size
is close to the expected for a dimer or trimer (Fig. 1A and C). Usually DGC are observed as
dimers for binding two GTP in each monomer, to form the c-di-GMP (Chan et al., 2004;
Wassmann et al., 2007). The AbPDE protein was eluted at 12.36 ml, which corresponds to a
molecular weight of 565 kDa, size expected for a hexamer (fig. 1B and C). Studies showed
that PDE proteins are generally found as dimers, however in vitro oligomerization can reach

larger sizes (Barends et al., 2009).
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FIGURE 1. Analysis of purified A. brasilense AbDGC e AbPDE. Superose 6 column has a
total volume of 25 ml. A) Elution profile of purified AbDGC and B) AbPDE on a Superose 6
column (GE Healthcare). C) Log MW vs Kav plots of molecular mass standards (BioRad),
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AbDGC and AbPDE proteins also interact with GInB of A. brasilense SP245

Urbanski (2018) characterized the interaction between AbDGC and AbPDE proteins
with the GInZ from A. brasilense SP245. However, this bacterium has a second PII protein
called GInB. Here we evaluated whether AbDGC and AbPDE also interac with this protein.
To evaluate the interaction we used the pull-down technique with AbDGC and AbPDE
partially purified using ammonium sulphate precipitation.

As seen for GInZ (Urbanski, 2018), the interaction showed to occurs in the presence of
ATP and ADP and is inhibited in the presence of Mg. ATP + 2-OG (Fig. 2). We evaluated
whether the interaction occurs in the absence of effectors and the result was also positive for

both proteins, as well as in the presence of only 2-OG (Fig. S3).

ATP ADP ATP+20G
1.2 3 4 5 6 7 8 9

His-ADGINE — | — — — —
AbPDE — —— e

His-ADGINE —> | e —— B e
1 2 3 4 5 6 7 8 9

Native Protein - + + - + 4+ - + +

His-AbGInB + -+ + -+ + - +

FIGURE 2. In vitro formation of the complexes AbDGC-GInB and AbPDE-GInB.
Complexes formation were assessed by pull-down using Ni** beads. Reactions were
performed in the presence of MgCl (5mM) and the effectors ATP, ADP and/or 2-OG at
ImM. Binding reactions were conducted in 400 pl of buffer adding purified His-GInB mixed
with AbDGC or AbPDE as indicated. The eluted fractions from the Ni** beads were analyzed
by SDS-PAGE and the gel was stained with Coomassie Blue.

2-0G is the main effector in the GInB-AbDGC and GInB-AbPDE complexes formation

Effector binding causes conformational changes in PII that can alter the interaction
with their targets. We performed tests with the PII effectors (ATP, ADP and 2-OG) to verify
if they affect AbDGC-GInB or AbPDE-GInB complexes. First, we evaluated different
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concentrations of ATP and ADP together (Fig. 3) and independently (Fig. S4 and S5). In all
tested concentrations and combinations, the interactions of GInB with both proteins occured
and remained stable.

As observed, the interaction of AbDGC-GInB and AbPDE-GInB in the presence of
Mg.ATP + 2-OG (1 mM) do not occur (Fig. 1). We tested different concentrations of 2-OG in
the complex formation process and we noticed that the complex formation is inhibited as 2-
OG concentration increases (Fig. 4). It is still possible to visualize AbDGC-GInB complex at
0.1 mM of 2-OG, but above concentrations the interaction was totally inhibited. For AbPDE-
GInB it is not possible to view the interaction from 0.1 mM of 2-OG (Fig. 4).

Tests were also performed in the presence of the three PII effectors. The results of
both proteins, AbDGC and AbPDE, were similar. As expected, in the absence of 2-OG and at
different concentrations of ATP and ADP, the interaction occurs in a stable manner. In the
presence of low 2-OG (0.1 mM) the interaction is inhibited, mainly for AbPDE, however, as
the concentration of ADP increases the interaction of GInB with both proteins also increases,
indicating that ADP is binding GInB preventing the inhibitory activity of 2-OG. In high 2-OG
(1 mM) the interaction with GInB is almost completely prevented with both proteins, unless if

there is an absence of ATP (Fig. 5).

Interaction between GInB and AbPDE is Mg2 " dependent, whereas with AbDGC is not

We tested AbDGC-GInB and AbPDE-GInB interactions in the presence or absence of
MgCl (5 mM) at fixed ATP concentration (1 mM). The interaction with AbDGC continued
to occur regardless of the absence of Mg?*, unlike what happened with AbPDE. The AbPDE-

