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RESUMO

As proteinas da familia PIl sdo ubiquas em bactérias, arqueias e plantas e
possuem a capacidade de sentir os niveis celulares de energia, carbono e
nitrogénio, através da ligacdo de moduladores alostéricos ATP, ADP e 2-
oxoglutarato (2-OG). As proteinas PIl possuem a capacidade de interagir
fisicamente, regulando a atividade de diversas proteinas-alvo. A bactéria Escherichia
coli possui duas proteinas PIl, sendo elas GInK e GInB. A enzima UMP fosfatase
(UmpH) também esta presente em E. coli e faz parte da via de degradacdo de
nucleotideos da classe pirimidina, removendo grupos fosfato do monofosfato de
uridina (UMP). Trabalhos anteriores identificaram a enzima UmpH como possivel
alvo da proteina GInK, mas até entdo era desconhecido o significado fisioldgico da
interacao fisica entre essas proteinas. Este trabalho teve como objetivo caracterizar
a interacdo entre as Pll de E. coli e UmpH. Ensaios de pull-down e Biolayer
Interferometry (BLI) confirmaram que a interagdo s6 ocorre entre UmpH e GInK, na
auséncia de efetor e na presenca de ADP e ATP, com ADP mantendo o complexo
mais estavel e com maior afinidade de ligacdo (Kd= 7.8 nM). A interacdo é
interrompida na presenca de ATP e 2-OG combinados ou quando GInK se encontra
na sua forma modificada por uridililagdo. Ensaios de atividade enzimética de UmpH
evidenciaram que GInK age como um inibidor de UmpH, diminuindo a atividade
enzimatica em até 50%, aumentando o Km de UMP em 2,3x e diminuindo a
velocidade maxima de reacdo em torno de 30%. Esta inibicdo € dose-dependente,
quanto maior a concentracdo de GInK maior foi a inibicdo de UmpH, até atingir uma
saturacdo. O efeito inibitério de GInK sé é observado nas condicdes em que foi
detectada a formacdo do complexo UmpH-GInK, sem efetor ou na presenca de
ADP/ATP. Através do alinhamento de sequéncias com PII ortélogas de Azospirillum
brasilense, verificamos a existéncia de 11 residuos Unicos em GInB de E. coli que
estdo na superficie e se concentram na cadeia lateral da proteina. Esses residuos
podem ser criticos na interacdo e formacdo do complexo UmpH-GInK. Além disso,
ensaios de pull-down com PII AloopT de A. brasilense mostraram que o loop-T n&o
aparenta ser necessario para a interacdo de UmpH. O complexo GInK-UmpH parece
ocorrer em uma situacao de alta disponibilidade de nitrogénio na célula, quando os
niveis de nitrogénio aumentam e os niveis de 2-OG caem rapidamente, para a
adequacao do estado celular catabdlico para o anabdlico. Com esses resultados,
temos a primeira confirmacdo da regulacdo da proteina GInK sob a atividade
enzimatica de UmpH e seu envolvimento na adequacdo do metabolismo, apoiando
estudos anteriores do seu papel central de Pll na coordenacédo de diferentes vias
metabdlicas.

Palavras-chave: Proteinas PIl; UmpH; GInK; metabolismo bacteriano; regulador
alostérico.



ABSTRACT

PII family proteins are ubiquitous in bacteria, archaea and plants and have
the ability to sense cellular energy, carbon and nitrogen levels by binding allosteric
modulators ATP, ADP and 2-oxoglutarate (2-OG). PII proteins have the ability to
physically interact, regulating the activity of various target proteins. The bacterium
Escherichia coli has two PIl proteins, GInK and GInB. The enzyme UMP
phosphatase (UmpH) is also present in E. coli and is part of the pyrimidine class
nucleotide degradation pathway, removing phosphate groups from uridine
monophosphate (UMP). Previous work has identified the UmpH enzyme as a
possible target of the GInK protein, but until then the physiological significance of the
physical interaction between these proteins was unknown. This work aimed to
characterize the interaction between E. coli PIl and UmpH. Pull-down and Biolayer
Interferometry (BLI) assays confirmed that the interaction only occurs between UmpH
and GInK, in the absence of effector and in the presence of ADP and ATP, with ADP
maintaining the most stable complex and with the highest binding affinity (Kd= 7.8
nM). The interaction is interrupted in the presence of combined ATP and 2-OG or
when GInK is in its uridylation-modified form. UmpH enzyme activity assays showed
that GInK acts as an UmpH inhibitor, decreasing enzyme activity by up to 50%,
increasing the Km of UMP by 2.3x and decreasing the maximum reaction speed by
around 30%. This inhibition is dose-dependent; the higher the concentration of GInK,
the greater the inhibition of UmpH, until saturation is reached. The inhibitory effect of
GInK was only observed under conditions in which the formation of the UmpH-GInK
complex was detected, without an effector or in the presence of ADP/ATP. By
aligning sequences with orthologous PII from Azospirillum brasilense, we verified the
existence of 11 unique residues in GInB from E. coli that are on the surface and are
concentrated in the side chain of the protein. These residues may be critical in the
interaction and formation of the UmpH-GInK complex. In addition, pull-down assays
with PIl AloopT from A. brasilense showed that the T-loop does not appear to be
necessary for UmpH interaction. The GInK-UmpH complex seems to occur in a
situation of high nitrogen availability in the cell, when nitrogen levels rise and 2-OG
levels fall rapidly, in order to adjust the cell's catabolic state to an anabolic one. With
these results, we have the first confirmation of the regulation of the GInK protein
under the enzymatic activity of UmpH and its involvement in the adjustment of
metabolism, supporting previous studies of its central PII role in the coordination of
different metabolic pathways.

Keywords: PII proteins; UmpH; GInK; bacterial metabolism; allosteric regulator.
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1 INTRODUCAO

Os microrganismos de vida livre estdo constantemente sendo desafiados em
relagdo a disposicdo de nutrientes e de ambientes inOspitos, necessitando de
mecanismos de adaptacdo que possam agir rapido e que sejam bem regulados
(Chubukov et al., 2014). As proteinas da familia PIl ja estdo bem descritas como
transdutoras de sinal e desempenham um papel central em varios processos
metabolicos, podendo ser encontradas em diferentes organismos, como bactérias,
arqueias e plantas (Forchhammer, 2008). As proteinas Pll sdo capazes de detectar
o estado de energia da célula (através da relacdo entre ADP:ATP), dos niveis de
nitrogénio (através da L-glutamina) e dos niveis de carbono (através de 2-
oxoglutarato (2-OG)) (Huergo; Chandra; Merrick, 2013). Algumas combinac¢des de
interacéo séo possiveis, incluindo ADP, ATP, ATP + Mg?* (Mg.ATP) e Mg?* + ATP +
2-0OG (ATP. 20G.Mg) (Merrick, 2015).

As proteinas PIlI conseguem interagir e regular a atividade de diversos alvos
através da interacdo proteina-proteina e demonstram ter um papel central em
diferentes vias metabdlicas, como a de degradacdo de nitrogénio, biossintese de
NAD*, producéo de &cidos graxos e regulacao dos niveis de c-di-GMP (Ninfa; Jiang,
2005; Schubert et al., 2020; Rodionova et al., 2018; Santos et al., 2020; Rodrigues et
al., 2018; Gerhardt et al., 2015; Gerhardt et al., 2020). A interacao fisica entre Pll e
suas proteinas-alvo é regulada pelas mudancas estruturais induzidas na estrutura de
Pll apos a ligacdo ou dissociacao dos efetores alostéricos (ATP, ADP e 2-OG) e pela
uridililacao reversivel, uma mudanca pds-traducional (Truan et al., 2010; Maier et al.,
2011; Fokina et al., 2010; Merrick, 2015; Xu et al., 1998).

A bactéria Escherichia coli (E. coli) tem duas proteinas PIl, GInB (produto do
gene gIinB) e GInK (produto do gene gInK) (Ninfa; Jiang, 2005). GInB e a GInK
compartilham 67% dos aminoacidos e sdo muito semelhantes estruturalmente (Van
Heeswijk et al., 1995). GInB controla a expressédo de genes regulados pelos niveis
de nitrogénio por meio dos alvos NtrB e GInE, no qual controla a atividade da
glutamina sintetase (GS) (Jiang, et al. 2007; Forchhammer, 2008). GInK tem uma
vizinhanca genémica com o gene amtB, que codifica um transportador de aménio, e
sua funcao esta relacionada a esse transportador, ja tendo sido demonstrado que a
GInK pode se ligar a ele e inibir sua atividade (Javelle; Merrick, 2005; Javelle et al.
2004; Coutts et al. 2002; Forchhammer, 2008). J4 foi sugerido que a GInB
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desempenha o papel principal na regulacdo dos genes Ntr, que formam o sistema
central de regulacdo de nitrogénio, em altos niveis de nitrogénio, enquanto a GInK
evita a expressao descontrolada desses mesmos genes durante a privagcao de
nitrogénio (Blauwkamp; Ninfa, 2002).

Através de ensaios de ligand fishing com as proteinas PIl de E. coli,
previamente realizados pela aluna Tatiana de Mello Damasco Nunes durante sua
Iniciacdo Cientifica, sob orientacdo dos professores Luciano Fernandes Huergo e
Gustavo Antonio de Souza, foram descobertos em torno de 100 alvos para as
proteinas GInK e GInB, entre eles, alguns alvos ja conhecidos, como as proteinas
GInD e GInE (GONCALVES et al., 2024). Um dos novos alvos encontrados, foi a
enzima UMP fosfatase (UmpH) de E. coli, que demonstrou interagdo com GInK, se
tornando um possivel alvo de Pll (GONCALVES et al., 2024). UmpH (anteriormente
chamada de NagD) possui atividade fosfatase e faz parte da superfamilia de
proteinas dehalogenases (Tremblay; Dunaway-Mariano; Allen, 2006). A sua funcao
esta relacionada com a via de novo de degradacdo de nucleotideos do tipo
pirimidina, no qual desvia o excesso de um dos intermediarios da via para manter a
homeostase (Reaves et al., 2013). Com isso, 0 presente estudo teve como objetivo
caracterizar a interacao entre as proteinas PIl de E. coli e UmpH, a fim de entender
em que situacdo a interacdo estaria acontecendo e se PIl estaria atuando como

regulador enzimatico de UmpH.

