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RESUMO

UTase € uma enzima regulatéria em Escherichia coli que realiza a modificacao
covalente por uridililagdo das duas proteinas PIl encontradas neste organismo, GInB
e GInK. Além de sofrerem esta modificagdo covalente, as proteinas Pll sofrem
modulacao alostérica pelos efetores ATP, ADP e 2-OG. O estado de PII, em termos
da ligacao destes efetores e da uridililacdo, define a acdo de PIl frente a seus diversos
alvos regulatérios. Modelos matematicos anteriores para a atividade de UTase néo
foram consistentes com seu mecanismo, de complexo ternério ordenado, pois nédo
eram capazes de descrever seu perfil de inibicdo pelos produtos (Jiang et al., 1998).
Esta dissertacéo € dividida em duas partes. Na primeira, € deduzido um conjunto de
equacles para a atividade de UTase que descrevem corretamente seu perfil de
inibicdo pelos produtos. A limitacdo deste primeiro modelo, comum aos modelos
prévios para UTase, € ndo descrever como o estado de ligacdo de PIl, em termos de
seus efetores, afeta sua uridililacdo por UTase. Na segunda parte desta dissertacao,
o primeiro modelo é integrado ao modelo de Rocha et al. (2013) para a ligacao de
efetores alostéricos a PII, resultando no primeiro modelo da atividade de UTase que
leva em conta o estado de ligacao de PII. Valores para as constantes do modelo foram
obtidas da literatura diretamente (Jiang et al. 1998) ou estimados ajustando o modelo
a dados experimentais extraidos (Jiang and Ninfa, 2011), mas conjunto de valores
obtido ndo é consistente. Apesar disso, a abordagem e o conjunto de equac¢des do
modelo integrado fazem uma contribuicéo valida para a modelagem da uridililacéo de

Pll em E. coli.

Palavras-chave: modelagem matematica, cinética enzimatica, Uridililtransferase,

Escherichia coli, Pll, efetores alostéricos



ABSTRACT

UTase is a regulatory enzyme in Escherichia coli that modifies by uridylylation
the two PII proteins found in this organism, GInB and GInK. Besides uridylylation, these
PIl proteins also suffer allosteric modulation by the effectors ATP, ADP and 2-
oxoglutarate. The state of PII, in terms of the binding of these effectors as well as
uridylylation, defines the action of PII towards is various regulatory targets. Previous
mathematical models for the activity of UTase were not consistent with its mechanism,
which is an ordered ternary complex mechanism, because they were not capable of
describing its product inhibition profile (Jiang et al. 1998). This dissertation has two
parts. In the first part, a set of equations is deduced for the activity of UTase which
correctly describe its product inhibition profile. The limitation of this first model,
common to the previous UTase models, is that it does not describe how the ligation
state of PII, in terms of its effectors, affects the uridylylation of PIl by UTase. In the
second part of this dissertation, the first model is integrated with the model number 4
o Rocha et al. (2013) for the binding of allosteric effectors to PII, resulting in the first
model of UTase activity to take into account the binding of effectors to PII. Values for
the constants of the model were obtained from the literature directly (Jiang et al., 1998)
or were estimated by adjusting the model to extracted experimental data from Jiang
and Ninfa (2011), but the final set of values is not consistent. Despite that, the approach
and set of equations of the integrated model make a valid contribution to the modelling
of the uridylylation of PII in E. coli.

Key-words: mathematical modelling, enzyme kinetics, Uridylyltransferase, Escherichia

coli, Pll, allosteric effectors
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1 INTRODUCAO

As proteinas PIl sdo proteinas transdutoras de sinal presentes em uma grande
diversidade de organismos, incluindo bacterias, arqueias e plantas. Elas atuam sobre varias
proteinas e enzimas, coordenando o metabolismo de nitrogénio. Esta acdo depende de seu
estado, em termos do nimero de efetores alostéricos ligados. Em proteobactérias, como E. coli,
e em algumas actinobactérias, seu estado também depende de modificacdo covalente, realizada
pela enzima GInD, também conhecido como UTase/UR, como resposta a concentracao celular
de glutamina. Esta modificacdo é uma uridililagdo em seu loop T, uma estrutura flexivel que €
projetada para fora da estrutura principal das proteinas PIl e que tem papel importante na
interacdo com seus alvos regulatérios (Huergo et al., 2012). Em outros organismos, ao invés de
uridililacéo, o loop T é modificado por adenililacdo ou por fosforilagdo (Hesketh et al., 2002;
Strosser et al., 2004; Forchhammer e Tandeau de Marsac, 1994, 1995; Kloft et al., 2005).

Nas proteobactérias, o sistema de controle do qual participam Pll e UTase/UR regula a
expressao e a atividade da proteina de transporte AmtB e da enzima glutamina sintetase (GS),
que participam do transporte de amoénia para dentro da célula e a assimilacdo dela ao
metabolismo. J& em bactérias fixadoras de nitrogénio, este sistema atua também na regulacédo
da fixacdo de nitrogénio. A descoberta recente de que uma das proteinas PlI de E. coli regula
acetil-CoA carboxilase, uma enzima chave da biossintese de &cidos graxos (Rodrigues, 2014;
Gerhardt, 2015), sugere este sistema atua ainda na coordenacgdo dos metabolismos de nitrogénio

e carbono.

A modelagem matematica deste sistema tem o potencial de ajudar a compreendé-lo
melhor. Ao integrar o conhecimento atual do sistema e traduzi-lo para uma linguagem
matematica, um modelo é capaz de fazer simulacdes e previsdes quantitativas do sistema. A
comparacdo destas a resultados experimentais permite testar hipoteses sobre o funcionamento
do sistema e apontar novas questdes para guiar o trabalho experimental futuro. O organismo
ideal para a modelagem deste sistema de controle envolvendo Pll e UTase/UR é E. coli, por ser
um dos organismos nos quais este sistema e a assimilacédo de aménia que ele controla sdo mais

bem estudados.

A proxima secdo abordard primeiramente este sistema de controle e o sistema de
assimilacdo de amonia em E. coli. A sec¢do seguinte fara uma revisdo dos modelos matematicos

previamente utilizados para descrever e estudar este sistema em E. coli.
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1.1 A assimilacdo de ambnia em Escherichia coli

A Figura 1 mostra a via de assimilacdo de aménia em E. coli. Aménia entra na célula
de duas maneiras: por difusdo passiva através da membrana ou pela acdo de AmtB (Kleiner,
1993; Khademi, 2004; Soupene 1998). Uma vez dentro da célula, a amdnia é assimilada para
glutamato, o principal metabolito distribuidor de nitrogénio celular (Reitzer, 2003), por duas
vias. A principal via envolve a glutamina sintetase (GS) (Yuan et al, 2009; van Heeswijk. 2013)
em conjunto com a glutamato sintase (GOGAT). Esta via € capaz de suprir a demanda celular
de nitrogénio em baixas concentracdes de amdnia, devido a alta afinidade de GS por aménia,
com a desvantagem de consumir uma molécula de ATP por molécula de aménia assimilada. A
outra via envolve a glutamato desidrogenase (GDH). Como sua afinidade por aménia é menor
que a de GS, ela somente é capaz de suprir a demanda de nitrogénio quando a concentragdo de

amonia é alta, porém com a vantagem de menor custo energético para a célula.