GInB interaction was totally inhibited in the absence of the divalent ion (Fig. 6).
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FIGURE 3. In vitro formation of the complexes AbDGC-GInB and AbPDE-GInB are
independent on the [ATP]/[ADP] ratio. Complexes formation were assessed by pull-down
using Ni*" beads. Reactions were performed under different concentrations of ATP and ADP
as indicated and fixed concentration of MgCl, (SmM). Reactions were conducted in 400 pl of
buffer adding purified His-GInB mixed with AbDGC or AbPDE as indicated. The eluted
fractions from the Ni*>" beads were analyzed by SDS-PAGE and the gel was stained with
Coomassie Blue.
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FIGURE 4. In vitro formation of the complexes AbDGC-GInB and AbPDE-GInB are
dependent on the 2-OG concentrations. Complexes formation were assessed by pull-down
using Ni*" beads. Reactions were performed under fixed concentration of ATP (I mM) and
MgCl; (5mM), increasing concentrations of 2-OG as indicated. Reactions were conducted in
400 pl of buffer adding purified His-GInB mixed with AbDGC or AbPDE as indicated. The
eluted fractions from the Ni*" beads were analyzed by SDS-PAGE and the gel was stained
with Coomassie Blue.
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FIGURE 5. Effect of different concentrations of the PII effectors on in vitro formation of
AbDGC-GInB and AbPDE-GInB complexes. Complexes formation were assessed by pull-
down using Ni** beads. Reactions were performed in different concentrations of the effectors
ATP, ADP and 2-OG, as indicated and fixed MgCl, concentration (5 mM). Binding reactions
were conducted in 400 pl of buffer adding purified His-GInB, mixed with AbDGC or AbPDE
as indicated. The eluted fractions from the Ni** beads were analyzed by SDS-PAGE and the
gel was stained with Coomassie Blue.
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FIGURE 6. Mg?" is required for in vitro formation of the AbPDE-GInB complex but not
for AbDGC-GInB. Complexes formation were assessed by pull-down using Ni** beads.
Reactions were performed under fixed ATP concentration (1 mM) in presence or absence of
MgCl, (5mM) as indicated. Reactions were conducted in 400 pl of buffer adding purified His-
GInB mixed with AbDGC or AbPDE as indicated. The eluted fractions from the Ni?" beads
were analyzed by SDS-PAGE and the gel was stained with Coomassie Blue.
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AbDGC and AbPDE do not need T-Loop to interact with PII, but the covalent binding of the
UMP to T-Loop interferes with the AbPDE-GInB interaction

Using the GInZ protein with the partially truncated T-Loop, called GInZALoop, we
performed the interaction with AbDGC and ADbPDE, the interaction occurred as usual
indicating that these interactions do not need T-Loop to occur (Fig. 7). We partially
uridylylated the GInB protein and tested the interaction with AbPDE and AbDGC (Fig. S6).
Surprisingly, the interaction with AbPDE was inhibited in the presence of the UMP group
(Fig. 8).

ATP ADP ATP+20G
1 2 3 4 5 6 7 8 9

AbDGC — —

His-AbGInZALoop— [
AbPDE — ——

His-AbGInZALoop—

Native Protein - + + -

1.2 3 4 65 6 7 8 9
+ + +
His-AbGInZALoop + -+ + - + +

FIGURE 7. In vitro formation of the complexes AbDGC-GInZ and AbPDE-GInZ does
not require the T loop. Complexes formation were assessed by pull-down using Ni>" beads.
Reactions were performed in the presence of the effectors ATP, ADP and/or 2-OG at 1mM
and MgCl, (5 mM). Binding reactions were conducted in 400 pl of buffer adding purified
His-GInZALoop, mixed with AbDGC or AbPDE as indicated. The eluted fractions from the
Ni®" beads were analyzed by SDS-PAGE and the gel was stained with Coomassie Blue.
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FIGURE 8. Partially uridylylated form of PII interferes in the in vitro formation of the
AbPDE-GInB complex, but does not affect AbDGC-GInB complex. Complexes formation
were assessed by pull-down using Ni*" beads. Reactions were performed in the presence of
the effectors ATP, ADP and/or 2-OG at ImM and MgCl; at 5 mM. Binding reactions were
conducted in 400 pl of buffer adding purified His-GInB uridylylated, mixed with AbDGC or
AbPDE, as indicated. The eluted fractions from the Ni** beads were analyzed by SDS-PAGE
and the gel was stained with Coomassie Blue.

AbDGC and AbPDE interact with E. coli’s PII proteins

We also performed a heterologous assay using proteins from different organisms (4.
brasilense and E. coli) to verify if there is a conserved structure in the interaction. We
performed the interaction in the presence of the E. coli GInB with the A. brasilense SP245’s
AbDGC and AbPDE proteins. The interaction with AbDGC occurred as usual in the presence
of ATP and ADP, and was inhibited in the presence of Mg.ATP + 2-OG. The interaction with
ADbPDE also occurred but only in the presence of ATP, not being observed in the presence of
ADP and Mg.ATP + 2-OG (Fig. 9). We also performed interaction with the second E. coli PII
protein, GInK, and the interaction occurred with both proteins in the presence of ATP and

ADP and was inhibited in the presence of Mg.ATP + 2-OG (Fig. S7).
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FIGURE 9. In vitro formation of the complexes AbDGC-EcGInB and AbPDE-EcGInB.
Complexes formation were assessed by pull-down using Ni?* beads. Reactions were
performed in the presence of MgClx (SmM) and the effectors ATP, ADP and/or 2-OG at
ImM. Binding reactions were conducted in 400 pl of buffer adding purified His-EcGInB
mixed with AbPDE or AbDGC. The eluted fractions from the Ni*>" beads were analyzed by
SDS-PAGE and the gel was stained with Coomassie Blue.