1.2 OBJETIVOS

1.2.1 Objetivo geral

e Caracterizar a interagdo entre as proteinas PlIl e UmpH de Escherichia

coli.

1.2.2 Objetivos especificos

e Expressar e purificar as proteinas His-GInK, His-GInB e UmpH nativa.

e Checar a interacdo de His-Pll e UmpH nativa na auséncia e na presenca
dos efetores de PIl: ADP, ATP e 2-OG.

e Checar ainteragédo de UmpH com PIl uridililadas (PII-UMP3).
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o Conferir a atividade enzimatica de UmpH na presenca de diferentes
substratos.

e Estabelecer a constante de Michaelis-Menten e a velocidade maxima de
UmpH para o substrato monofosfato de uridina (UMP).

e Verificar se GInK altera a atividade enzimatica de UmpH.

e Avaliar os possiveis residuos envolvidos na interacdo do complexo

proteico.

1.3 JUSTIFICATIVA

Este estudo pretende elucidar como ocorre e qual o proposito da interacao
entre as proteinas PIll e sua proteina-alvo UmpH. Ja foi relatado anteriormente que
as proteinas PIl evoluiram para ter um papel central no metabolismo, sentindo o
estado celular e regulando diversos alvos envolvidos no metabolismo do nitrogénio e
do carbono, regulando também a producdo de metabdlitos de sinalizacdo (c-di-
GMP), cofatores (NAD*) e uma variedade de transportadores importantes para a
manutencdo e crescimento da célula (Forchhammer; Selim; Huergo, 2022;
(Gerhardt et al., 2020; Santos et al., 2020; Watzer et al., 2019). Entender como as
proteinas PIl interagem e regulam seus alvos ja trouxe conhecimento cientifico
necessario para o desenvolvimento de diversas biotecnologias, como a producéo de
antibidticos como o ascomicina de Streptomyces hygroscopicus var. ascomyceticus
e a sintese de biopolimeros, como cianofilina, L-alanil-L-glutamina e PHB, que
possuem potencial para aplicacdes médicas em vacinas e medicamentos e para
substituir polimeros comuns em embalagens (Wang et al., 2021; Watzer et al., 2015;
Zhu et al., 2020; Orthwein et al., 2021; Koch et al., 2020; Popa; Frone; Panaitescu,
2022). Além disso, o funcionamento do mecanismo de PII ja foi visto como possivel
de ser aplicado na biologia sintética para desenvolver biossensores celulares (Berg;
Hung; Yellen, 2009; Luddecke; Forchhammer, 2013; Luddecke et al., 2017; Chen et
al., 2018). Ademais, foi através do estudo de PIl e sua participagdo na fixagdo
bioldgica de nitrogénio que foram desenvolvidas cepas bacterianas mais eficientes
na fixacdo de nitrogénio, com o intuito de diminuir o uso de adubos nitrogenados,
gue contribuem para uma série de problemas ambientais (Souza et al., 2014;

Zhang et al., 2023). Atualmente, diversas estirpes de bactérias fixadoras de
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nitrogénio mais eficientes sdo comercializadas para agricultores pela EMBRAPA
(Hungria, 2011).

A enzima UmpH possui importante papel na manutengcdo da homeostase da
via de novo de nucleotideos pirimidina (Reaveset al., 2013). Para além da
importancia na producao de nucleotideos para atuarem na replicacéao e transcricéo e
para manter a integridade celular, ja foi visto que as vias biossintéticas de novo
possuem ligagdo com viruléncia de importantes patdbgenos humanos e que
diferentes espécies requerem essas vias para viruléncia total (Goncheva; Chin;
Heinrichs, 2022). Ja foram identificados inibidores da biossintese de novo de purinas
como um meio de competicdo entre espécies em bactérias (Goncheva; Flannagan;
Heinrichs, 2020; Sause et al., 2019). Por serem vias extremamente importantes para
a replicacdo bacteriana e, consequentemente, para sua patogénese, essas vias
podem ser alvos de terapias antimicrobianas (Goncheva; Chin; Heinrichs, 2022). O
uso de moléculas semelhantes a nucleosideos para tratamento ja esta sob estudo,
surgindo como uma opg¢éo para contornar o uso indiscriminado de antibidticos e a
consequente resisténcia microbiana (Thomson; Lamont, 2019). Com isso, fica
evidente a importancia de compreender melhor essa via metabdlica, suas enzimas e
reguladores.

Compreender qual o mecanismo de interacao entre UmpH e PII pode trazer
novas informagdes relevantes para a via de novo e o metabolismo central de
nucleotideos, assim como novos dados para entender a rede global de regulacéo
das proteinas PII. Além disso, essas informacfes podem ajudar a entender como PlI
age em outros alvos ainda néo investigados e extrapolar para ortélogos de PII

presentes em outros organismos.
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2 REVISAO DE LITERATURA

2.1 PROTEINAS PII

As proteinas da familia PIl foram descobertas na década de 1960 por Bennett
Shapiro, enquanto realizava experimentos para descobrir como a enzima glutamina
sintetase (GS), peca-chave no metabolismo bacteriano de nitrogénio, era regulada
(Shapiro, 1969). A partir dessa €época, essas proteinas vém sendo estudadas
mundialmente.

As proteinas PIl sédo transdutoras de sinais, pois sentem o estado de energia
da célula, a partir dos niveis de nitrogénio, carbono e outras moléculas como ADP,
ATP, 2-OG e glutamina (Huergo; Chandra; Merrick, 2013; Huergo et al., 2012). Com
isso, conseguem regular uma infinidade de alvos, entre eles proteinas de
membrana, enzimas e fatores de transcri¢cdo, através da interacdo proteina-proteina
(Huergo; Chandra; Merrick, 2013). Além disso, essas proteinas estdo amplamente
distribuidas em diferentes organismos como bactérias, arqueias, algas e plantas
(Huergo; Chandra; Merrick, 2013).

Sua classificacdo segue dois critérios: conservacdo da ligacdo genética
(vizinhanca no genoma) e similaridade da sequéncia de aminoacidos. Sao divididas
em quatro subgrupos: 1- GInB, com genes ligados principalmente a ginA (o gene
estrutural GS) ou nadE (que codifica a NAD sintetase), sendo encontrado
majoritariamente em proteobactérias e cianobactérias; 2- GInK, genes relacionados
com amtB (o gene estrutural para a proteina do canal de aménia); 3- Nifl, genes
relacionados com fixacdo biolégica de nitrogénio e a enzima nitrogenase; 4- PlII-
New Group (PII-NG), genes encontrados em proteobactérias e em alguns
bacteroidetes adjacentes a genes que codificam para bombas de efluxo de metais
pesados (Arcondéguy; Jack; Merrick, 2001).

Representativas caracteristicas das Pll sdo a alta similaridade na sequéncia
primaria e na estrutura, sendo altamente conservadas entre si (Huergo; Chandra;
Merrick, 2013). A partir de estruturas tridimensionais resolvidas de PII, foi visto que
sdo proteinas homotriméricas, geralmente formadas por 112 aminoacidos, com uma
massa molecular de aproximadamente 37 kDa, com cada subunidade contendo
entre 12-13 kDa e estaveis a altas temperaturas, possuindo temperatura de fusao
em torno de 60 e 70 °C (Carr et al., 1996; Moure et al., 2012; Truan et al., 2010).
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A estrutura das PIl é formada por 3 algcas principais (figura 1). A alca T (T-
loop) é flexivel, conservada, exposta ao solvente e muito importante para interacdes
de PIl com seus alvos, ja sendo descrito como essencial para a interacdes entre
GInB de E. coli e seus alvos adeniltransferase (GInE), uridililtransferase (GInD) e a
proteina histidina quinase NtrB (Jiang et al., 1997; Jiang; Zucker; Ninfa, 1997;
Huergo; Chandra; Merrick, 2013). A alca T (residuos 37-55) é ainda indicada como
passivel de modificagbes pbds-traducionais, como a uridililagdo que ocorre no residuo
Tyr51 de proteobactérias e regula diversas interacfes de PIlI (Jaggi et al., 1996).
Duas alcas menores, as alcas C (C-loop, residuos 102-105) e B (B-loop, residuos
82-88), também estdo presentes na estrutura (Huergo; Chandra; Merrick, 2013). A
alca B esta localizada entre a segunda a-hélice e a quarta B-hélice, e a alca C esta
localizada no C-terminal da proteina (Huergo; Chandra; Merrick, 2013). O trimero de
PIl forma um barril compacto em que cada mondmero é composto por duas a-
hélices e quatro B-fitas organizadas em motivo Bap, sendo conectadas por uma alca
de 19 aminoécidos, a alca T (Cheah et al., 1994). A interacdo entre as alcas T e B
de uma subunidade e a alca C de outra formam uma fenda lateral entre os
mondmeros, sendo importante para a ligacdo dos efetores, como ATP e ADP (Truan
et al., 2010).

FIGURA 1 - ESTRUTURA TRIDIMENSIONAL DAS PROTEINAS PIl DE Escherichia coli

(b)

=~ ATP/ADP

B-loop C-loop

FONTE: Huergo; Chandra; Merrick (2013).

LEGENDA: (a) Vista lateral do trimero GInB de E. coli (PDB:2PIl) na auséncia de ligantes. As setas
indicam as alcas B, C e T, e o residuo Try51. (b) Vista da superficie da algca T do trimero de GInK de
E. coli ligado a ATP (PDB2:1). A seta indica a fenda entre as subunidades dentro da qual o ATP e
ADP se ligam de forma competitiva.
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2.2 PROTEINAS PIl E SEUS EFETORES

As proteinas PIlI de procariotos podem se ligar a diferentes efetores, sendo
eles ADP, ATP e 2-OG. Com isso, algumas combinacdes de interacdo sao
possiveis, entre elas ADP, ATP, ATP + Mg? (Mg.ATP) e Mg?* + ATP + 2-OG
(Merrick, 2015).