AE) /
\ .
. /
~ A .
\ 4
® A
| AR |< : }, " | + Transaminagdes
C (transferéncia do
grupo NH,*)
=
glutamina » Utilizagdoem
outras vias
metabdlicas.
glutamato GOGAT

2-oxoglutarato

Figura 1 - Esquema da assimilacdo de am6nia em Escherichia coli. GInB e GInK sdo as proteinas PlI de E. coli.
GInB-UMP e GInK-UMP séo suas formas uridililadas. UTase e UR sdo as duas atividades opostas da enzima
bifuncional UTase/UR. ATase e AR s&o as duas atividades opostas da enzima bifuncional ATase/AR. GS é
glutamina sintentase em sua forma n&o modificada, ativa. GS-AMP é glutamina sintentase em sua forma
adenililada, inativa. AmtB é a proteina transportadora especifica para aménia. GOGAT é a enzima glutamato
sintase, também chamada glutamato-oxoglutarato-aminotransferase. GDH é glutamato desidrogenase. As setas
acompanhadas de um circulo com sinal positivo indicam ativagéo. As setas acompanhadas de um circulo com
sinal negativo indicam inibig&o.
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Além de suprir a demanda por glutamato em baixas concentra¢fes de amonia, GS € a
enzima responsavel por suprir a demanda de glutamina. E a Unica enzima capaz de produzir
este metabdlito em E. coli (Reitzer, 2003). Como GS apresenta essa diversidade de funcdes e
alto potencial de gasto energético, podendo ser responsavel por até 15% do consumo de ATP
celular (Reitzer, 2003), a regulacdo de sua atividade é de suma importancia para a célula. Esta
regulacdo acontece em trés niveis: expressdo génica, inibicdo alostérica (retroalimentacéo
negativa por diversos metabdlitos) e modificacdo covalente reversivel por adenililacdo (Reitzer,
2003; van Heeswijk, 2013). A regulacéo da expressdo de GS € controlada pelo sistema de dois
componentes NtrB-NtrC, enquanto o estado de adenililacdo de GS é controlado pela enzima
bifuncional adenililtransferase/enzima removedora de adenilil (ATase/AR). Tanto o sistema
NtrB-NtrC quanto a enzima ATase/AR estdo subordinados regulatoriamente a proteina

transdutora de sinal GInB.

E. coli tem duas proteinas Pll, GInB e GInK, que sdo homotriméricas. GInB é expressa
constitucionalmente enquanto GInK é expressa apenas em condicdes de restri¢do de nitrogénio.
A interacdo das proteinas PIl com seus alvos regulatorios (NtrB e ATase/AR para e AmtB para
GInK) depende de seu estado de uridililacdo e de ligacdo aos efetores alostéricos ATP, ADP e
2-oxoglutarato (2-OG). Os sitios alostéricos para os quais ATP e ADP competem localizam-se
entre as subunidades de PIl. Cada um destes sitios possui um sitio vizinho para a ligacédo de 2-
OG. A uridililacdo ocorre no loop T de cada subunidade. Em baixas concentracbes de
glutamina, a enzima bifuncional uridililtransferase/removedora de uridilil (UTase/UR) catalisa
a adicdo de um grupamento UMP ao residuo Tyr-51, localizado no apice do loop T. Em altas
concentracdes de glutamina, UTase/UR catalisa a reacdo de hidrélise que remove este
grupamento. Desta forma, as proteinas PII integram sinais celulares de energia (razédo
ATP/ADP), carbono (2-OG) e nitrogénio (glutamina).

1.2 Modelos publicados para o sistema de assimilacédo de amoénia

Dentre os trabalhos que contribuem para a modelagem da assimilacdo de amonia e de
seu sistema de controle, ha trés que buscam modelar o sistema de forma global e integrada. Sdo
estes 0s modelos de Kurata et al. (2005), Bruggeman, Boogerd e Westerhoff (2005) e de Ma,
Boogerd e Goryanin (2009). Ha, também, os modelos que tratam individualmente apenas um
dos elementos do sistema. Ha dois modelos que descrevem a ligacdo dos efetores alostéricos

ATP, ADP e 2-oxoglutarato a GInB. Estes sdo os modelos de Jiang e Ninfa (2007) (para PIl ou
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especifico para GInB) e de Rocha e colaboradores (2013) (especifico para GInB, pelo menos as

constantes). As contribuicdes e limitagdes destes cinco modelos serdo abordadas a seguir.

1.2.1 Modelo de Kurata et al. (2005)

O modelo que descreve a a¢do dinamica do maior nimero de proteinas e enzimas que
compdem a via de assimilacdo de aménia € o de Kurata e colaboradores (2005). Esse modelo
trata de todas as enzimas e proteinas mostradas na Figura 1, com excecdo da proteina
transportadora AmtB, e descreve a regulacdo tanto a nivel proteico quanto a nivel génico.
Também trata das proteinas NtrB e NtrC, que interagem com GInB para atuar na regulacao
génica da via. Apesar de incluir todos esses elementos, 0 modelo os trata de maneira muito

simplificada. As cinco principais limitacGes do modelo serdo abordadas a seguir.

A primeira limitacdo do modelo diz respeito as proteinas PIl, que foram tratadas como
mondmeros sem efetores alostéricos. Uma vez que a uridililagdo de GInB e suas interacdes com
seus alvos depende do estado de ligacdo dos efetores alostéricos, ATP, ADP e 2-OG (Jiang e
Ninfa, 2007; Rocha et al., 2013), 0 modelo ¢ incapaz de descrever corretamente o efeito destes

efetores na rede metabdlica mostrada em Fig. 1.

A segunda limitacdo do modelo foi o pressuposto de que 2-oxoglutarato se liga a
UTase/UR para regular sua atividade, mesmo que ja tenha sido demonstrado que isto ndo ocorre
(Kamberov, Atkinson e Ninfa, 1995). Devido a este pressuposto errado, 0 modelo néo foi capaz
de descrever o aumento de mais do que cinco vezes na concentracdo de GS que ocorreu em
experimento em que um mutante de E. coli com dele¢do para gInD foi transferido de um meio

rico em aménia para um meio pobre em amonia (Kurata et al., 2005).