Discussion

Analysis of the 4. brasilense genome performed by Urbanski (2018), revealed to have
21 sequences of probable DGC proteins containing only the GGDEF domain and another 10
proteins sequences containing EAL and GGDEF domains. However, only one of each
(AbDGC and AbPDE) was predicted to interact with GInZ according to Gerhardt (2015).

The AbDGC protein has one predict GGDEF domain, with the GGEEF motif (A site).
The AbPDE protein has five domains: an EAL domain containing the EAL motif, a GGDEF
domain with a degenerate motif SADEF and three PAS domains (Urbanski, 2018). PAS
domains have a variety of functions, usually act as a molecular sensor, whereby small
molecules and/or other proteins associate via physical interaction (Vorobiev et al., 2012).

Complex formation of AbDGC and AbPDE with GInB occurred in the presence of
ATP and ADP, but with high 2-OG in the presence of ATP and Mg*" (Mg.ATP) the
complexes were not formed (Fig. 2). The same pattern occurred with GInZ (Urbanski, 2018).
The binding of 2-OG requires previous binding of Mg.ATP (Truan et al., 2010). This explain
why the interaction occurs in the presence of high 2-OG without Mg.ATP (Fig. S3).
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This effect of Mg.ATP + 2-OG promoting inhibition of interactions is quite common
among proteins that interact with PII. The binding of 2-OG causes a conformational change in
PII that leads to this effect (Truan et al, 2010). Some examples are the BCCP-GInB
interaction in A. brasilense and E. coli (Gerhardt et al., 2015), in Synechococcus elongatus,
the interaction between GInB and NAGK (Fokina et al., 2010) and both PII GInZ and GInB
from A. brasilense do not form an in vitro complex with AmtB in the presence of 0.1 mM of
2-OG (Huergo et al., 2007). The levels of 2-OG have already been measured in E. coli and the
minimum reached was around 0.3 mM under ammonium-shock conditions (Radchenko,
Thornton and Merrick, 2010), probably the interaction of PII with AbDGC and AbPDE
should occur in this metabolic condition.

Low levels of 2-OG are important to many interactions of PII, the interaction of AmtB
with PII in 4. brasilense is an example of an interaction that follows this pattern. The AmtB
protein is an ammonium transporter that is inhibited by PII when ammonium levels rise in
vivo. The ammonium-shock rises the levels of intracellular glutamine and decrease the levels
of 2-OG reciprocally. In this condition PII interacts with AmtB in the membrane until the
levels of 2-OG increase (Huergo et al., 2006).

The PII T-loop region is the most flexible and changes in response to the binding of
effectors leading to a conformational state that promotes or inhibits the interaction with its
targets (Xu et al., 1998; Truan et al., 2010). Most of the interactions described for PII and its
targets occur in the T-loop region (Huergo, Chandra and Merrick, 2013). However, the
deletion of the T-loop did not prevent the interaction between AbDGC and AbPDE with
GInZALoop, and 2-OG failed to negatively modulate the complex formation (Fig. 7). This
suggests that the T-loop structure is important for the conformational change in PII induced
by 2-OG binding, and consequently inhibition of the complexes with AbDGC and AbPDE,
but it is not the site of interaction.

The T-loop can be also post-translational changed, UMP 1is added in response to
increased nitrogen (Atkinson and Ninfa, 1998; Araujo ef al., 2008). The complex formation of
the partially uridylylated GInB (His-GInBUMP) and AbDGC (Fig.8) occurs as without
modification. For AbPDE, different from that observed by Urbanski (2018) with GInZ, was
not possible to observe the interaction in the presence of partially uridylylated GInB. Other
interactions of PII have already been inhibited in the presence of UMP groups in A.
brasilense, for example with DraG, DraT, AmtB and NtrB (Jiang and Ninfa, 1999; Huergo et
al., 2006, 2007; Radchenko, Thornton and Merrick, 2010). Probably the conformation
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assumed after adding UMP or the presence of the charged UMP group in the Tyr51 region
interfered with the interaction with AbPDE.

With the results in vitro is possible to propose a cellular condition for the complex
formation in A. brasilense (Fig. 10). Under conditions of nitrogen fixation, the cellular
glutamine level is low and the levels of 2-OG rises, preventing the interaction of PII with
AbDGC and AbPDE. In ammonium shock conditions, the level of 2-OG drops, while
glutamine increases, low 2-OG levels allow to GInB-AbPDE and GInB-AbDGC complexes

formation.
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FIGURE 10. Interaction model of AbDGC-PII and AbPDE-PII complexes. Previously in
vitro data showed that the AbDGC-PII and AbPDE-PII interactions are inhibited by the PII’s
effector 2-OG. The level of 2-OG drops when the level of available nitrogen increases, once
2-0G is used on the formation of glutamine, a metabolite which rises in high nitrogen. A
particular metabolic state which these interactions would occur could be in the ammonium
shock. When a nitrogen limited bacterial cell receive a high ammonium concentration the 2-
OG level in the bacterial cell drops, probably allowing AbDGC-PII and AbPDE-PII
complexes formation. When ammonium is consumed 2-OG level increases and it binds PII,
no longer allowing PII to interact with AbDGC or AbPDE.