A ligacdo de 2-OG s6 é possivel na presenca de ATP e Mg?*, pois 2-OG age
cooperativamente com ATP, estabilizando sua interacdo com as PIl, enquanto
ambos coordenam o ifon Mg?. O 2-OG se liga dentro da fenda lateral entre
subunidades vizinhas, e o Mg?* fica localizado entre ATP e 2-OG (figura 2a) (Truan
et al., 2010; Huergo; Chandra; Merrick, 2013). O grupo 5-carboxi do 2-OG forma
uma ponte salina com o residuo Lys58 de PII, enquanto o residuo GIn39 participa da
coordenacdo de Mg?* como o sexto ligante (figura 2a), juntamente com trés grupos
fosfato de ATP e dois 2-OG (Truan et al., 2010; Huergo; Chandra; Merrick, 2013).
Nesse estado, a alca T é projetada perpendicularmente ao eixo central da proteina
(Truan et al., 2010).

FIGURA 2 - REPRESENTACAO TRIDIMENSIONAL DA LIGAGCAO ENTRE PIl E SEUS
EFETORES

(b)

+«—— T-loop

Gln39
Ly558 b}

;)\ A/
' DP ’\

FONTE: Huergo; Chandra; Merrick (2013).
LEGENDA: Em ciano esta representada um mondmero de GInZ de Azospirillum brasilense. 2-
OG esta representado como bastédo azul e Mg?* como uma bola preta, com sua coordenacao
octaédrica em linhas pretas tracejadas. Em (a) temos a estrutura de Pl ligada a Mg.ATP e 2-OG, em
que o residuo GIn39 (bastao verde) participa da coordenacdo do ion. Em (b) a estrutura de PII
interagindo com ADP, em que os residuos GIn39 e Lys58 (bastdes verdes) interagem entre si.

ADP se liga a PIl atraves da fenda lateral entre subunidades (figura 2b), assim
como ATP. Na estrutura com ADP ligado a proteina PIl de E. coli GInK, cada

mondmero continha uma molécula de ADP, com a alga T assumindo uma
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conformacao estendida com duas fitas curtas de folhas B antiparalelas separadas
por uma volta B, fazendo com que ela se estenda 28 A acima do nicleo da proteina,
e essa conformacao foi vista como essencial para GInK interagir com um de seus
alvos, a proteina AmtB (Conroy et al., 2007; Huergo; Chandra; Merrick, 2013).
Apesar de ADP e ATP se ligarem igual as PII, com as ligacdes de hidrogénio entre a
base nitrogenada e a metade do acucar de ADP e ATP serem as mesmas, ha
interacdo com ATP a algca T é desordenada além do residuo G37, mas na interacao
com ADP a alca T é totalmente ordenada, sendo observado uma ligacdo que fixa
uma dobra de 90° na cadeia GInK em R38 (Conroy et al., 2007; Xu et al., 1998).

Foi visto que ADP e ATP se ligam competitivamente as PIl, pois ocupam o
mesmo sitio de ligacao, enquanto ADP e 2-OG contrapdem a ligacdo um do outro
(Jiang; Pioszak; Ninfa, 2007). A explicagdo mais aceita para issO seria que com
niveis altos de 2-OG, PII estara principalmente ligada a 2-OG e Mg.ATP, porém,
guando os niveis de 2-OG caem, a interacdo mais predominante serd com ADP
(Radchenko; Thornton; Merrick, 2010). Os residuos GIn39 e Lys58, que estédo
envolvidos na interacdo com os efetores (figuras 2a e 2b), sdo altamente
conservados entre as Pll, e a mudanca de posicionamento desses residuos causada
pelos diferentes efetores é um fator de modificagbes na base da alca T, que
conseguentemente influencia sua conformacéo e a interacédo entre Pll e seus alvos
(Truan et al., 2010; Huergo; Chandra; Merrick, 2013). Isso explica por que PII nao
interage com diversos alvos quando 2-OG e Mg.ATP estéo ligados.

2.3 PROTEINAS PII DE Escherichia coli

A bactéria E. coli possui duas proteinas PIl, sendo elas GInB (produto do
gene gIinB) e GInK (produto do gene gInK) (Ninfa; Jiang, 2005). Ambas as proteinas
PIl servem como indicadoras de nitrogénio e sofrem modifica¢cdes pos-traducionais
com a adicdo ou remocdo de até trés UMP pela enzima GInD (UTase/UR)
(Engleman; Francis, 1978). Se o nivel de nitrogénio disponivel na célula é baixo, as
proteinas PII estardo uridililadas, mas se o nivel de nitrogénio for alto, ndo estardo
(Engleman; Francis, 1978). Sendo assim, PII nativas (sem modifica¢cdes) indicam
uma ceélula rica em nitrogénio e PII uridililadas (PlIl-UMP3) indicam um ambiente

pobre em nitrogénio (Engleman; Francis, 1978; Xu et al., 1998).
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GInB e GInK compartiham 67% de identidade de aminoacidos e alta
similaridade estrutural (figura 3) (Van Heeswijk et al., 1995; Xu et al., 1998). As
principais diferencas em suas estruturas estao nas algas (Xu et al., 1998). A alga T,
apesar da alta similaridade em sequéncia primaria, se mostrou mais desordenada
em GInK (figura 3b), porém, esse resultado € influenciado por sua alta flexibilidade,
que pode gerar diferentes conformacfes, e pela condicdo em que o cristal da
proteina foi formado (Xu et al., 1998). Além disso, ha diferencas significativas nas
alcas B e C e na forma como suas subunidades se agrupam para formar o trimero
(Xu et al.,, 1998). Com isso, ha diferencas em suas conformacdes (figura 3), e

consequentemente, em seus alvos e funcdes (Xu et al., 1998).

FIGURA 3 - SOBREPOSI(;AO DAS ESTRUTURAS TRIDIMENSIONAIS DE GInK E GInB
DE Escherichia coli

FONTE: Xu et al. (1998).
LEGENDA: A estrutura de GInK esta em preto e a estrutura de GInB esta em vermelho. (a)
comparacéo entre as subunidades. (b) os trimeros vistos no eixo de 3 dobras. O residuo Tyr51 da
alca T esta representado acima das subunidades.

Quando os niveis de nitrogénio estdo baixos, a uridillacdo das PIlI serve
também para alterar a atividade da enzima GInE (Adenilil-Transferase ou ATase),
gue por consequéncia, altera e ativa a enzima glutamina sintetase (GS) (Xu et al.,
1998). GS € um dos elementos-chave na regulacdo do metabolismo de nitrogénio, e
em alto nivel de nitrogénio, tem sua atividade inativada. (Xu et al., 1998). Essa
funcdo foi primeiramente atribuida a GInB, porém foi visto a partir de células
mutantes de E. coli com delecdo de GInB, que GInK também pode assumir essa
funcdo, mas a atividade resultante de GS é diferente (Van Heeswijk et al., 1995).

GInK é altamente expressa quando o nivel de nitrogénio disponivel na célula

€ baixo e sua expressdo esta diretamente relacionada a esses niveis (Xu et al.,



21

1998). No operon onde o gene gInK esta, juntamente com o gene amtB, ha um sitio
de ligacdo de RNA polimerase o> (ligado principalmente ao estresse celular) e outro
da proteina NtrC, sendo a regulacdo do operon dependente desta proteina (Van
Heeswijk et al., 1996). Estudos anteriores mostraram que GInK se liga fortemente a
proteina transportadora de amoénio AmtB e regula o fluxo de entrada de aménio na
célula, em resposta a concentracdo de nitrogénio intracelular e mudancas externas
na disponibilidade de amdnio (Javelle et al., 2004). A ligagao de GInK a AmtB inativa
o canal de amoénio, através da insercdo das suas algcas T na saida do poro
citoplasmatico, bloqueando a conducédo de aménio para dentro da célula (Conroy et
al., 2007). Essa interacdo é regulada pelos niveis de 2-OG e pela uridililacdo de
GInK, que inibem o complexo (Durand; Merrick, 2006; Conroy et al., 2007). Além
disso, os altos niveis de GInK, que se acumulam durante os periodos de privacédo de
nitrogénio, atuam como um tampdo para aliviar o excesso de importacdo e
assimilacdo de nitrogénio, em resposta ao seu aumento subsequente (Gosztolai et
al., 2017).

Novos alvos de PIl, principalmente de GInB, estdo sendo estudados e
demonstram que o papel de PII vai além da regulacdo de nitrogénio. Foi visto que
GInB de E. coli est4 envolvida na regulacdo da biossintese de acidos graxos, com a
formacdo de um complexo ternario com 0s componentes biotina carboxilase (BC) e
proteina transportadora de biotina carboxila (BCCP) da enzima acetil-CoA
carboxilase (ACC), que catalisa a etapa limitante e comprometedora da via, e essa
interacdo resulta na inibicdo da ACC, diminuindo seu numero de renovacao
enzimatica (Gerhardt et al., 2015). Ainda em GInB de E. coli, foi vista a interacdo
com a enzima glucosamina 6-fosfato desaminase (NagB), que participa do
catabolismo de acucares amino usando N-acetilglucosamina 6-fosfato (GICN-6P)
como substrato para liberar aménia e frutose 6-fosfato (Rodionova et al., 2018).
GInB uridililada aumentou a atividade de NagB em torno de dez vezes, enquanto
GInB néo uridillada n&do apresentou efeito, mostrando o controle de GInB no
catabolismo de aminoéacidos (Rodionova et al., 2018). Por fim, um estudo recente
mostrou a interagdo entre GInB de E. coli e L-aspartato desaminase (AspA) e a
ativacdo da sua atividade de desaminacao, que libera amoénia de L-aspartato, como
parte da eliminacdo de nitrogénio (Schubert et al., 2020). Além disso, a regulacéo de
AspA por GInB pode prevenir um ciclo futil de biossintese e degradagédo de L-

aspartato quando o amonio esta disponivel (Schubert et al., 2020).
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Um sistema de dois componentes € formado por uma histidina quinase
(proteina NtrB) e uma proteina regulatéria (NtrC) (Ninfa et al., 1993). Ao ocorrer a
fosforilacdo de um residuo de NtrB, ha a fosforilacdo de NtrC, que ativa a transcrigdo
de genes alvo regulados pelos niveis de nitrogénio, através da ligacdo a
intensificadores localizados préximos aos promotores (Ninfa et al., 1993;
Blauwkamp; Ninfa, 2002). A fosforilacdo de NtrB esta relacionada com os niveis de
nitrogénio e é regulado pelas proteinas Pll, onde as mesmas estimulam a
fosforilacdo em condicdes de baixo nitrogénio (Van Heeswijk et al., 1996). Segundo
Blauwkamp e Ninfa (2002), GInB teria papel principal na regulacdo desses genes
com altos niveis de nitrogénio, enquanto GInK impediria a expressédo descontrolada
durante a privagdo de nitrogénio. As proteinas NtrC e NtrB, juntamente com as
proteinas PIl e outras enzimas, fazem parte do sistema central de regulacdo de

nitrogénio, chamado de Ntr (Merrick; Edwards, 1995).