A terceira limitacdo do modelo foi que GInK foi tratada como sendo funcionalmente
idéntica @ GInB, enquanto ha diferencas importantes entre as duas. Ha duas diferencas
importantes. Primeiro, GInK-UMP é desuridililada muito mais lentamente que GInB-UMP
Segundo, GInB é 40 vezes mais eficaz que GInK em ativar a ATase: & necessaria uma
concentracdo de GInK de 20 uM para obter a velocidade inicial de adenililagdo que é obtida
com 0,5 uM de GInB (Jiang e Ninfa, 1999).

A quarta limitagdo do modelo é que somente PIl e PII-UMP sdo consideradas como

efetores alostéricos de ATase/AR, enquanto glutamina favorece a atividade de ATase por
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regulacédo alostérica. Tanto GInK quanto GInB tém sinergia com glutamina nesta ativacéo de
ATase (Jiang, Mayo e Ninfa, 2007). No caso de GInK, ndo ha ativacdo de ATase in vitro na

auséncia de glutamina (Atkinson e Ninfa, 1999).

A quinta limitacdo do modelo é que GS é tratada como um mondmero, enquanto é um
dodecadmero. Da maneira descrita pelo modelo, a adenililagdo alterna a atividade de GS entre
dois estados: ativa ou inativa. Como dodecamero, com um sitio de adenililacdo por subunidade,
GS pode ter de 0 a 12 grupos adenilil ligados e, mesmo completamente adenililada, possui uma
atividade residual. Com esse grau variavel de adenililacdo, a regulacdo da atividade de GS é
muito mais gradual e refinada do que 0 modelo € capaz de representar.

Como afirmado pelos proprios autores (Kurata et al., 2005), seu modelo ndo busca
representar 0s mecanismos reais dos fenémenos envolvidos. Sua abordagem é de representar,
da maneira simples, todos elementos do sistema para fazer previsdes sobre a resposta sistémica.
No entanto, as diversas limitagdes do modelo colocam divida sobre a confiabilidade de suas

previsoes.

1.2.2 Modelo de Bruggeman, Boogerd e Westerhoff (2005)

O modelo de Bruggeman et al. (2005) trata de todos os elementos do sistema mostrados
na Figura 1, exceto AmtB e GInK. Apesar de ndo descrever a expressao génica e sua regulacéo
(i.e. o sistema NtrB-NtrC), como faz 0 modelo de Kurata et al. (2005), este modelo utiliza
equac0es cinéticas mais complexas, que descrevem os elementos do sistema de maneira mais

completa.

Uma limitacdo do modelo é que ele ignora a competicdo de ADP pelo sitio de ligacédo
de ATP na proteina GInB, um fendmeno que sé foi confirmado apos publicagdo deste modelo
(Conroy et al., 2007; Rocha et al., 2013). Isso afeta também a previsdo da ligagdo de 2-
oxoglutarato a GInB, ja que a ligacdo de 2-oxoglutarato e de ATP a GInB apresenta sinergia. O
modelo ndo prevé corretamente a acdo de GInB, ja que ela depende de estado de ligacéo de

GInB a seus efetores.

Para descrever atividade de UTase, 0s autores se embasaram na caracterizacéo feita por
Jiang et al. (1998), e extrairam as constantes da equacédo diretamente desse trabalho. Segundo

Jiang et al. (1998), a UTase segue um mecanismo de complexo ternario ordenado, e a reacéo é
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reversivel. No entanto, a equacao cinética utilizada por Bruggeman e colaboradores difere da
equacdo classica para complexo ternario ordenado (Cornish-Bowden, 2012), e ndo possui
diversos dos termos para inibicdo pelos produtos, o que pode ser uma limitacdo outra do

modelo.

Como ndo havia resultados publicados para a cinética de adenililagdo da GS pela ATase,
Bruggeman et al. (2005) propuseram uma equacao cinética. Tomaram como ponto de partida a
equacdo de Michaelis-Menten para reacOes irreversiveis, e adicionaram termos para a ligagdo
em equilibrio dos efetores glutamina, PII-G: e PII-UMP-G; (ou seja, as duas formas de PlI
ligadas a apenas uma molécula de 2-oxoglutarato) (Bruggeman et al., 2005). A mesma
abordagem foi utilizada para descrever a atividade de AR. Com novos dados experimentais
apresentados por Jiang, Mayo e Ninfa (2007), a abordagem de Bruggeman e colaboradores ndo

& mais satisfatoria.

Para descrever a cinética de GDH, os autores propdem uma equacdo e fornecem os
valores das constantes utilizadas, e apenas citam uma base de dados (Bruggeman et al., 2005).
N&o fica claro se tanto a equacao quanto os valores dos parametros foram obtidos desta base de
dados ou se a equacado foi desenvolvida pelos autores e foram obtidas apenas as constantes da
base de dados (NIST Standard Reference Database. O endereco citado pelos autores ndo fornece
nenhuma informacéo especifica para esta enzima, apenas da acesso a base de dados, que fornece

valores de constantes de equilibrio.

Os autores afirmam que a cinética de GOGAT é descrita por um “mecanismo ter-ter
irreversivel” com uma etapa de equilibrio rapido, a qual foi incorporado um efeito inibitdrio
para um metabdlito imaginario, criado em seu modelo para simular a demanda de glutamato
pela célula. Eles referenciam uma caracterizacdo de GOGAT de Redina e Orme-Johnson
(1978). No entanto, ndo descrevem o desenvolvimento das equagOes utilizadas para modelar
GOGAT.

1.2.3 Modelo de Ma, Boogerd e Goryzanin (2009)

Ma et al. (2009) estenderam o0 modelo de Bruggeman et al. (2005) para descrever o
transporte de amdnia para o meio intracelular. O modelo final descreve todos os elementos do

sistema de assimilacdo de amonia em Escherichia coli mostrados na Figura 1. Ma et al. (2009)
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descreveram a difuséo atraves da membrana e o transporte mediado pela proteina AmtB, bem
como a regulacdo desta por GInK. Em relagéo as proteinas PII, fizeram duas consideracfes. A
primeira foi de que apenas GInK, em sua forma néo uridililada, blogqueia o transporte por AmtB,
enquanto GInB ndo interage com AmtB. Esta consideracdo foi baseada em dados experimentais
de Coultts et al.(2002) de que GInB liga-se a AmtB, mas ndo impede o transporte de aménia. A
segunda foi de que GInK ndo atua na regulacdo de ATase/AR. Para esta consideracdo, se
embasaram na informacao ja citada de que GInK seria 40 vezes menos eficiente que GInB como
ativadora de ATase (Jiang e Ninfa, 1999).