Conclusion

DGC and PDE proteins seem to respond specific signals for their activation or inhibition,

these signals can be via effector binding or physical interaction with other proteins. Recently
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possible new targets for the PII signal transducer protein of A. brasilense were discovered,
and two of them are proteins AbDGC and AbPDE. PII proteins receive signals by binding
effectors ATP, ADP and 2-OG, which signals energy status and availability of intracellular
nitrogen and carbon. Considering that, AbDGC and AbPDE synthesize the compound c-di-
GMP, an important component in the transition of mobile to the sessile state in bacteria,
interaction with a protein that senses different states of the cell would be advantageous. The
interaction of AbDGC and AbPDE occurs with the two PII proteins of A. brasilense, GInB
and GInZ, and that this interaction probably occurs in ammonium shock, a cellular moment
that 2-OG levels decrease, the main inhibitory effector of the interaction with both proteins.

Further in vitro and in vivo studies are needed to observe the functions of these complexes.
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FIGURE S1. Purification of AbDGC and AbPDE eluting them from their complex with
His-GInZ. The His-GInZ protein was bound to the HiTrap chelating column associated with
native A) DGC or B) PDE, only the native proteins associated, were eluted with 2-OG (2
mM), ATP (1 mM) and MgCI2 (5 mM). The eluted fractions from the Ni*" beads were
analyzed by SDS-PAGE and the gel was stained with Coomassie Blue.
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FIGURE S2. Ammonium sulphate precipitation of AbDGC and AbPDE proteins.
Sonication buffer = Tris HCI pH 8.0 (0.05 M) and KCl1 (0.1 M). A) AbDGC precipitation
using ammonium sulfate (20% saturation). Lane 1: soluble fraction containing AbDGC
expressed. Lane 2: Supernatant after ammonium sulfate precipitation. Lane 3: Resuspended
precipitate in buffer. B) AbPDE precipitation using ammonium sulfate (20% saturation). Lane
1: Supernatant after ammonium sulfate precipitation. Lane 2: soluble fraction containing
ADbPDE expressed. Lane 3: Resuspended precipitate in buffer.
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FIGURE S3. AbDGC and AbPDE interacts in vitro with PII in the absence of effector
and in the presence of only 2-OG. Complexes formation were assessed by pull-down using
Ni** beads. Reactions were performed in absence of effectors and under fixed 2-OG
concentration (1 mM) as indicated. All assays were in presence of MgCl, (SmM). Reactions
were conducted in 400 pl of buffer adding random purified His proteins (20 pg) mixed with
native Rho (40 pg). The eluted fractions from the Ni*" beads were analyzed by SDS-PAGE
and the gel was stained with Coomassie Blue.
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FIGURE S$4. In vitro formation of the complexes AbDGC-GInB and AbPDE-GInB occur
independly of the ATP concentration. Complexes formation were assessed by pull-down
using Ni?* beads. Reactions were performed under fixed concentration of MgCly (5SmM),
increasing concentrations of ATP as indicated. Reactions were conducted in 400 ul of buffer
adding purified His-GInB mixed with AbDGC or AbPDE as indicated. The eluted fractions
from the Ni** beads were analyzed by SDS-PAGE and the gel was stained with Coomassie
Blue.
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FIGURE SS5. In vitro formation of the complexes AbDGC-GInB and AbPDE-GInB occur
independly of the ADP concentration. Complexes formation were assessed by pull-down
using Ni*" beads. Reactions were performed under fixed concentration of MgCly (5SmM),
increasing concentrations of ADP as indicated. Reactions were conducted in 400 pl of buffer
adding purified His-GInB mixed with AbDGC or AbPDE as indicated. The eluted fractions
from the Ni*" beads were analyzed by SDS-PAGE and the gel was stained with Coomassie
Blue.
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FIGURE S6. PII of A. brasilense partially uridylylated by GInD of E. coli. The reaction
was performed in 500 pl reaction mixtures containing 100 uM His-PII (considered as
monomer), | mM ATP, 2 mM UTP, 5 mM 2-OG, 1 uM of purified E. coli GInD, 100 mM

Tris—HCl pH 7.5, 100 mM KCIl and 25 mM MgCl.. The uridylylation His-PII was determined
by Native-PAGE.
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FIGURE S7. In vitro formation of the complexes AbDGC-EcGInK and AbPDE-EcGInK.
Complexes formation were assessed by pull-down using Ni** beads. Reactions were
performed in the presence of MgClo (5SmM) and the effectors ATP, ADP and/or 2-OG at
ImM. Binding reactions were conducted in 400 pl of buffer adding purified His-GInK mixed
with AbPDE or AbDGC. The eluted fractions from the Ni*>" beads were analyzed by SDS-
PAGE and the gel was stained with Coomassie Blue.
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5. CAPITULO 111

THE UmpH PROTEIN, INVOLVED IN THE HOMEOSTASIS OF THE
PYRIMIDINE PATHWAY, INTERACTS IN VITRO WITH THE SIGNAL
TRANSDUCER PROTEIN GInK OF Escherichia coli

Abstract

Through an interactome approach it was indicated that the enzyme involved in pyrimidine
homeostasis by overflow metabolism, UmpH, interact with the signal transducer protein GInK
in E. coli. In order to validate this interaction in vitro, we used pull-down assays with the His
tail GInK protein and the native UmpH protein. We observed interaction occurring in the
presence of the GInK effectors ATP and ADP, but not in the presence of Mg?* + ATP and 2-
OG, another effector of GInK. These results justify a more detailed investigation of the
physiological function of this interaction in vivo.