2.4 UMP FOSFATASE (UmpH)

A enzima UMP fosfatase (UmpH) esta presente na bactéria E. coli e faz parte
da superfamilia de proteinas Haloalkane Dehalogenase (HADSF), sendo uma familia
presente em todos 0s organismos na natureza e muito numerosa, sendo que apenas
em E. coli sdo encontradas 37 diferentes proteinas (Tremblay; Dunaway-Mariano;
Allen, 2006). Os membros dessa familia sdo caracterizados por possuir um dominio
central a/f (core domain) altamente conservado, formado pelo sitio catalitico
composto por quatro alcas (al¢cas I-1V) (figura 4) (Allen; Dunaway-Mariano, 2006). Os
residuos presentes nesse dominio central interagem com cofator Mg?* e com o
substrato da enzima, sendo que o dominio e o substrato interagem através do grupo
fosforil que é transferido (Tremblay; Dunaway-Mariano; Allen, 2006). Esta € outra
caracteristica dessa superfamilia, onde a maioria dos seus membros sédo
fosfotransferases que utilizam a agua como receptor do grupo fosforil (Tremblay;
Dunaway-Mariano; Allen, 2006). Substratos maiores normalmente interagem com as
enzimas dessa familia através do dominio central, porém, substratos menores
normalmente entram no sitio ativo do dominio central e sdo cobertos pelo dominio
movel cap, que faz a interacdo possivel. O dominio cap é considerado elemento

chave na evolugdo de funcbes das proteinas dessa familia, conferindo
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principalmente especificidade aos substratos (Tremblay; Dunaway-Mariano; Allen,
2006).

FIGURA 4 - ESTRUTURA TRIDIMENSIONAL DE UmpH

FONTE: Tremblay; Dunaway-Mariano; Allen (2006).
LEGENDA: (A) N-terminal da proteina em azul e o C-terminal em vermelho. (B) estéo
destacadas as alcas I-1V em vermelho, verde, ciano e dourado, respectivamente. O dominio cap é
representado em roxo.

As proteinas da HADSF sao classificadas de acordo com a presenca, posi¢ao
e dobra do dominio cap. A proteina UmpH é classificada como tipo IlA. As proteinas
tipo A séo caracterizadas por ter o dominio cap entre as al¢cas Il e Ill do dominio
central e possui duas dobras a/f diferentes, designadas IIA e 1IB (Tremblay;
Dunaway-Mariano; Allen, 2006). Em UmpH o dominio cap vai do residuo 71 a 175 e
forma quatro a-hélices e cinco folhas- (figura 4). Ainda em UmpH, a alca | participa
da catélise acido/base necessaria para a transferéncia de fosforil;, a alca Il
normalmente forma ligacées de hidrogénio com o grupo fosforil do substrato; a alca
[l fornece protecdo eletrostatica para a transferéncia do grupo fosforil e a alga IV liga
o cofator Mg2+ (figura 4B) (Tremblay; Dunaway-Mariano; Allen, 2006).

UmpH possui 250 aminoéacidos e 27 kDa por monémero, e ja foi relatado que
se apresenta como monémero em solu¢do aquosa (Tremblay; Dunaway-Mariano;
Allen, 2006).
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2.4.1 Via de novo de biossintese de pirimidinas

As pirimidinas compreendem bases nitrogenadas resultantes do anel
pirimidico, como citosina, uracila e timina, e formam os nucleotideos que séo
utilizados para sintetizar os materiais genéticos RNA e DNA (Kilstrup et al., 2005). A
biossintese de pirimidinas pela via de novo comeca com a formacédo de carbamoil
fosfato (CP), uma molécula que é precursora tanto da biossintese da pirimidina
quanto da biossintese do aminoacido arginina (figura 5). A reacdo € catalisada por
CarA e CarB a partir de L-glutamina, bicarbonato e 2 moléculas de Mg.ATP (figura
5). O CP é entdo convertido em carbamoilaspartato, que é catalisado por PyrB
(figura 5). O carbamoilaspartato pode entdo ser modificado reversivelmente para um
composto chamado diidroorotato por PyrC, que é o primeiro ponto onde a estrutura
do anel é formada (figura 5). A proxima reacdo, resultando em orotato, € o ponto
onde uma ligagcdo dupla € introduzida na estrutura do anel, formando
essencialmente o primeiro composto de pirimidina (figura 5). Isso é realizado por
duas enzimas, PyrK e PyrD. O orotato € entdo convertido em orotidina-5-fosfato por
PyrE, na presenca de PRPP (figura 5). O ultimo passo para a formacdo de UMP é
catalisado por PyrF, que descarboxila irreversivelmente a orotidina-5-fosfato em
UMP (figura 5) (Goncheva; Chin; Heinrichs, 2022). UMP € o precursor de todos o0s
nucleotideos de pirimidina e é usado para sintetizar UDP, UTP, dTTP, CTP e dCTP

(figura 5) (Loffler et al., 2005; Turnbough; Switzer, 2008).

FIGURA 5 - VIA BIOSSINTETICA DE NUCLEOTIDEOS DE PIRIMIDINA EM Escherichia

coli
pyrBI pyrC pyrD pyrE  pyrF
Aspartate o Carbamyl- 5 Dihydro- —»Orotate »OMP —» UMP
aspartate
HCO; o] orotate lJgppyrH
+ carAB Carb I
2 ATP ——p VAR y ndk
By phosphate UTP
Glutamine v pyrG
Ornithine " Citrulline —» —» Arginine CTP

FONTE: TURNBOUGH; SWITZER (2008).
LEGENDA: Os nomes dos genes sdo usados para representar as enzimas biossintéticas

codificadas que fazem parte da via de novo.
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A homeostase dessa via pode ser feita de duas maneiras: pela
retroalimentacdo candnica e pelo metabolismo de transbordamento (Reaves et al.,
2013). Na retroalimentacdo candnica, o proprio excesso de produtos da via inibe as
duas primeiras enzimas da via, sendo elas a Aspartato transcarbamoilase (ATCase;
representada na figura 5 por seu gene pyrBl), inibida pelo aumento de UTP e CTP,
0s produtos finais da via, e a enzima Carbamoil Fosfato Sintetase (CPSase;
representada na figura 5 pelo seu gene carAB), que é inibida por UMP (Kantrowitz,
2012). Essa estratégia de homeostase contribui para a eficiéncia da via, impedindo o
refluxo desnecessario (Reaves et al.,, 2013). O metabolismo de transbordamento

surge como uma explicacdo para a funcdo de UmpH (Reaves et al., 2013).

2.4.2 Fungéo de UmpH

A proteina UmpH é codificada pelo gene nagD, que faz parte do operon
nagEnagBACD, sendo seus produtos relacionados no processamento celular de N-
acetylglucosamine (GIcNAc), um componente essencial da biossintese da parede
celular bacteriana (Plumbridge, 1989; Peri; Goldie; Waygood, 1990). Sendo assim,
antes de ser sugerida uma funcédo para UmpH, houve suspeitas de que sua funcéo
estaria ligada a reciclagem de parede celular. J& foi visto que UmpH pode usar uma
ampla gama de substratos diferentes, mas que tem preferéncia por nucleotideos
monofosfatos, como exemplo de uridina 5-monofosfato (UMP) e guanosina
monofosfato (GMP) (Tremblay; Dunaway-Mariano; Allen, 2006).

A UmpH esta envolvida na homeostase da via de novo de pirimidinas através
do metabolismo de transbordamento (Reaves et al., 2013). ApoOs diversos
experimentos envolvendo mutantes de proteinas e enzimas importantes para a via
de novo, foi visto que as enzimas UmpH e UmpG desviam UMP da via, retiram seu
grupo fosfato o transformando em uridina e p6r fim a uridina é quebrada em uracila
por outra enzima (Reaves et al., 2013). Outro ponto visto pelos autores, € que com 0
excesso de UTP, & formado um ponto de estrangulamento na enzima UMP quinase,
responsavel por converter UMP em UDP (figura 6a) (Reaves et al., 2013). Ao inibir a
enzima UMP quinase de formar UDP, os niveis de UMP aumentam, e é entdo
desviado por UmpH para manter a homeostase da via e dos produtos finais (Reaves
et al., 2013). Foi visto ainda que a concentracao intracelular de UMP esta em torno

de 52 uM, e o Km da UmpH para este substrato € de 120 uM, portanto é visto que a
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acumulacdo de UMP tem papel central na regulacdo por UmpH e na via de
transbordamento (figura 6a) (Reaves et al., 2013). Esse mecanismo é semelhante
ao transbordamento no metabolismo central de carbono, em que o catabolismo
excessivo de acucar (normalmente via glicélise) leva ao acumulo de piruvato, que
pode ser excretado como lactato, etanol ou acetato, dependendo do organismo
(figura 6b) (Reaves et al., 2013).

FIGURA 6 - METABOLISMO DE TRANSBORDAMENTO

a 1. Increased 3. Catabolic
biosynthetic flux enzyme sensitive
UMP to substrate:
L \ Krrl = [S]
UTP Uracil
¢ \ Excrete
\j
Biomass
b
1. Increased
glucose uptake Glucose-6-P
L 3. Catabolic
enzyme sensitive
Pyruvate to substrate
Acetyl-CoA Lactate
NADH ¢ ' Excrete
PDHK \J
TCA cycle

FONTE: Reaves et al. (2013).