1.2.4 Modelo de Jiang e Ninfa (2007) para a ligacdo de efetores a PlI

O modelo de Jiang e Ninfa (2007) descreve a ligacdo dos efetores ATP, ADP e 2-OG a
proteina PII. Ele é o primeiro a levar em conta a ligacdo de ADP a proteina PII. Sua principal
limitacdo é que suas equacOes sdo capazes de descrever a ligacdo de apenas um efetor por vez:
a ligacdo de ATP a GInB, de ADP a GInB, ou ainda de 2-oxoglutarato a GInB-ATP (GInB ja
associada a ATP). Isso torna sua aplicacdo limitada a estes casos, que ocorrem apenas in vitro.
Ele ndo é apropriado para descrever o que ocorre in vivo porque nao é capaz de prever a ligacdo
destes efetores a proteina Pl quando os trés estdo presentes simultaneamente.

1.2.5 Modelo de Rocha et al. (2013) para a ligacéo de efetores a PlI

Rocha e colaboradores (2013) modelaram a ligacdo dos efetores ATP, ADP e 2-0G a
proteina P1I. Propuseram quatro modelos, que possuem a mesma abordagem porém diferentes
consideragOes sobre as afinidades de ligagdo dos efetores a PIl. Sua modelagem destas
interacOes de GInB € superior que as de Bruggeman et al. (2005) e de Jiang e Ninfa (2007), ja
que é capaz de descrever os estados de ligacdo de GInB quando todos os trés efetores alostéricos

estdo presentes.

Rocha et al. (2013) tem como pressuposto que 2-OG somente pode se ligar a uma
subunidade de PII que j& possua uma molécula de ATP ligada. Portanto, dado um trimero de

PII, cada uma de suas trés subunidades pode: (a) ndo ter ligante algum; (b) ter ADP ligado; (c)
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ter ATP ligado; ou (d) ter tanto ATP quanto 2-OG ligados. 1sso resulta em 20 espécies possiveis
de P1l em equilibrio.

Os quatro modelos de Rocha et al. (2013) possuem as mesmas 20 espécies. Os modelos
diferenciam-se entre si pelo nimero de classes de sitios de ligacao considerados para ATP, ADP
e 2-OG. No modelo 1, considera-se que ha 3 classes de sitio de ligacdo ATP e 1 para ADP, ou
seja, a ligacdo da primeira, segunda e terceira moléculas de ATP a PIl ocorrem com afinidades
diferentes, enquanto a ligacdo das trés moléculas de ADP ocorre com a mesma afinidade. Nos
modelos 2 e 3, considera-se que ha 2 classes de sitios tanto para ATP quanto para ADP. Apés
a ligacdo da primeira molécula de ATP a afinidade muda, e as afinidades para a segunda e
terceira moléculas de ATP sdo as mesmas. O mesmo ocorre para ADP. A diferenca entre estes
modelos é que 0 modelo 2 pressupde que ATP e ADP ndo podem se ligar a um mesmo trimero,
enquanto o modelo 3 pressupde que eles podem. Por fim, 0 modelo 4 considera trés classes de
sitios tanto para ATP quanto para ADP. Em relacdo a 2-OG, os quatro modelos consideram que

ha trés classes de sitios.

Rocha e colaboradores (Rocha et al., 2013) obtiveram os valores das constantes de
afinidade entre PIl e ATP, ADP e 2-OG ao ajustar cada um dos quatro modelos a vérios
conjuntos de dados experimentais de Jiang e Ninfa (2007). De acordo com sua analise de erros,
0 modelo 4 foi o que apresentou melhor ajuste, e por este motivo sera o modelo utilizado para

descrever a ligacdo dos efetores ATP, ADP e 2-OG a Pl na segunda etapa deste trabalho.

1.3 Justificativa e Objetivos

Os modelos até agora publicados fazem grande avanco na simulacao da assimilacao de
amonia em Escherichia coli, mas apresentam limitagcbes que podem ser superadas para obter
um modelo mais realista. O modelo de Kurata et al. (2005) é o Gnico que descreve a regulacéo
da expressédo dos genes envolvidos e a sintese dos produtos desses genes. Por isso, também o
unico capaz de descrever o comportamento do sistema em tempos de resposta mais longos. No
entanto, trata os mecanismos bioquimicos de maneira demasiado simplificada, e 0 modo como

trata a acdo alostérica de 2-oxoglutarato sobre a uridililagdo é incorreta.

Ma et al. (2009) ampliaram 0 modelo de Bruggeman et al. (2005), resultando em um

modelo que descreve a a¢do de todos os componentes do sistema, excetuando-se a expressao
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génica. As atividades enziméticas sdo descritas com atencdo para Seus mecanismos,
contribuindo mais que o modelo de Kurata et al. (2005), portanto. No entanto, a descri¢do de
PII é inadequada, pois ndo considera que ADP se liga a PIl, competindo pelo mesmo sitio de
ligacdo de ATP. Ainda, algumas das equac@es cinéticas sao inventadas, como a de ATase, AR,
e possivelmente GDH e GOGAT, e nédo determinadas experimentalmente. O modelo de Jiang
e Ninfa (2007) melhora a modelagem de PIl ao levar em conta a ligacdo de ADP, além de ATP,
e 2-oxoglutarato a PIl, mas ainda de forma incompleta. Sua deficiéncia é resolvida por Rocha
e colaboradores (2013), cujo modelo € capaz de prever a ligacdo de GInB a seus efetores
alostéricos quando os trés estdo presentes, que é a condi¢do encontrada in vivo. Seu modelo
utiliza regras para a ligacdo dos efetores, algumas das quais podem ndo representar 0S

mecanismos reais, e podem ser melhoradas.

Dentro deste contexto, o objetivo geral desta dissertacdo de mestrado foi desenvolver
um modelo que descreva corretamente a atividade de UTase. Tal modelo contribuird para a
modelagem do sistema de assimilacdo de aménia em E. coli. O trabalho foi feito em duas etapas.
Na primeira etapa, o objetivo foi obter um modelo cinético para UTase que fosse capaz de
prever seu perfil de inibig&o pelos produtos (Jiang et al., 1998), sendo, assim, consistente com
0 mecanismo da enzima. Esta etapa é tratada no primeiro artigo contido nesta dissertacdo. Na
segunda etapa, o objetivo foi integrar este modelo ao modelo nimero 4 de Rocha et al. (2013)
para a ligacdo de efetores a P11l para obter um modelo que fosse capaz de descrever a influéncia
do estado de ligacdo de PII, em termos de seus efetores alostéricos, sobre a atividade de UTase.
Esta etapa é tratada no segundo artigo contido nesta dissertacao.
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2 ARTIGO 1: Modelling of the uridylyltransferase activity of Escherichia coli
UTase/UR revisited