Introduction

Escherichia coli UMP Phosphatase (UmpH) is a protein involved in pyrimidine
pathway homeostasis (Reaves et al., 2013). Regulation of this pathway involves two
strategies; the first is called canonical feedback and the second is named the overflow
metabolism, which UmpH is involved (Reaves ef al., 2013). When the levels of UTP or CTP
(products of the pathway) increase, the UMP intermediate accumulates and is diverted to the
formation of uridine by UmpH. Uridine is subsequently transformed into uracil, which is
excreted. This deviation helps to keep pyrimidine levels constant (Reaves et al., 2013).

Recently, Huergo (unpublished) using an interactome approach found a clue of a
possible interaction of UmpH with a PII signal transducer protein. The PII family are
responsible for regulating metabolism by binding effectors that signal the state of carbon,
nitrogen and intracellular energy (Huergo, Chandra and Merrick, 2013). Escherichia coli has
two PII proteins, named GInB and GInK, which binds three effectors ATP, ADP and 2-OG.
The PII proteins are homotrimeric and the effectors bind in the lateral clefts between the
monomers. ATP and ADP bind competitively and 2-OG binds synergistically in the presence
of Mg?* + ATP (Mg.ATP) (Jiang and Ninfa, 2007; Truan et al., 2010).

The binding of these effectors promotes conformational change in PII that influences
the different interactions performed by it and, consequently, their different physiological
actions (Huergo, Chandra and Merrick, 2013). Many PII interactions have already been
described in E. coli as well as their physiological functions (Atkinson and Ninfa, 1998;
Radchenko, Thornton and Merrick, 2010; Gerhardt ef al., 2015). Here we characterize the in
vitro interaction that occurs between GInK and UmpH, indicating UmpH as a possible new

target for PII regulation.
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Experimental procedures

Bacterial strains, plasmids and growth conditions

The bacterial strains and plasmids used are listed in Table 1. E. coli strains were grown

in LB medium at 37°C (Sambrook et al., 1989).

TABLE 1. Bacterial strains and plasmids

Strains/plasmid Genotype/phenotype Source/reference

E. coli

DH10B Sm', F* [proAB" lacZAM15] Invitrogen

BL21 (ADE3) Expresses T7 RNA polymerase Agilent

Plasmids

pET29a Km". Expression vector T7 promoter Novagen

pET28a Km'". Expression vector T7 promoter Novagen

pTRpetHisGInK Km".(pET28a). Expresses the E. coli GInK Rodrigues et al., 2014
carrying a 6xHis tag at N-terminal

pTRpetHisGInB Km'". (pET28a). Expresses the E. coli GInB Gerhardt et al., 2015
carrying a 6xHis tag at N-terminal

pEtUmpH Km". (pET29a). Expresses the untagged E. coli  General Biosystens
UmpH

Molecular biology methods

Isolation of plasmid DNA, gel electrophoresis, bacterial transformation were
performed using standard procedures (Sambrook ef al., 1989). Enzymes were obtained from

commercial sources and used according to the manufacturers’ instructions.

Protein methods

Electrophoresis of proteins was carried out by SDS-PAGE (Laemmli, 1970). Protein
concentrations were determined by the Bradford assay (Bradford, 1976) using bovine serum

albumin as standard.

Protein expression and purification

E. coli BL21 (ADE3) cells carrying the plasmids pETUmpH, pTRpetHisGInK and
pTRHisGInB were cultivated on 400 ml LB at 37°C to a 0.5 ODeoo. Isopropyl-p-D-
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thiogalactopyranoside (IPTG) (0.5 mM) was added and after 3 hours cells were harvested by
centrifugation (5.000 x g for 10 minutes at 4°C). The pellet was resuspended in 20 ml of
buffer 1 (50 mM Tris-HCI pH 8.0, 0.1 M KCl). Cells were disrupted by sonication (10 min,
cycles of 15s on and 15s off); cell extracts were clarified by centrifugation (20.000 x g for 20
minutes at 4°C).

The soluble fraction containing the UmpH overexpressed was precipitated with
ammonium sulphate added slowly up to 30% saturation. The samples were incubated for one
hour at 0°C. After this period, the supernatant was separated from the precipitate by
centrifugation for 10 minutes (10.000 x g at 4°C). The precipitate was resuspended in 5 ml of
buffer 1. The resulting resuspended proteins were dialyzed in buffer 2 (Tris HCI pH 8.0 (50
mM), KCI (100 mM) and Glycerol (10% v/v)), for 16 hours at 4°C.