LEGENDA: Figura esquemética de como ocorre a regulacé@o da via de novo através do
metabolismo de transbordamento e a comparac¢do com o metabolismo de transbordamento de
carbono central. A. O aumento do fluxo biossintético (1) causa o acumulo de UTP, que por sua vez
forma um ponto de estrangulamento (2) e inibe a enzima de que catalisa UMP em UDP, com isso, 0
acumulo de UMP ¢é desviado por UmpH (3) que causa sua desfosforilagao e é metabolizado até
uracila. B. Mecanismo semelhante no metabolismo central do carbono. PDH, piruvato desidrogenase;
PDHK, piruvato desidrogenasequinase (que catalisa a fosforilac&o inibitéria da PDH); TCA, &cido

tricarboxilico.

Assim como em E. coli, os eucariotos possuem multiplas nucleotidases
intracelulares com diferentes especificidades de substrato, como UmpH (no caso de
E. coli) e outras enzimas da familia HAD (Proudfoot et al., 2004; Kuznetsova et al.,
2006). Essas nucleotidases de E. coli podem desfosforilar uma ampla gama de

nucleotideos 2', 3' e 5 e podem estabelecer ciclos de substrato regulatério
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controlando os niveis de nucleotideos na célula bacteriana, semelhantes aos

descritos em mamiferos (Bianchi; Spychala, 2003; Kuznetsova et al., 2006).

3 MATERIAL E METODOS

O presente estudo foi desenvolvido como parte de uma Iniciacdo Cientifica
apoiada pelo CNPq, que deu origem a este Trabalho de Conclus&o de Curso. O alvo
UmpH investigado no presente trabalho, foi descoberto através de ensaios de ligand
fishing com as proteinas PIl de E. coli, realizados pela Tatiana de Mello Damasco
Nunes durante sua Iniciacdo Cientifica, sob orientacdo dos professores Luciano
Fernandes Huergo e Gustavo Antonio de Souza. Os resultados obtidos a partir
desses trabalhos, incluindo o ligand fishing, foram compilados em um artigo que
atualmente esta publicado na revista Journal of Biological Chemistry (JBC)
(GONCALVES et al., 2024). Nas proximas sessfes, a metodologia, resultados e

discusséao seréo apresentados em inglés no formato do artigo publicado.

3.1 PII LIGAND FISHING AFFINITY CHROMATOGRAPHY

The E. coli Pl proteins, GInB or GInK, were expressed using E. coli
BL21(DE3) carrying the plasmids pTRPETHisGINB or pTRPETHIsGInK, respectively.
These plasmids are based on pET28a and were described previously (Gerhardt et
al., 2015; Rodrigues et al., 2014). Cells were cultured in 300 ml of LB medium
containing kanamycin 100ug.mlt to an Asoonm of 0.5, IPTG 0.5mM was added and the
cultured incubated for 3h at 37°C under vigorous shaking. Cells collected by
centrifugation, resuspended in 10ml of buffer A (Tris-HClI 50mM pH 8; KCI 0.1M;
imidazole 20mM) and sonicated on an ice bath. After centrifugation at 20,000xg for
20 min at room temperature, the soluble fraction was recovered and loaded onto a
Protino 1000 Ni-IDA column (Macherey-Nagel). The columns were washed using
15ml of buffer A containing imidazole 60mM to removed loosely bound proteins and
keep the bait proteins His-GInB or His-GInK on two separate columns.

The prey proteins were obtained from E. coli FT8000 AgInBgInK (Coutts et al.
2002), 300 ml of cells were cultured on LB medium to an Asoonm Of 0.5. Cells were
collected by centrifugation, resuspended in 10 ml of buffer B (Tris-HCI 50mM pH 8;
KCIl 0.1M; imidazole 20mM; MgClz 5mM) and sonicated on an ice bath. After
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centrifugation at 20,000xg for 20 min at room temperature, the soluble fraction was
recovered and mixed with ATP to 1mM final concentration. The two prey columns
prepared as described in the previous paragraph (containing mobilized His-GInB or
His-GInK) along with an empty control Protino 1000 Ni-IDA column (Macherey-Nagel)
were connected in series (in this order: control, His-GInB and His-GInK). Columns
were washed with 10mL of buffer C (buffer B containing ATP 1mM) and loaded with
the cell extract form E. coli FT8000 AginBgInK. The columns were separated and
individually washed with 12 ml of buffer C. The final 2 ml was collected to be used as
flowthrough background controls. The columns were eluted with 2ml of buffer D
(buffer C containing 2-OG 1.5mM), this final fraction was collected to identify proteins
that were specifically eluted by 2-OG in the presence of PIl proteins. The recovered
fractions were analyzed by SDS-PAGE or by label free quantitative LC-MS/MS as

described previously (Gravina et al., 2018).

3.2 IN GEL PROTEIN DIGESTION AND MASS SPECTROMETRY ANALYSIS

Protein bands excised from Coomassie stained SDS-PAGE gels were
subjected to in-gel digestion with sequencing-grade trypsin as described (Huergo et
al., 2010). MALDI-TOF were performed mixing the hydrolyte sample with a saturated
solution of a-cyano-4-hydroxycinnamic acid dissolved in acetonitrile 50% v/v and TFA
0.1% v/v. This mixture was spotted onto the MALDI target plate and allowed to dry.
Mass spectra were acquired using a MALDI-TOF/TOF Autoflex Il spectrometer
(Bruker Daltonics). Raw data was converted to a monoisotopic peak list using the
FlexAnalysis 3.0 software (Bruker Daltonics). Database search was performed using
the online Mascot server (https://www.matrixscience.com/), the E. coli database and
error tolerance of 100 ppm for PMF search and for parent ion MS/MS search; the

MS/MS fragment tolerance error was set to 0.3 Da.

3.3 LABEL FREE LC/MS/MS PROTEOMICS

Proteins enriched in the fraction eluted with 2-OG from the His-tagged GInK
Ni2* column were analyzed by label free LC/MS/MS. Briefly, aliquots of 15 pg of the
GInK affinity column and from the respective control column were suspended in 50 pl

of ammonium bicarbonate 100 mM pH 8.0. Proteins were reduced with DTT 1 mM for
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45 min. Modified trypsin (Promega) was added to a 1:50 ratio and incubated
overnight at 37 °C. Protein digestion was quenched with TFA 3% (v/v), peptides were
extracted with C18 STAGE-TIPs and subjected to technical triplicate LC/MS/MS runs.
Samples were analyzed in a QExactive Orbitrap (Thermo Scientific) and the data was
processed using MaxQuant version 1.5.2.8 (Cox; Mann, 2008). Search parameters
were: trypsin with no Pro restriction, mass deviation of 20ppm and 6ppm for first and
main search respectively, oxidation of Met as variable modification. Proteins were
identified using an E. coli protein database downloaded from Uniprot. Statistical
analysis was performed using MaxQuant — Perseus package version 1.5.0.30 and
statistically significant differences were assigned using a One-way ANOVA test with
p-value threshold of 0.05 and Benjamin Hochberg-based FDR correction. Protein
abundance obtained after elution with 2-OG from the GInK affinity column were
compared to protein abundance from an empty control column. Proteins enriched in
the GInK column were identified by volcano plots considering the log of p value vs

log2 of fold change.

3.4 PLASMIDS USED FOR PROTEIN EXPRESSION

The amino acid sequence of the UmpH (NagD) protein was retrieved from
Uniprot (POAF24.1). The umpH gene was synthetized and cloned into pET29a by
General Biosystems. Plasmids, pTRPETHisGInB and pTRPETHIisGInK, expressing
GInB and GInK proteins with a histidine tag in the N-terminal have been described
previously (Gerhardt et al., 2015; Rodrigues et al., 2014). The pDOP1 plasmid was
used to express the E. coli GInD (Kamberov et al.,, 1994). Plasmids pMSA3 and
PLMA-MLV1 were used to expressed GInZ and GInB from Azospirillum brasiliense
with a histidine tag at N-terminal, respectively (Araujo et al., 2004, Huergo et al.,
2007). The plasmid pMSA4AloopT expressing the version of GInZ containing a
deletion on the T-loop (GInZA42-54) was used to generate a N-terminal His-tagged
fused version, by subcloning ginZ Ndel and BamHI fragment of pMSA4AloopT into
the Ndel and BamHI sites of pET28a (Santos et al., 2020). The resulting plasmid was
named pGAHisGInZAloop and was used to express His-GInZAloop.
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3.5 PROTEIN PURIFICATION

Untagged UmpH and His tagged GInB and GInK were expressed in E. coli
BL21 (ADE3) carrying the respective expression plasmid. Cells were cultivated in 300
mL of LB medium containing kanamycin 100ug.ml? at 37°C with continuous 120rpm
shaking. When cells reached an Asoonm between 0.3 to 0.4, the cultured temperature
was set to 16°C before the addition of IPTG 0.3mM. The culture was further
incubated overnight at 16°C with continuous 120rpm shaking. During GInB and GInK
proteins expression, 40mM ammonium chloride was added to the culture before the
addition of IPTG to avoid protein uridylylation. For GInD expression, the antibiotic
used was ampicillin 100ug.ml* and the protein expression were achieved after the
cells reached an Asoonm between 0.3 to 0.4 by changing the shaker temperature from
37°C to 42°C. Cells were incubated for 3 hours at 42°C before being collected by
centrifugation.

To purify UmpH, cells were resuspended in 25 mL of sonication buffer
(HEPES pH 7.4 50 mM, MgCl2 10 mM and DTT 5 mM) and disrupted by sonication
on ice. Cell extracts were clarified by centrifugation (20.000 x g for 15 min at 4°C)
and 20% of ammonium sulfate was added to supernatant which was kept on ice for
20 min. After another round of centrifugation, the supernatant was discarded and the
pellet was resuspended in 4 ml of resuspension buffer (HEPES pH 7.4 50mM, MgCl2
10 mM, DTT 2mM). The supernatant was dialyzed overnight at 4°C in 1l of dialysis
buffer (HEPES pH 7.4 50mM, MgCl2 10 mM, DTT 2 mM and glycerol 50%). After the
dialysis, 100 mM of N-acetylglucosamine (NAG) was added as NAG was shown to
stabilize the UmpH activity and reduce aggregation (Tremblay; Dunaway-Mariano;
Allen, 2006). The protein preparation was polished using gel filtration
chromatography. Samples were separated using a Superdex 200 HiLoad 26/60
(Cytiva) which were equilibrated with 2 volumes of buffer (HEPES pH 7.4 50 mM,
NaCl 100 mM, MgClz 10 mM, DTT 2 mM and NAG 20 mM). The elution of UmpH
was monitored by SDS-PAGE.