2.1 ABSTRACT

The ammonia assimilation pathway in Escherichia coli and many other bacteria is a
tightly regulated system. The PII proteins are central in this system as signal transducers.
Besides alosteric modulation, they also suffer reversible covalent modification by
Uridylyltransferase. The resulting ligantion and uridililation state of the PII proteins defines
their ability to interact with regulatory targets. The UTase product inhibition pattern shows this
enzyme follows a ternary complex mechanism. Previous mathematical models of UTase have
been unable to describe its product inhibition correctly. This work contributes to the modelling
of the ammonia assimilation pathway in E. coli with a model for UTase activity which is capable
of describing its product inhibition pattern correctly and is therefore consistent with its

mechanism.
2.2 INTRODUCTION

The ammonia assimilation pathway in Escherichia coli and many other bacteria is a
tightly regulated system. Besides allosteric regulation of the assimilatory enzymes, there is a
complex regulatory cascade involving two bifunctional enzymes, uridylyltransferase/uridylyl-
removing enzyme (UTase/lUR) and adenylyltransferase/adenylyl-removing enzyme
(ATase/AR), and two signal transduction proteins, GInB and GInK, which are members of the
PII family. GInB and GInK integrate multiple cellular signals and, depending on these signals,
act upon various target proteins to control the activity and expression of glutamine synthetase
(GS) and the activity of the ammonia transporter (AmtB) (Fig. 1). In E. coli, GInB is

constitutionally expressed, whereas GInK is only expressed under nitrogen starvation.

Both GInB and GInK are homotrimers that contain three identical nucleotide-binding
sites, located in-the clefts between the subunits of the trimer. Next to each nucleotide-binding
site, there is a 2-oxoglutarate (2-OG) binding site. ATP and ADP compete for the nucleotide-
binding site, while 2-OG can only bind to its site if an ATP molecule is bound to the adjacent
nucleotide-binding site. If 2-OG is bound to a subunit, then the T-loop of that subunit can be
uridylylated by the uridylyltransferase activity of UTase/UR, which is favored by low

intracellular glutamine concentrations. This UMP group is removed by the uridylyl-removing
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activity of UTase/UR, which is favored by high intracellular glutamine concentrations. In this
manner, PII proteins integrate intracellular signals of energy status (ATP/ADP), carbon status
(2-OG) and nitrogen status (glutamine).

GS
activity

GS
expression

NH;,
transport

What is
controlled

Cellular Signal Pll protein Target proteins

Figure 1 - Overview of the interactions of the PII proteins GInB and GInK in E. coli and the control they exert
over the ammonia assimilation system.
GInB and GInK are directly affected by the cellular levels of ATP, ADP and 2-oxoglutarate (2-OG) and
indirectly, through the action of UTase/UR, by the levels of glutamine (GlIn). Depending on these signals, GInB
acts upon the target proteins ATase/UR to control GS activity and NtrB to control GS expression, while GInK
acts upon the AmtB transporter to control ammonia transport.

The interaction of Pl proteins with their target molecules depends on their particular
states, in terms of the effectors (i.e. ATP, ADP and 2-OG) bound to the trimer and the number
of subunits that are uridylylated. For example, only non-uridylylated GInB can bind
allosterically to NtrB, and only non-uridylylated GInK can bind AmtB (Rodrigues, 2011).
When complexed to GInB, NtrB dephosphorylates NtrC, with this resulting in decreased
expression of glutamine synthetase. Likewise, when complexed with GInK, AmtB is unable to
transport ammonia to the inside of the cell.

A mathematical model of the ammonia assimilation system and its regulation would be
a useful tool to further our understanding of how this system works. Amongst the few
mathematical models previously proposed for this system in E. coli (Mutalik et al., 2003;
Bruggeman et al., 2005; Kurata et al., 2005; Lodeiro and Melgarejo, 2008; Ma et al., 2009;
Kidd and Wingreen, 2010), those of Kurata et al. (2005), Bruggeman et al. (2005) and Ma et

al. (2009) are the most complete. In the Kurata model, PII is considered to be a monomer and
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ATP, ADP and 2-OG are not effectors of PlI, rather 2-OG is a direct effector of UTase (Kurata
et al., 2005), even though it has been known since 1995 that 2-OG does not bind to UTase
(Kamberov et al., 1995). Since the effectors bound to PIl determine how it interacts with its
target proteins, the Kurata model does not properly describe these interactions. Further, since
PIl is a trimer that can suffer three uridylylations, the Kurata model cannot describe the
uridylylation kinetics correctly. The model of Bruggeman et al. (2005) describes both the
binding of effectors to PII trimers and the uridylylation of the subunits in greater detail. It
assumes that PII is saturated by ATP and does not consider the competitive binding of ADP.
However, it does predict the concentrations of various states of PIl with different numbers of
bound 2-OG molecules and different numbers of uridylylated subunits. The kinetic equations
for uridylylation of Pl by UTase take into account product inhibition by uridylylated forms of
PlI and by pyrophosphate (Table 1), but the denominators of these equations lack several of the
terms that would be expected for the ordered ternary-complex mechanism, which this reaction
follows (Jiang et al. 1998). Ma et al. (2009) expanded the model of Bruggeman et al. (2005)
by including the AmtB transporter and adjusting the values of some of the constants of the
model, but the equations regarding PIl and UTase/UR were unaltered from Bruggeman et al.
(2005).

Within mathematical models of the ammonia assimilation system, it is important to
describe the binding of effectors to PIl and the uridylylation of PII correctly. Recently, our
group developed a model for the equilibrium binding of ATP, ADP and 2-OG to PII that
recognized twenty states with different combinations of bound effectors (Rocha et al., 2013).
In the present paper, we develop a kinetic model for the uridylylation of Pl by UTase, based
on the ordered ternary complex mechanism. We show that our model makes predictions about
product inhibition that are consistent with the experimental results of Jiang et al. (1998),
whereas the model of Bruggeman et al. (2005) does not.



Table 1 — Equations of the model of Bruggeman et al. (2005) for the uridylylation of PIl by UTase.
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In order to facilitate comparisons with our equations, these equations are rewritten using the same

nomenclature that we used in our equations
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2.3 MODEL DEVELOPMENT

GInB and GInK are treated generically as Pl in this model. UTase is assumed to follow
a non-processive mechanism since it is possible to separate PIl with none, one, two or three
uridylylated subunits after partial uridylylation assays (Atkinson et al., 1994). Application of
the ordered ternary complex mechanism to the uridylylation of the three substrates, PIlI,

PIHHUMP: and PIITUMP:, results in the reaction scheme shown in Figure 2.