His-EcGInB and His-EcGInK was purified using a heating step as described (Moure et
al., 2012). After, the cells were centrifuged (20.000 % g for 20 minutes at 4°C) and the
supernatant was loaded onto a 1 ml HiTrap chelating column (GE Healthcare) containing NiZ*
(100mM) previously equilibrated with buffer 1 (50 mM Tris-HCI pH 8.0, 0.1 M KCl). The
bound proteins were washed with 10 ml of buffer 1. The elution was performed with

imidazole gradient (0.1 to 1M in buffer 1). Protein fractions were dialyzed in buffer 2.

Protein co-precipitation using magnetic beads

In vitro complex formation was performed using His-Magnetic beads (Promega). All
reactions were conducted in buffer containing 50 mM Tris-HCI pH 8.0, 0.1 M NaCl, 5 mM de
MgClz, 0.05% Tween 20 (v/v), 10% glycerol (v/v), 20 mM imidazole in the presence or
absence of effectors as indicated in each experiment. Four microliters of beads were
equilibrated by wash with 200 pl of buffer. Binding reactions were performed in 400 pl of
buffer by adding 20 pg His-PII and then 40 pug untagged UmpH. The proteins were mixed at
room temperature; the beads were washed three times with 200 pl of buffer. Then, the
samples were mixed with sample buffer and analyzed in 15% SDS-PAGE stained with
Coomassie blue.

Gel band densitometry analyses were performed using Gel Analyzer 19.1 program.
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Results

UmpH protein interacts with GInK, but not with GInB

Huergo (unpublished), using an interactome approach, pointed out that the UmpH
protein could interact with the GInK protein in E. coli. In this work, using pull-down assay,
we confirmed and characterized this interaction in vitro. E. coli has two PII proteins, GInK
and GInB, and we analyzed the ability of UmpH to interact with both proteins. UmpH only
co-precipitated with GInK (Fig. 1) in the presence of ATP and ADP and the interaction was
inhibited in the presence of Mg. ATP + 2-OG.

ATP ADP ATP+20G
1 2 4 5 /7 8 9

3
UmpH —b —

6
—

His-GInK — |l — owma —— —  —

UmpH —

UmpH - + - -

His-GInB —» | Sl — — - —

1 9
+

His-EcPlII + - +

2 3 4 5 6 7 8
+ + o+ +
+ +

+ - + -

FIGURE 1. The E. coli UmpH protein forms a complex in vitro with the GInK protein,

but not with GInB. Complexes formation were assessed by pull-down using Ni2+ beads.
Reactions were performed in the presence of MgCl, (SmM) and the effectors ATP, ADP

and/or 2-OG at ImM as indicated. Binding reactions were conducted in 400 pl of buffer
adding purified His-EcPII (20 pg) mixed with UmpH (40 pg). The eluted fractions from the

Ni2+ beads were analyzed by SDS-PAGE and the gel was stained with Coomassie Blue.
2-0G inhibits the UmpH-GInK interaction

PII proteins can bind to three effectors ATP, ADP and 2-OG, and the binding of these
molecules modify the proteins conformation, helping or inhibiting the interaction with other
proteins. It is known in E. coli that the binding of 2-OG to PII requires the Mg.ATP prior
binding (Jiang and Ninfa, 2007). To evaluate the effect of 2-OG on UmpH-GInK interaction
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we perform pull-down assay with different concentrations of 2-OG, but with fixed ATP (1
mM) and Mg?* (5 mM) concentrations.

We observe that the inhibition of the complex UmpH-GInK, occurs in a 2-OG
dependent manner (Fig.2). Quantifying the density of bands, we showed that in 0.01 mM of 2-
OG the interaction occurred as the control, decreased significantly with increase 2-OG

concentration (0.1 mM) and was totally inhibited at | mM.
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FIGURE 2. In vitro formation of the UmpH-GInK complex is dependent on the 2-OG

concentrations. Complexes formation were assessed by pull-down using Ni© beads.
Reactions were performed under fixed concentration of ATP (1 mM), ADP (1 mM) and MgCl,

(5 mM), increasing concentrations of 2-OG as indicated. Reactions were conducted in 400 pl
of buffer adding purified His-GInK (20 pg) mixed with UmpH (40 pg). The eluted fractions

from the Ni2+ beads were analyzed by SDS-PAGE and the gel was stained with Coomassie
Blue.

Different concentrations of ATP and ADP, together or separately, were tested for their
influence in the complex formation. When assessing ATP and ADP separately, we notice that
interaction increases as the effector concentration increases (Fig. 3). However, there is no
difference in the complex formation when one effector is changed by another (Fig. 4). This
was confirmed when we used the same ATP and ADP concentrations (Fig. 5 — line 10)

When the interaction was evaluated in the presence of the three effectors, we notice
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that in the presence of 0.1 mM 2-OG the interaction visibly decreases and is highly inhibited
in presence of 1 mM 2-OG. It is possible to notice that as the level of ADP increases the

formation of the complex also increases (Fig. 5).
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FIGURE 3. In vitro formation of the UmpH-GInK is slightly stabilized by ADP and ATP.