The purification of His-GInB, His-GInK and GInD was performed as described
previously (Rodrigues et al., 2014; Moure et al., 2012). His-GInZ, His-GInB and His-
GInZAloop from A. brasiliense were purified as described previously (Araujo et al.,
2004; Huergo et al., 2007; Moure et al., 2012). Fully uridylylated GInB and GInK

proteins were obtained as described previously and the state of fully uridylylation was
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confirmed by Native PAGE analysis (Bonatto et al., 2007). All proteins used in this

study were quantified using the Bradford assay (Sigma) and kept at -80°C until use.

3.6 IN VITRO PROTEIN COMPLEX ANALYSIS

In vitro complex formation was performed using Magne His nickel magnetic
beads (Promega) as described previously (Huergo et al., 2007). All reactions were
conducted in buffer containing 50 mM Tris-HCI pH 8.0, 0.1 M NaCl, 5 mM de MgClz,
10% glycerol (v/v) and 20 mM imidazole in the presence or absence of effectors as
indicated in each experiment. Four microliters of the beads were equilibrated by
wash with 200 ul of buffer. Binding reactions were performed in 200 pl of buffer by
adding 10 ug of His-EcPII or His-AbPIl and then 20 ug untagged UmpH. The proteins
were mixed at room temperature for 5 min. The beads were washed three times with
200 pl of buffer and samples eluted with SDS-PAGE samples buffer and analyzed by
SDS-PAGE. Gels were stained with Coomassie blue and gel band densitometry

analyses were performed using Gel Analyzer 19.1.

3.7 UMPH PHOSPHATASE ACTIVITY ASSAYS

The UmpH phosphatase activity was continuously measured using the
EnzChek Pyrophosphate Assay Kit (Thermo Fisher E6645), without the addition of
pyrophosphatase. The assays were performed duplicates in flat-bottom polystyrene
plates (OLEN) containing 180 ul of HEPES pH 7.4 20mM, KCI 50mM, MgCl2 5mM,
NAG 2mM, DTT 2mM, 2-amino-6-mercapto-7-methyl-purine riboside 0.1mM, purine
nucleoside phosphorylase 1 U/mL and UmpH 300ng). Reactions were pre-incubated
at 25°C before the addition of 20 pl of the UmpH substrate indicated in each
experiment. Reactions were performed in duplicates and continuously monitored
measuring Aseonm at 25°C using a Tecan infinity 200 microplate reader (Tecan). The
mean slope of the linear phase of Assonm VS time was used to obtain the initial velocity
in each condition. Initial velocities were fitted into the Michaelis-Menten equation

using GraphPad Prism 7.
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3.8 BIO-LAYER INTERFEROMETRY ASSAYS

To obtain the kinetic parameters of the GInK-UmpH complex an Octet K2
Biolayer Interferometry System (FortéBIO) was used. The purified His-GInK and
untagged UmpH were diluted in the interaction buffer (20 mM HEPES pH 7.4, 50 mM
KCIl, 5 mM MgClz, 2 mM DTT and 2 mM NAG). The Ni-NTA Biosensor was first
dipped into a solution containing His-GInK at 9.7 pg/ml for 100 s until a binding signal
of approximately 2 nm was obtained. The sensor was washed in binding buffer and
then transferred to the analyte solution containing UmpH at different concentrations
for 180 s to record the association curve. Finally, the sensor was dipped into the
interaction buffer for 180 s to monitor complex dissociation. These analyses were
also carried out in the presence of the PII protein effectors 1 mM ADP, ATP or ATP
plus 2-OG as indicated in each figure. Data were recorded in duplicates and
analyzed with the Octet Data Analysis software using Savitzky-Golay filtering. The
fitting of the curve was done with a 1:1 (GInK trimer:UmpH monomer) ligand model.
Curves were then plotted in GraphPad Prism7 software.

4 RESULTADOS

4.1 IDENTIFICATION OF UMPH AS NOVEL GLNK INTERACTING PARTNER IN E.

coli

To identify novel PII protein targets, N-terminal His-tagged GInK or GInB
proteins were immobilized as baits onto Ni2* columns which were incubated with cell
free extracts of E. coli AgInBgInK in the presence of Mg.ATP. After extensive washes,
proteins that were retained by His-PIl proteins were selectively eluted in buffer
containing 1 mM of Mg.ATP and 1.5 mM of 2-OG. The rational of this approach is
that PIl proteins adopt a different structure upon 2-OG binding thereby altering the
stability of Pll-target protein complexes that were eventually formed in the presence
of Mg.ATP (Truan et al., 2010).

Comparison of the SDS-PAGE protein profiles of the last Mg.ATP wash
fraction with the profile obtained with MgATP and 2-OG, revealed a band of
approximately 30 kDa eluting specifically in the presence of 2-OG from the GInK
column (Fig. 1A). This band was not present in neither the control nor in the column
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were GInB was used as bait (Fig. 1A). The band indicated by an arrow in Fig. 1 was
excised from the gel, digested with trypsin and analyzed by MALDI-TOF mass
spectrometry. Peptide mass fingerprint searches identified that band as NagD,
currently named as UmpH, (42% sequence protein coverage). This identification was
confirmed by MS/MS ion search of the ion of m/z 2,514 which matched one of the
UmpH peptides (ion score 83 with scores >40 being significant at p<0.05).

The proteins eluted from the His-GInK column after the 2-OG treatment were
compared to those eluted from the control column using label free LC/MS/MS
analysis. Volcano plots were performed plotting the significance of enrichment (log
10 p value) vs the enrichment fold (log 2-fold change). The graphic indicates that
UmpH stands out as the major protein enriched in the 2-OG eluate from the column
were His-GInK was used as a bait (Fig. 1B). Two others well characterized GInK
targets, GInD and GInE, were also among the most enrichened proteins along with

UmpH, thereby validating the biological significance of the assay (Fig. 1B).

FIGURE 1. LIGAND FISHING ANALYSIS
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SOURCE: The author (2024).

SUBTITLE: A. Comparison of the SDS-PAGE protein profiles of the last Mg.ATP wash fraction with
the profile obtained after elution with Mg.ATP and 2-OG combined from the different ligand-fishing columns.
Empty control column (C), His-GInB bait column (B) and His-GInK bait column (K). MW indicate molecular
weight markers (kDa). The UmpH and PII bands are indicated by arrows. B. The proteins eluted from the His-

GInK column after the Mg.ATP + 2-OG treatment were compared to those eluted from the control column using

label free LC/MS/MS analysis. Volcano plots were prepared using the significance of enrichment (p value log
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10) vs the enrichment fold (fold change log 2). The most significant enriched proteins in the His-GInK column in

comparison to the control column are indicated by their respective names GInE, GInD and UmpH.

4.2 CHARACTERIZATION OF THE UMPH-GLNK COMPLEX

To confirm the specificity of the identified UmpH-GInK protein interaction,
untagged recombinant UmpH was purified to homogeneity and challenged for
interaction using His-GInK or His-GInB as bait by co-precipitation using Ni>* magnetic
beads under different conditions. The data shown in Fig. 2A confirmed that UmpH
co-elutes with GInK but not with GInB. The UmpH-GInK protein interaction could be
detected in the presence of ADP and ATP, but not when ATP and 2-OG were
combined (Fig. 2A).

To further investigate the effect of 2-OG on the interaction, an assay was
carried out in the presence of ATP and different concentrations of 2-OG (Fig. 2 B). In
the presence of 0.01mM of 2-OG, complex formation occurred as in the absence of
2-OG. However, at 0.1mM of 2-OG, protein interaction decreased significantly and
1mM of 2-OG completely prevented GInK-UmpH interaction. Different concentrations
of ADP and ATP were also evaluated. The results show that the UmpH-GInK
interaction can occur without the presence of nucleotides, however, with increasing
ATP or ADP concentrations increasing co-precipitation of UmpH with GInK was
obtained (Fig. 2C), suggesting that both nucleotides can stabilize the protein

complex.



35

FIGURE 2. IN VITRO COMPLEX FORMATION BETWEEN UmpH AND P11
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SUBTITLE: A. Pull-down was performed in the presence of MgCl, (5mM) and the indicated effectors
ATP, ADP and 2-OG at 1mM. The binding reactions contained His-PII (20 pg) and UmpH (40 pg). Proteins
eluted from the Ni?* magnetic beads were analyzed by SDS-PAGE. B. Pull-down was performed under fixed
concentration of ATP (1 mM) and MgCl, (5 mM) and increasing concentrations of 2-OG as indicated. C. Pull-
down reactions were performed under fixed concentration of MgCl, (5mM) and increasing concentrations of
ATP or ADP as indicated. The bars in B and C indicate the densitometry analysis of the band corresponding to

UmpH in each lane.

Complex formation between UmpH and GInK were also evaluated under
different combinations of ADP, ATP and 2-OG (Fig. S1). The data indicate that 2-OG
abrogates complex formation only under a high ATP:ADP ratio. When the ATP:ADP
ratio drops while keeping the total ATP + ADP = 1mM, the ability of 2-OG to inhibit
UmpH-GInK complex formation is reduced (Fig. S1). When only ADP is present, 2-
OG could not inhibit complex formation as expected (Fig. S1). These data suggest
that not only the 2-OG levels but also the ATP:ADP ratio can affect the interaction

between UmpH and GInK.
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In addition to the control exerted by the allosteric effectors ATP, ADP and 2-
OG, the GInK activity is also modulated by reversible uridylylation. We obtained fully
uridylylated GInK and challenged this preparation to interact with UmpH under
different combinations of the allosteric effectors, unmodified GInK was used in
parallel as positive control. The data shown in Fig. S2 indicate that GInK-UMP3 does
not interact with UmpH at any combination of effector molecules present.

To obtain structural insights into the selective basis of the interaction between
UmpH and GInK, we performed pull-down assays with orthologous PII, GInZ and
GInB, from the a-Proteobacterium A. brasiliense (GInZAb and GInBADb). Interestingly,
UmpH was able to interact with both A. brasilense PII, GInZAb and GInBAb (Fig.
S3A). The high sequence and structural similarities among the different Pll suggest
that the positions which are unique to the GInBEc sequence (the only PII that did not
interact with UmpH) could form the UmpH binding site.