K ke
TC, TCy
K's UT * PIIUMP, uT - PIl ke
) PIIUMP,
K's ) ks
K " 1 Ky
uTP PPy
UT - PIIUMP, Ky ke UT * PIIUMP,
K, ke
ut
PIIUMP, PIUMP,
Ky K4
K. K

UT = PIIUMP, UT : PIIUMP,
K

K3 -2,

TC:

Figure 2 - The ternary complex mechanism proposed for UTase. Whenever a form of PIl is complexed to the
enzyme through a non-uridylylated subunit, the complex is written with a “:” as in “UT:PIIUMPI”. It the
interaction is through a uridylylated subunit, however, the complex is written with an asterisk “*”, such as in
“UT*PIIUMPI”. The abbreviations T.C.1, T.C.2 and T.C.3 refer to the ternary complexes between the enzyme
and the two substrates (or products) of each of the reactions. Since the ternary complex between enzyme and the
two substrates cannot be distinguished from the ternary complex between enzyme and the two products until
either the substrate UTP or the product PPi dissociates, they are treated as a single enzyme form.

Based on the scheme in Figure 1, kinetic equations were deduced for the three UTase
reactions, utilizing the King-Altman method (King and Altman, 1956) as described by Cornish-
Bowden (2012). The detailed deduction is available in the Supplementary Material.

The velocity of uridylylation of PII is given by:

PPi| [PIHUMPR,
[UTTotaI]kcatR [K ] [ 1] FZ FS

iSpy, Myrp Meppi KiPPIIUMH (23.)

[PU][UTP]
K
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GLN
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The velocity of uridylylation of PIIUMP; is given by:

PHUMP, [ [UTP PPi || PIIUMP
[[UTTotal]kcatF [ ] l] [ ] _[UTTotaI]kcatR [ ] [ _ Z]J I:1F3
v, = iSpiumR Myre Mppi iPoiiump, (2b)
[GLN]
1+ (F1F2F3+F2F3Dl+F1F3D2+F1F2D3)
GLN
The velocity of uridylylation of PIIUMP; is given by:
PIHUMP, | lUTP PPi || PIHTUMP.
([UTTotal]kcatF [ K 2] [ ] _[UTTotal]kcatR [ ] [ S]J FlFZ
iSpiump, Myre Mppi iPoriump, 2
i [GLN] (20)
(l+ j(F1F2F3+F2F3D1+F1F3D2+F1F2D3)
GLN

All three equations have the same denominator. The factors D1, D> and Dz in this

denominator are related to the first, second and third uridylylations, respectively. They are given

by:
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Likewise, the expressions Fi1, F2 and Fz in the denominators of Eqgs (2a) to (2c) are

related to the first, second and third uridylylations (Figure 1), respectively. They are given by:

KMPP”UMH [PPI]+1+ KMSPII [UTP]

F=| —wa by M Lo

Ki K (4a)

iPoumn ippi iSpy Myre



F = KMPPIIUMPZ [PPI] +1+ KMSPuuma [UTP]
i iPoriump, ippi iSpiump Myrp
F3 — KMPPIIUMP3 [PPI] +1+ KMSPIIUMPZ [UTP]

il:’F‘IIUMF’3 iF‘F’i iSF’IIUMPZ MUTP
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(4b)

(4c)

F1, F2 and F3 also appear in pairs in the numerators of Eqs (2a), (2b) and (2c). Within

each of these expressions, the constants Kwvs and Kis are related to the form of PII that serves as

the substrate in the corresponding uridylylation. Likewise, the constants Kvpe and Kip are related

to the form of PII that serves as the product in the corresponding uridylylation.

Since the interaction of UTase with a PII subunit is not affected by the uridylylation

state of the other two subunits (Atkinson et al., 1994), it is possible to derive relationships
between the constants related to the three substrates (P1l, PIIUMP1 and PIIUMP>) and between
the constants related to the three products (PIITUMP1, PIIUMP, and PIIUMP3). Detailed

deductions are given in the supplementary material. The Kwus values for the three substrates are

related by:

3
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MS plIUMP, MSpy)

The Kis values for the three substrates are related by:
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The Kwvp values for the three products are related by:
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Finally, the Kip values for the three products are related by:
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(82)

1
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1
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If these identities are substituted into Eqs (4b) and (4c), these equations become
identical to Eq. (4a). As a consequence, the expressions F1, F2 and F3 cancel out of Egs. (2a) to

(2¢) in such a manner as to result in the following simplified velocity equations:
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K

iSpyy* “Murp Meppi iPojjump
[P”UMP] [UTP] [PPi][P||UMP2] .
VZ = [UTTotaI]kcatF K _[UTTotaI ]kcatR K D (gb)
iSpiiump Mure Mepi iPoinume,
[P||UMP2][UTP] [PPi][P||UMP3] *
V3 = [UTTotaI ]kcatF K _[UTTotal]kcatR K D (90)
iSpi1umP, Muyre Mepi iPoiumey

These equations have the same denominator, D”, given by:

*

[GIN]), . o . .
D" =|1+—— |(D; +D; + D, +D;) (od)
GLN

In this denominator, the terms Do* to Ds* are given by:
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2.4 RESULTS AND DISCUSSION

Product inhibition patterns for UTase were deduced from Eqgs. (9a) to (9¢). In product
inhibition studies, the initial velocity of the reaction is measured in several sets of assays. Each
of the three uridylylation reactions catalyzed by UTase has two substrates and two products: in
such a case, both substrates are always added, but only one of the products is added in any
particular assay set. In their product inhibition studies, Jiang et al. (1998) used the substrates of
the first uridylylation, namely UTP and non-uridylylated PII, but the form of PII tested as the
product was the product of the third uridylylation, PIIUMP3, and not the product of the first
uridylylation, PITUMP;. Although Jiang et al. (1998) did not explain explicitly why they used
this experimental strategy, it does avoid the complications that would arise from the use of
PIIUMP:: this product of the first uridylylation is also a substrate of the second uridylylation.
It would have been very difficult to differentiate its inhibitory action as a product from its
inhibitory action as a competing substrate. To do this they would have had to measure the rates

of both uridylylation reactions individually, despite them occurring simultaneously.

Equations (9a) to (9c) were used to determine the inhibition patterns that would be
expected when each of the PII products (PIIUMP1, PIIUMP2 and PIIUMP3) were added, with
this analysis being done for each of the uridylylation cycles. Table 2 shows the results of the
analysis for the particular combination used by Jiang et al. (1998), namely the addition of PP;
and PIITUMP3 as inhibitors of the first uridylylation reaction. This analysis was undertaken with
Eq. (9a), of the model developed in the present work, and also with Eq. (1a), of the model of
Bruggeman et al. (2005) (see Supplementary Material for the detailed analysis).