Complexes formation were assessed by pull-down using Ni©" beads. Reactions were
performed under fixed concentration of MgCl, (5SmM), increasing concentrations of ATP or
ADP as indicated. Reactions were conducted in 400 pl of buffer adding purified His-GInK (20

ng) mixed with UmpH (40 pg). The eluted fractions from the Ni2+ beads were analyzed by
SDS-PAGE and the gel was stained with Coomassie Blue.
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FIGURE 4. In vitro formation of the UmpH-GInK complex does not change in variable

[ATP]/[ADP] ratios. Complexes formation were assessed by pull-down using Ni°" beads.
Reactions were performed under different concentrations of ATP and ADP as indicated and
fixed concentration of MgCl, (SmM). Reactions were conducted in 400 pl of buffer adding

purified His-GInK (20 pg) mixed with UmpH (40 pg). The eluted fractions from the NP
beads were analyzed by SDS-PAGE and the gel was stained with Coomassie Blue.
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FIGURE 5. Effect of different concentrations of the PII effectors on In vitro formation of

UmpH-GInK complex. Complexes formation were assessed by pull-down using Ni2+ beads.
Reactions were performed in different concentrations of the effectors ATP, ADP and 2-OG, as
indicated and MgCl; at fixed concentration (5 mM). Binding reactions were conducted in 400
ul of buffer adding purified His-GInK (20 pg) mixed with UmpH (40 pg). The eluted

fractions from the Ni_ beads were analyzed by SDS-PAGE and the gel was stained with
Coomassie Blue.

The formation of the UmpH-GInK complex is Mg”" dependent

PII protein can bind to the divalent ion Mg?*, and it is known that UmpH uses this ion
as a cofactor. We investigated whether the absence of Mg?* would interfere in the binding of

UmpH to GInK and we observed that the interaction did not occur in absence of this cofactor

(Fig. 6).
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FIGURE 6. In vitro formation of the UmpH-GInK complex is stabilized by Mg2+.

Complexes formation were assessed by pull-down using Ni©" beads. Reactions were
performed under fixed ATP concentration (1 mM) in presence or absence of MgCl, (SmM) as

indicated. Reactions were conducted in 400 pl of buffer adding purified His-GInK (20 pg)

mixed with UmpH (40 pg). The eluted fractions from the Ni2+ beads were analyzed by SDS-
PAGE and the gel was stained with Coomassie Blue.

Discussion

Nucleotides are among the most important nitrogen compounds in all living
organisms. Besides, pyrimidine and purine nucleotides are essential precursors for nucleic
acids, they are also important metabolites in bio-energetic processes and in the synthesis of
macromolecules (Stasolla et al., 2003). Here we describe the interaction in vitro of the UmpH,
a protein involved in pyridine homeostasis, with the GInK, a PII — family protein, in E. coli.
GInK are widely known for regulating nitrogen metabolism by binding 2-OG, which is used
as a carbon skeleton in the biosynthesis of nitrogen compounds (Leigh and Dodsworth, 2007).
The direct sensing performed by GInK of nitrogen levels could suggest the participation of PII

proteins in the regulation of nitrogenous compounds synthesis such as pyrimidine.
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The interaction with GInK occurred in the presence of ATP and ADP and was
inhibited in the presence of Mg.ATP + 2-OG (Fig. 1) in a 2-OG dependent manner (Fig.2).
Many of the known interactions of PII in E. coli are inhibited in the presence of high 2-OG as
in the case of the histidine kinase protein NtrB (Jiang, Peliska and Ninfa, 1998), the
ammonium transporter AmtB (Radchenko, Thornton and Merrick, 2010) and the Acetyl-CoA
Carboxylase subunit, BCCP (Biotin Carboxyl Carrier Protein) (Gerhardt et al., 2015). Binding
of Mg.ATP + 2-OG causes a conformation change in PII protein, inhibiting a variety of
interactions (Truan et al., 2010).

When the pull-down assays were carried out in the presence of different combinations
of the ATP, ADP and 2-OG, we visualized that a 2-OG high concentration (1 mM)
completely inhibited the UmpH-GInK interaction (Fig. 5). The 0.1 mM 2-OG concentration
impaired the formation of the UmpH-GInK complex at ADP low levels (0 — 0.25 mM),
however in higher concentrations the complex was normally formed. At 1 mM ADP and no
ATP, even at | mM 2-OG did not affect the UmpH-GInK complex. One explanation for these
patterns could be that ATP and ADP bind to PII competitively (Jiang and Ninfa, 2007), and as
the level of ADP increases it displaces Mg.ATP, preventing the 2-OG binding and allowing
interaction (Fig. 5, lanes 11 to 15). The dissociation constant (Kq¢) presented by ATP and ADP
for GInK also supports this model. In 0.1 mM of 2-OG the affinity for ADP is greater than for
ATP and in 1 mM of 2-OG the opposite occurs (Radchenko, Thornton and Merrick, 2010).