An alignment of the GInKEc, GInBEc, GInZAb and GInBAb sequences showed
that residues unique to GInBEc are mostly concentrated between residues 69 and 82
(Fig. S4A). Among these candidate positions, surface exposed residues were
mapped to the GInKEc structure (Fig. S4B). This analysis suggests that, differently
form most of the PIlI-target complex known to date, the lateral face of the PII
monomers could act as the UmpH binding site (Fig. S4B). As a proof of concept,
UmpH was able to interact with a GInKAb variant carrying a deletion on the T-loop
region (GInZA42-54) (Fig. S3B). However, the GInZA42-54 - UmpH complex was not
negatively regulated by 2-OG (Fig. S3B). These data support that even though the T-
loop is not required for the PII-UmpH interaction, it plays a role in the response of the
PII-UmpH complex to the 2-OG levels (Fig. S3B).

The kinetic parameters of the interaction between UmpH and GInK were
assessed using biolayer interferometry (BLI). His tagged GInK was immobilized onto
a nickel sensor and challenged with UmpH under different effector conditions. The
formation of the UmpH-GInK complex could be detected in the absence of allosteric
effector and in the presence of ADP or ATP but not when ATP and 2-OG were
combined (Fig. 3). The affinity of the UmpH-GInK complex was high in the presence
of ADP with and equilibrium dissociation constant Kd = 7.8 nM £ 0.05 (Fig. 3). The
binding affinity were 37.3 nM £ 0.21 and 50.6 nM + 0.77, in the presence of ATP or
without effectors, respectively (Fig. 3).
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FIGURE 3. BIOLAYER INTERFEROMETRY (BLI) ASSAYS OF THE UMPH GInK
COMPLEX
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SUBTITLE: The purified His-GInK was mobilized onto a Ni-NTA Biosensor and the tip was dipped
into a solution containing the indicated concentrations of UmpH to record the association curve. The sensor was
dipped in buffer without UmpH to monitor complex dissociation, indicted as the time interval after the vertical
dashed lines on each graph. Data was recorded in duplicates and analyzed with the Octet Data Analysis software

(Fortébio). The buffers contained no effector (A), 1 mM ADP (B), ImM ATP (C) or ImM ATP + 2-OG (D).

4.3 GLNK INHIBITS THE PHOSPHATASE ACTIVITY OF UMPH

After confirming the UmpH-GInK interaction in vitro, we hypothesized that
GInK could act to control the enzymatic activity of UmpH. Hence, the activity of
UmpH was determined in vitro by continuously measuring the phosphate release.
Previous studies indicated that even though UmpH can act as a phosphatase over
different substrates, both in vitro and in vivo analysis support that uridine 5'-
monophosphate (UMP) is the physiological relevant substrate (Tremblay; Dunaway-
Mariano; Allen, 2006; Reaves et al., 2013). Indeed, UmpH was more active with UMP
as substrate as compared to phospho-sugars such as glucose-6-phosphate (G6P),
glucosamine 6-phosphate (GIcN6P), N-acetylglucosamine 6-phosphate (GIcNAc6P)
and fructose 1,6-biphosphate (FBP) when these substrates were at 1 mM (Fig. 4A).

ATP and ADP were also tested as potential substrates for UmpH activity since they
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were used in some experiments as GInK effectors. While UmpH showed minor
activity using ADP as substrate (Fig. 4A), no UmpH activity could be detected using
ATP 1mM (data not shown).

FIGURE 4. IN VITRO ACTIVITY OF UmpH
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SOURCE: The author (2024).
SUBTITLE: A. Different phospho substrates were tested as UmpH substrate at 1mM. The activity of
UmpH using the different substrates was plotted as the percentage of the activity using UMP as a reference.
UMP, uridine 5-monophosphate; G6P, glucose-6-phosphate; GIcN6P, glucosamine 6-phosphate; ADP,
adenosine di-phosphate; GIcCNAc6P, N-acetylglucosamine 6-phosphate; FBP, fructose 1,6-biphosphate. The
errors bars and the data points are indicated at the top of each bar. Individual points from each reaction are
shown as red balls at the top of each bar. B. Kinetic analysis of UmpH. Initial velocities (Vo) were measured
using 0.56 uM of UmpH monomer and different concentrations of UMP. The red line was obtained in the
presence of 2 UM GInK (trimer concentration). Reactions were performed in the absence of GInK effectors. The

kinetic parameters are indicated in the table with errors.

Kinetic parameters were obtained assaying UmpH activity under different UMP
concentrations in the absence and presence of GInK. The UmpH enzyme showed a
typical hyperbolic Vo vs UMP concentration curve. Fitting the experimental data into
the Michaelis-Menten equation resulted in an Km = 278 + 27 uM, which is close to the
value determined in a previous study of 160 + 38 uM (Tremblay; Dunaway-Mariano;

Allen, 2006). The presence of GInK, altered the kinetic parameters of the UmpH
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reaction, the Km for UMP increased 2.3x, reaching 631 + 41 yM while the Vmax
decreased about 30%, (Fig.4B). The overall UmpH catalytic efficiency (Vmax/Kwm)
decreased 68% in the presence of GInK (Fig.4B). This data support that, when
complexed to GInK, UmpH altered its kinetic parameters reducing its affinity for UMP.

The negative effect of GInK over UmpH activity was dose dependent.
Increasing the amount of GInK augmented the inhibition of UmpH activity, with a
maximum inhibition of UmpH activity of approximately 50% being reached at a molar
ratio of UmpH monomer: GInK trimer of 0.56:2 uM (Fig.5A). Addition of GInB, which

cannot interact with UmpH (Fig. 2A), produced negligible effect over UmpH activity
(Fig. 5A).

FIGURE 5. INHIBITION OF UmpH ENZYMATIC ACTIVITY BY GInK
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SUBTITLE: A. The reactions were performed using 0.5 mM of UMP as UmpH substrate and 0.1 mM
ADP as GInK effector. Reactions contained 0.56 UM of UmpH and the indicated trimer concentrations of GInK
(red line) or GInB (black line). The data is represented as a percentage of inhibition using a reaction without PII
as reference. B. The reactions were performed using UMP 0.5 mM as UmpH substrate and in the presence of 1
mM of the indicated GInK effectors. Reactions contained 0.3 pg of UmpH and 5 pg of GInK (if indicated). The

reaction containing only UmpH (black bar) was set as a reference of 100% activity. Mean values + SD were

compared using one-way ANOVA. Significant values of p =0.0003, 0.0002 and 0.0001 are indicated by *, **
and ***, respectively. The errors bars and the data points are indicated at the top of each bar. Individual points

from each reaction are shown as red balls at the top of each bar.
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The UmpH activity was measured in presence of GInK and different PII
allosteric effectors (all at 1mM) using UMP at 0.5 mM, which is close to the Km of the
enzyme. GInK was able to inhibit UmpH activity (p<0.05) only under conditions were
the GInK-UmpH complex formation was observed: in the presence of ADP or ATP, or
in the absence of effectors, but not when ATP and 2-OG were combined (Fig. 5B).
This assay was also performed at lower concentrations of the GInK effectors (0.1
mM), the same profile observed (Fig. S5). These data support that UmpH activity is
negatively regulated by interaction with GInK.

5 DISCUSSAO

In prokaryotes, nucleotides not only act as important energy metabolites in
various cellular processes but also as building blocks for nucleic acid RNA and DNA
production (Ding et al., 2021). Conversely, under starvation conditions, nucleotides
from the environment or from degrading nucleic acids can be feed into catabolic
pathways (Vogels; Drift, 1976). Therefore, nucleotide biosynthetic and degradation
pathways must be tuned not only to avoid futile cycles but also to pace the flow-
through in each of these pathways accordingly to the availability of nutrients such as
carbon, nitrogen and energy sources (Brauer et al., 2006). Fine tuning nucleotide
metabolism is likely to be important for fitness in bacteria which experiences fast and
famine cycles such as E. coli (Zhu; Dai, 2023).

Despite the wealth of data regarding the regulation of nucleotide biosynthetic
pathways, the regulation of nucleotide degradation pathways came into focus of
research only in recent years. Regulation of nucleotide degradation may occur at the
transcriptional level. For instance, in the uracil degradation pathway, the RutR
repressor dissociates from its operator sites in the presence of uracil allowing the
transcription of uracil degrading genes (Loh et al., 2006; Shimada et al., 2007).
Analysis of absolute metabolite levels in E. coli suggest that nucleotide degrading
enzyme are regulated by substrate availability as the Km of the degrading enzymes
typically feel short the substrate concentrations during steady state growth conditions
(Bennett et al., 2009). This seems to be the case of UmpH which exhibits a Km for
UMP of 278 puM in contrast to the determined UMP intracellular concentration of 52
MM during steady state grow conditions (Reaves et al., 2013).
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Here we used ligand fishing assays to identify UmpH as a novel target of PII
signaling protein GInK. The interaction is specific for GInK, as no interaction could be
detected with the paralogue protein GInB. As GInK is induced under nitrogen
starvation, it is expected that the UmpH-GInK interaction could play a role during
nitrogen starvation and/or during the transition from N-starvation to N-sufficiency.
Biochemical analysis and structural modelling showed that the GInK-UmpH
interaction is abrogated when GInK is uridylylated or bond to Mg.ATP and 2-OG (Fig.
2A, Fig. 3D, Fig. S2). When nitrogen-starved cells encounter nitrogen sources, GInK
gets rapidly deuridylylated and interacts avidly with UmpH. Therefore, the GInK-
UmpH complex is expected to form after an ammonium shock, conditions were the
intracellular L-glutamine rises favoring GInK de-uridylylation, and the levels 2-OG
drops favoring the allosteric binding of ADP to GInK (Fig. 6B). The formation of the
UmpH-GInK complex increases the UmpH Kwm for UMP and thus UmpH activity after

the transition from N-starvation to N-sufficiency conditions (Fig. 6B).

FIGURE 6. REGULATORY MODEL OF UMPH ACTIVITY BY GInK

A. Nitrogen starvation B. Ammonium shock

UmpH-GInK
Complex

Km =631 uyM

Km =278 pM

D DD O D
e @ A \ E ATP / 1

ATP RNA e Carbamoyl-P RNA
degradation ! & :
Carbamoyl-P : ! L-glutamine

L-glutamine . L-aspartate
'

+ L-aspartate

synthesis

SOURCE: The author (2024).