For the experiment undertaken by Jiang et al. (1998), when PP; is added as the inhibitor,
the equation developed in the current work for the first uridylylation, Eq. (9a), simplifies to
PIl[[UTP
U} [K ]
iSpy “Myre
K TP Pl Pl TP
Ky, [UTP]_[PI]_[PHTUTP]
KiSPu KMUTP KiSP|| KisPII KMUTP
[PR], [PH][PR] K [PH][UTP][PR]
K. K

, < K K. K. K -
1Poriump Ipp iSpy) Mpp; iPoump iSpyy Myre lpp

1

(10a)

MPoyump MPoyump

and when PIIUMP3 is added as the inhibitor it simplifies to
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[P” ] [UTP]

iSpy) KMUTP
KMSP” [UTP] [P“] [P”] [UTP]
" K " K

[UT ]T kcatF

(10b)

iSPII KMUTP

+[PIIUMP3]+[PIIUMP3] [UTP] K

iSpyy KMUTP iSPII

MSpyump

iPoiump, KiPPIIUM% KMUTP iSpiump

Likewise, for the experiment undertaken by Jiang et al. (1998), when PP; is added as the
inhibitor, the equation developed by Bruggeman et al. (2005) for the first uridylylation, Eq.

(1a), simplifies to

[PII ][UTP]

iSpn_ "Mure

, Kus,, [UTP] s [PII] . [PII][UTP]

[UTT Keaer

vV, =

(11a)

KiSPII Myrp KiSPu KiSPu KMUTP
+[PII][UTP][PPi]
KiSPII Myrp * Vipg
and when PITUMP3 is added as the inhibitor it simplifies to
PII [[UTP
[UT]T kcatF [K][]
V. = iSpy) Myrp
. Ky [UTP
. Kue, [UTPT [PI] [PU][UTP] ot
KiSPII Myrp KiSPu iSpyy Myrp

K PIHUMP.
_I_ I\/lsPII [ 3]

isPII iPPIIUMH

The product inhibition pattern predicted by the model developed in the current work exactly
matches the experimental product inhibition pattern for UTase obtained by Jiang et al. (1998),
whereas the model of Bruggeman et al. (2005) predicts a quite different product inhibition
pattern (Table 2).

Our model is capable of predicting the experimentally observed product inhibition
pattern because it contains all the terms in the denominator that are consistent with an ordered
ternary-complex mechanism. The model of Bruggeman et al. (2005) fails to predict the

experimentally observed product inhibition pattern because its denominator lacks several of
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these terms, as can be seen by comparing Egs (10a) and (11a) and also Eqs (10b) and (11b). It
is not clear why Bruggeman et al. (2005) omitted these terms in their model: although they
stated that UTase follows the ordered ternary complex mechanism, they did not describe the

development of the model.
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Table 2 — Comparison of the product inhibition patterns for UTase predicted by the model developed in the
current work and the model of Bruggeman et al. (2005) with the experimental pattern reported by Jiang et al.

(1998)
Inhibition type Inhibition type
Par:?#&tb?f:rd Variable Substrate Fixed Substrate (non-saturating (saturating
fixed substrate) fixed substrate)
Product inhibition pattern determined experimentally by Jiang et al. (1998)
PP PIl UTP Mixed Uncompetitive
: UTP Pl Mixed Mixed
Pl UTP Competitive Competitive
PIIUMP, UTP PII Mixed No inhibition
Product inhibition pattern predicted by the model developed in the present work
PP, Pl UTP Mixed Uncompetitive
' UTP Pl Mixed Mixed
PIl UTP Competitive Competitive
PHUMPs UTP PlI Mixed No inhibition
Product inhibition pattern predicted by the model of Bruggeman et al. (2005)
PP PII UTP Competitive Competitive
: UTP PII Competitive Competitive
PIIUMP Pl UTP Uncompetitive No inhibition
3 UTP PII Uncompetitive No inhibition

Whereas in our model the denominators for the three reactions are identical, in the model
of Bruggeman et al. (2005) they are not. This is quite strange: The denominator of the velocity
equation for any particular enzyme-catalyzed reaction contains terms that are related to each
form of the enzyme within the reaction mixture; the terms are not limited to those related to the
particular reaction being considered. Consequently, when the enzyme is catalyzing several
different reactions within the reaction mixture, the velocity equations for these different

reactions must have the same denominators.

The lack of identity of the denominators of the Bruggeman model (i.e. in Egs (1a) to
(1c)) is due to their substrate and product constants. In both the Bruggeman and our equations,
there is a Kis constant in all terms that contain the concentration of PIl, PIIUMP; or PIIUMP>
as substrates. Similarly, there is a Kip constant in all terms that contain the concentration of
PHHUMP,, PITUMP; or PITUMP3 as products. The denominators of Egs (1a) to (1c) each have
the same number of terms. Although the terms in one denominator appear to be equivalent to
the terms in the other denominators, they are not identical because the Kis and Kip constants in
each equation are different. In Eq. (1a), Kisp IS present in each term that contains the

concentration of one of the P11 species as a substrate and Kippjump; 1S present in each term that

contains the concentration of one of the PII species as a product. In the corresponding terms,
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Eq. 1(b) contains the constants Kisp;jump; and Kippiiumpz, While Eq. (1c) contains the constants
Kispiiump, and Kippyiumps. IN other words, in each equation of Bruggeman, the Kis and Kip
constants in the denominator all correspond to the substrate and product, respectively, of the

particular uridylylation reaction in question (PIl and PIITUMP; for the first reaction, PIIUMP,
and PITUMP: for the second reaction and PIITUMP, and PIITUMP; for the third reaction).

In our equations, the Kis and Kip constants in the denominator of a particular reaction
equation correspond to the form of PII that appears in that particular term. In other words, all
terms containing the concentration of PIl as a substrate have Kisp,, all terms with the
concentration of PITUMP1 as a substrate have Kisp;jump; and all terms with the concentration of
PIIUMP: as a substrate have Kisp;jump,- Similarly, all terms with the concentration of PIIUMP;
as a product have Kipp,jump;, all terms with the concentration of PIITUMP: as a product have
Kippiumpy, @nd all terms with the concentration of PIIUMP3 as a product have Kippyjumps. This

results in our three equations having exactly the same denominator.

To exemplify the difference between our equations and those of Bruggeman, the
denominator of Eq. (1a) has the term “[PII]/Kisp),”, while Eq. (2a) has “[PII]/Kisp;ump;” and

Eq. (1c) has “[PII]/Kispjump,”- In all three of our equations (i.e. Egs (9a) to (9¢)), the term is
“[PH]/KiSp“”.

There is a further important difference between our denominators and those of
Bruggeman. When the denominators of Bruggeman (Eqgs (1a) to (1c)) are compared to the
denominator of our equations (Table 3), several terms are identical. However, our denominator
contains several terms with the concentration of PP; that are missing from the denominators of
Egs (1a) to (1c). Likewise, our denominator has several terms with the concentration of
PHHUMP,, PIIUMP2 or PIIUMP3 as products that are missing from the denominators of Egs (1a)
to (1c). There is only one term containing each of the concentrations of PIITUMP1, PIHIUMP2 and
PIIUMP3 as products in the denominators of Bruggeman et al. (2005), and these have no

equivalent counterpart in our denominators.