It is known that when 2-OG binds PII, 2-OG, ATP and side chain Q39 coordinate the
Mg?* ion at the PII interaction site. In addition 2-OG also forms a salt bridge with the K58
side chain (Truan et al., 2010). However, when ADP binds PII, the side chain Q39 interacts
with K58, not allowing the 2-OG binding, also explaining, in a structural view, the ADP
effect on 2-OG binding limitation (Jiang and Ninfa, 2007; Truan et al., 2010).

The structure of the UmpH protein was already been resolved and it was found as
monomer in solution that requires Mg®" as a cofactor (Tremblay, Dunaway-Mariano and
Allen, 2006). As mentioned, the GInK protein also binds to Mg?* and when evaluating
whether Mg?" would interfere in the formation of the complex, the result was positive (Fig. 6).
Considering that ATP is present in both assays performed, with and without Mg?*, probably
was binding of Mg?" that caused a conformational change in UmpH or GInK to stabilize the
complex.

The quantification of intracellular levels of ATP, ADP and 2-OG in E. coli
(Radchenko, Thornton and Merrick, 2010) and the data obtained in vitro allowed us to

suggest a cellular condition for UmpH-GInK interaction. When E. coli is nitrogen supplied, in
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ammonium shock for example, the level of intracellular glutamine increases, decreasing the
concentration of 2-OG, which is used on glutamine biosynthesis (Merrick and Edwards,
1995). With low 2-OG levels, the interaction of UmpH and GInK occurs. After two minutes
post ammonium shock, glutamine drops and 2-OG increases progressively. This condition
would inhibit the UmpH-GInK interaction, once under high 2-OG and low glutamine levels
GInK is uridilylated in a post-translational event (Francis and Engleman, 1978). In summary,
the interaction between UmpH-GInK should probably occur in situations of high available

nitrogen and low 2-OG (Fig. 7).
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FIGURE 7. Interaction model of UmpH-GInK complex. /n vitro data showed that the
UmpH-GInK interaction is inhibited by the PII’s effector 2-OG. A particular metabolic state
which this interaction would occur could be in the ammonium shock. When a nitrogen limited
bacterial cell receive a high ammonium concentration the 2-OG drops, allowing UmpH-GInK
complex formation. When ammonium is consumed 2-OG level increases and it binds GInK,
no longer allowing the complex formation with UmpH.

Conclusion

We validated and characterized the interaction between UmpH and GInK in vitro. The
interaction occurs in the presence of ATP and ADP and is inhibited in the presence of
MgATP + 2-0OG, indicating that the physiological interaction occurs only when the levels of

intracellular 2-OG are low.
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6. CONCLUSOES

Este trabalho teve como objetivo analisar a relagdo funcional das proteinas PII com
possiveis novos alvos, e entre eles estavam o Fator de terminagdo de transcricdo Rho, uma

diguanilato ciclase, uma Fosfodiesterase e a UMP Fosfatase (UmpH). Observamos que:

1. As proteinas AbRho, AbDGC, AbPDE e EcUmpH foram expressas e purificadas.

2. Foi estabelecido o protocolo de purificacdo das proteinas Rho de 4. brasilense
(AbRho) e Escherichia coli (EcRho).

A proteina AbRho ¢ hexamérica em solugao.

AbRho ¢ uma NTPase.

A atividade de AbRho ¢ inibida por ADP.

AbRho interage in vitro com GInB e GInZ na presenga de ATP e ADP.

NS kW

EcRho interage in vitro com GInB na presenca de ATP, mas preferencialmente na
presenca de ADP e com GInK somente na presenca de ADP.

8. ADP influencia positivamente a interagdo EcRho com PII.

9. Presenca de Mg?" estabiliza a interacdo de AbRho e EcRho com PII.

10. Na presenga de Mg.ATP, 2-OG inibe a interagdo de AbRho e EcRho com PII.

11. AbRho ndo interage com GInZ via alga T, por mais que ela seja importante para a
resposta de inibicao por 2-OG.

12. AbRho interage com PII mesmo estando parcialmente uridililadas.
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13. Na presenca de Poly[C], como cofator, PII ndo influencia na atividade de AbRho e
EcRho.

14. In vitro, AbDGC e AbPDE de A. brasilense SP245 apresentam-se como dimero e
hexamero, respectivamente.

15. In vitro, AbDGC e AbPDE interagem com AbGInB de A. brasilense na presenca de
ATP e ADP.

16. O principal fator limitante na interacdo de AbDGC e AbPDE com GInB ¢ o 2-OG, na
presenca de Mg.ATP.

17. A interagdo AbPDE-GInB ¢ dependente de Mg** enquanto que a interagio AbDGC-
GInB independe desse ion divalente.

18. A al¢a T ndo ¢ essencial para a formagdo de ambos os complexos, AbDGC-AbGInB e
AbPDE-AbGInB, mas a uridililagao inibiu a forma¢ao do complexo AbPDE-AbGInB.

19. AbDGC e AbPDE também podem interagir com PII de E. coli in vitro.

20. EcUmpH interage com EcGInK na presenca de ATP e ADP. Entretanto, EcUmpH nao
interage com EcGInB.

21. Na presenca de Mg.ATP, 2-OG inibe a formagao do complexo EcUmpH-EcGInK.

22. A interagdo EcUmpH-EcGInK ¢ dependente de Mg®*
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