42

SUBTITLE: A. Under nitrogen starvation, GInK is fully uridylylated and cannot interact with UmpH
which is active. Degradation of UMP can fill the rut uridine catabolic pathway which is induced under nitrogen
starvation. The degradation of unused RNAs could act as a source of UMP for UmpH activity. B. Upon an
ammonium shock, the L-glutamine levels rise and the 2-OG levels drop. GInK is rapidly de-uridylated and
bound to ADP. This condition promotes the interaction between GInK and UmpH reducing the enzyme activity
and UMP degradation. At the same time, increased L-glutamine and L-aspartate will favor UMP biosynthesis.
This regulatory mechanism could help the cells to rapidly switch from a catabolic to an anabolic state in

response to ammonium availability in the medium.

Nitrogen starvation reduces the availability of L-glutamine and L-aspartate
(Yuan et al., 2009; lkeda; Shauger; Kustu, 1996), which are precursors used for both
protein and nucleotide biosynthesis, that including UMP (Fig. 6A). During nitrogen
starvation, the lack of amino acids triggers the stringent response reducing stable
RNA (rRNA, tRNA) production (Mohanty; Kushner, 2022). At the same time,
starvation promotes RNA degradation which is likely to increase the levels of UMP to
feed UmpH activity (Cohen; Kaplan, 1977). The uridine nucleoside produced by
UmpH can be recycled into ammonium through the rut pathway (Reaves et al., 2013;
Loh et al., 2006; Kim et al., 2010). It has been suggested that the ammonium derived
from different catabolic pathways, that including rut, may act as a nitrogen source to
maintain a minimal rate of protein biosynthesis under N-starvation (Fig. 6A)
(Zimmer et al., 2000; Sanchuki et al., 2017).

When nitrogen starved cells find ammonium in the external medium, the cells
should rapidly switch from a catabolic to an anabolic state. The increase in L-
glutamine and L-aspartate is likely to enhance UMP biosynthesis (Fig. 6B). However,
instead of feeding the rut catabolic pathway, the nucleotide should now fill
biosynthetic routes such as RNA biosynthesis (Fig. 6B). The formation of the UmpH-
GInK complex under this condition would reduce the affinity of UmpH for UMP, acting
as a valve to switch the fate of UMP from degradation to biosynthesis (Fig. 6B).

Quite remarkably, the rut pathway is also under the control of PIl protein
signaling (Jiang; Ninfa, 1999). The rut genes are induced under N-starvation by the
action of a sigma 54 promoter activated by NtrC (Zimmer et al., 2000; Weiss et al.,
1991). Hence, PII proteins participate in the control of the rut catabolic pathway at
three levels: 1) Regulating the availability of the initial substrate uridine by controlling
UmpH activity; 2) Regulating the availability of uridine which controls the RutR

repressor; 3) Regulating rut genes expression by controlling the activity of NtrC.
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In summary, here we identified UmpH as a novel target of the GInK signaling
protein in E. coli. We suggest a model were GInK will interact with UmpH during the
transition from N-starvation to N-sufficient conditions, helping the cells to rapidly
reprogram its metabolism from a catabolic to an anabolic state to avoid futile cycling

of key nutrients.

6 CONSIDERACOES FINAIS

A partir desse estudo, podemos ver o papel das proteinas PIl no
funcionamento integrado do metabolismo de E. coli, corroborando com dados
anteriores do papel central de PIl no metabolismo bacteriano. Com isso, foi visto que
a proteina sinalizadora GInK de E. coli age como um regulador alostérico negativo
na atividade da enzima UmpH, envolvida na homeostase da via de novo de
nucleotideos pirimidina, demonstrando a versatilidade de PIl na regulacdo e
coordenacao de diferentes vias metabdlicas. A interacdo entre UmpH e PII parece
ocorrer no estado em que a célula esta com bom aporte de nutrientes e possui
baixos niveis de 2-OG, sendo assim, PIl estara na sua forma nativa sem
modificacdes e predominantemente ligada a ADP e a formacdo do complexo seria
possivel. Foi visto ainda que quanto maior a concentracdo de GInK, maior sera a
inibicdo da atividade de UmpH. Esse cenario metabdlico pode ocorrer na natureza a
partir de um choque de amdnio, onde uma grande quantidade de nitrogénio fica
disponivel de forma rapida para a célula, onde nesse caso, 0s niveis de 2-OG caem
rapidamente e o nivel de expressdo de GInK diminui, mas a proteina ainda se
mantém em alta concentracdo na célula. Com isso, poderia ocorrer a interacao entre
GInK e UmpH e a diminuicAo na atividade fosfatase, como mecanismo de
adequacdo do metabolismo bacteriano do estado catabdlico para o anabdlico ao
receber grandes quantidades de nitrogénio em um curto tempo. Isso pode ser
interpretado como um possivel mecanismo de sobrevivéncia bacteriano, pois a
rapida resposta a mudanca de ambientes e nutrientes exerce enorme impacto na

viabilidade celular.
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7 MEMORIAL DAS ICHS E DO PA

As Interacdes Culturais e Humanisticas (ICHs) desenvolvidas por mim
durante o curso, foram de extrema importancia para minha formacdo pessoal e
académica. O espaco que as ICHs proporcionaram, além de serem de aprendizado
intelectual, também foram de muita troca pessoal, no qual pude conhecer e interagir
com pessoas de cursos, idades, classes sociais e realidades distintas, o que ajudou
a me moldar como pessoa e enxergar diferentes vivéncias. Durante minha trajetoria,
participei de ICHs variadas, desde ICHs sobre COVID-19 e pratica em excel até
ICHs de meditacéo, yoga e LIBRAS. Por isso destaco o quao diversas e importantes
sdo as ICHs para a formacdo dos alunos, por propiciar a possibilidade de viver
experiéncias Unicas.

O Projeto de Aprendizagem (PA) teve um grande impacto na minha
formacdo académica e no posterior desenvolvimento de projetos, comecando pelos
trés primeiros semestres, com a introducdo a univerdade e a pesquisa cientifica, no
qual pude conhecer diversas pesquisas, suas possibilidades e me introduzir na
escrita e pesquisa cientifica. Nos semestres seguintes de PA, pude realmente
experenciar a pesquisa cientifica, na qual me envolvi no desenvolvimento de teste
diagnéstico para COVID-19 no Laboratério de Microbiologia e Biologia Molecular do
Setor Litoral sob orientacdo do prof. Dr. Luciano Fernandes Huergo. Este foi meu
primeiro contato com a pesquisa cientifica e levo com muito carinho o enorme
aprendizado que tive, que influenciou o presente trabalho e influenciara os proximos.
O PA me assegurou um espaco fundamental para aprender, treinar e errar, onde
pude me desenvolver e me dedicar apenas aquilo para além da sala de aula.

A partir das minhas vivéncias nas ICHs e no PA durante a graduacao,
concluo que ambos foram cruciais, cada um com um objetivo diferente e que me
permitiram adquirir habilidades diferentes, mas que juntos somaram para a minha

formacdo.
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Figure S1. Effect of different concentrations of the effectors on in vitro formation
of the UmpH-GInK complex. In vitro complex formation between UmpH and GInK was
assessed by pull-down using Ni?* magnetic beads. The binding reactions were performed
adding purified His-GInK (20 pg) and UmpH (40 pg), after extensive washing, proteins were
eluted from the beads and analyzed by SDS-PAGE. All buffers contained MgCl, and the
indicated effectors ATP, ADP and 2-OG.
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Figure S2. Effect of GInK uridylylation on the interaction with UmpH. In vitro
complex formation between UmpH and GInK was assessed by pull-down using Ni?* magnetic
beads. The binding reactions were performed adding purified His-GInK or His-GInK-UMP3
(20 pg) and UmpH (40 pg), after extensive washing, proteins were eluted from the beads and
analyzed by SDS-PAGE. All buffers contained MgCl, and the indicated effectors ATP, ADP
and 2-OG at 1mM concentration. The bands corresponding to UmpH and GInK/GInK-UMP3

are indicated by arrows.
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Fig. S3. In vitro complex formation between UmpH and PIl from Azospirillum
brasilense. In vitro complex formation between UmpH and A. brasilense GInB, GInZ and
GInZAT-loop was assessed by pull-down using Ni?* magnetic beads. The binding reactions
were performed adding purified His-AbPII (10 pg) and UmpH (20 pg), after extensive
washing, proteins were eluted from the beads and analyzed by SDS-PAGE. A. All buffers
contained MgCl> 5mM and ADP at 1mM concentration. The bands corresponding to UmpH
and His-AbPII are indicated by arrows. B. In vitro complex formation between UmpH and
GInZAT-loop. All buffers contained MgCl, 5mM and ADP or ATP plus 2-OG at 1mM
concentration. The bands corresponding to UmpH and His- GInZAT-loop are indicated by

arrows.
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Fig. S4. Putative residues of GInK involved in contacts with UmpH. A. Sequence alignment
of PIl sequences from E. coli (GInKEc and GInBEc) and from A. brasiliense (GInZAb and GInBAD).
Identical and similar residues are shaded in black and gray, respectively. The PIl T-loop (37-55) is
indicated. Residues that are unique to the GInBEc sequence (the only PII that cannot interact with
UmpH) are indicated by * with surface exposed residues marked in red *. B. The GInKEc structure
retrieved from the AmtB-GInK complex (PDB- 2NS1) is presented in cartoon with monomers in

yellow, green and cyan. The residues marked in red in the alignment are indicated by red sticks in the
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Figure S5. Inhibition of UmpH enzymatic activity by GInK. The reactions were
performed using UMP at 0.5 mM as UmpH substrate and in the presence of 0.1 mM of the
indicated GInK effectors. Reactions contained 300 ng of UmpH and 5 pg of GInK (if
indicated). The reaction containing only UmpH (black bar) was set as a reference of 100%
activity. Mean values + SD were compared using one-way ANOVA. Significant values at
p<0.0001 are indicated by ***. Individual points from each reaction are shown as red balls on

each bar. Individual points from each reaction are shown as red balls on each bar.