The numerators of the equations of Bruggeman et al. (2005) only contain the term for
the forward reaction and not the term for the reverse reaction, as they assume uridylylation to
be irreversible. This is not unreasonable, since it has been shown that the reverse reaction is
very slow compared to the forward reaction (Jiang et al., 1998). However, in the equations

deduced in the current work, the reversibility of the reaction is responsible not only for the
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presence of the term for the reverse reaction in the numerator but also for many of the terms in

the denominator that contribute to prediction of the correct product inhibition pattern.

The terms that are missing from the equations of Bruggeman et al. (2005) are the terms
that contain either Kwvpp;, Kiytp 0 Kvp for PIIUMP1, PITUMP, or PIIUMP3. Values for these
constants are not given by Jiang et al. (1998), which was the source used by Bruggeman et al.
(2005) for the values for all other constants. It may be that Bruggeman et al. (2005) removed

the constants for which there were no available numerical values.
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Table 3 — Comparison of the terms of the denominators of the equations of Bruggeman et al. (2005) and the
denominator of our equations.

Denominator for the

equation of Bruggeman
et al. (2005) for the first

Denominator for the

et al. (2005) for the
second uridylylation

equation of Bruggeman

Denominator for the
equation of Bruggeman
et al. (2005) for the third

Denominator for the

uridylylation equations in this

work
uridylylation reaction } uridylylation reaction
reaction
Terms without 1 Kuys,, [UTP]
the K, [UTP] KMSPIIUM [UTP] KMSP..UM [UTP] Sy Myrp
concentration 1, ——— 1, ——— 1, = _
Of any form Of iSpy Myre iSPIIUMPl Myre iSPIIUMPZ Myre |<Ml'—’p”UMpl [PPI]
PI I iPPIIUMH KiPPi
[PII] [PII][UTP]
Terms with [PUI] [PII][UTP] [PU] [Pu][uTP] | [PHI] [PH][UTP] Kiss  Kispy Koy
the KiSP” ' iSpy - Mypp ’ iSpiumy , KiSPuuMﬁ My | 1SpiumR, | Kispuumpz Myre [P”] [UTP] [PP']
concentration K. K o
of Pll as a [PI][UTP][PP] [PI][UTP][PP] [PII][UTP][PP] o Mure i
Substrate KiSPu Myrp iPPI iSPHUMa MUTP iPP, iSPIIUMPZ MUTP iPP, [P”] [PPI] KMPPIIUMPl
KisPII KMPPl ippnuma
[PIIUMPR,]
[PIIUMR] [PIIUMPR,] [PIIUMR] Ky
S —— - S Spiume
Terms with o S S [PIUMP] [UTP]
the [PIUMR ][UTP] [PIUMR ][UTP] [PIIUMR][UTP] i M'
Concentration ISy, My ’ iSPnuMq Mure iSPIIUMPZ Mure [ ] [l ] K
PIHUMP [ [ PPi | Rye,,
oFPNUMPLas | 1oy iump[UTP][PR]| [PHIUMR][UTP][PR] | [PIUMR][UTP][PPR] — =
a substrate iSpiume L
Kispu KMUTp ippl iSPuuMq My iPa iSPIIUMPZ KMUTP KiPa
[PIIUMH] [UTP] [PPi]
iSpiumg Mure ippi
[PIUMP, ] [PIIUMP, | [PIUMP, ]
Terms with iSp, iSPnuMPl iSPIIUMF\Z [PI IUMPZ]
the [PIIUMP, J[UTP] [PIIUMP, ][UTP] [PIIUMP, ][UTP] K,
concentration S T Moo ’ Spuong | Mure Souowe, | Myr -
of PIIUMP; as [PIUMP, | [UTP]
2® | [PuuMPR,J[uTP][PR]| [PIIUMP,J[UTP][PR]| [PIIUMP,][UTP][PP] 1
a substrate K iSpiume, Myre
iSpy Myre iPP, iPIIUMq Myre ipa

isPIIUMPZ MUTP IPF}
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[PHUMP, ] [PPi] K

MPPIIUME;

iSpiump, Mepi Poiume,

[PIIUMPZ] [UTP] [PPi]

)

iSpuwe, Mop  Nips
[PIIUMR ]
iPoiiump, ,
Terms with [PIIUMR ] [UTP] K,
Conc::zation Kys, [PIUMR] Kus,po, [PIIUMP] Kus,,, [PHUMPR] IR\ SRR (N ’
of PIIUMP; as Beu " P Seung " e, e P [P”UMPl][Ppi],
product iPoiume, Mep;
[PHUMR ] [UTP] [PPi]
Poiunn v Ku,
[PIUMP, ]
iPoriump, |
Terms with [PIIUMPZ] [PPi]
Conc:::ration Kys, [PIIUMP,] Ky, [PHUMP, ] Ky, [PIIUMP, ] P, | Mon |
of PIIUMP, as o P S P, Sonney P [PIIUMPR, ] [UTP] KMSP,IUW’
product iPoiiume, Myre iSpuuva
[PHUMR, | [UTP] [PPi]
Poiuwe, v Ku,
[PIIUMPR, ]
iPoriump, 1
Terms with [PIIUMPR, ] [PPi]
conc:::ration KMsP,, [PIIUMP3] KMSP..UMH [P“UMPS] KMSP..UMPZ [P“UMP?»] Prue, M |
of PIUMP; as [PHUMP,] [UTP] K
product iPoiume, Moo iSpuuwe,

[PIIUMP3] [UTP] [PPi]

iPoiume, iyte Mop;

Our model has a further advantage over that of Bruggeman et al. (2005): by recognizing

that the interaction of UTase with a subunit within a trimer is not affected by the uridylylation
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state of the other two subunits (Atkinson et al., 1994), we showed that UTase has different
apparent values for the Kws, Kis, Kmp and Kip constants related to the various Pl species as
substrates or products, with these apparent values depending on the number of uridylylated
subunits (See Egs. (5) to (8)). In contrast, Bruggeman et al. (2005) used the same values of Kus
and Kjs for the three substrates (PIl, PIIUMP. and PIITUMP,) and the same values of Kmp and
Kip for the three products (PIITUMP1, PIIUMP2 and PIIUMP3). Effectively, the model of
Bruggeman et al. (2005) assumes that the chance of a productive collision between UTase and
a PII trimer, with this trimer acting either as a substrate or as an inhibiting product, is not
affected by the spatial orientation of the trimer. As we show in the supplementary material,
UTase would have twice as much chance of binding to a non-uridylylated subunit in an
encounter with PIITUMP; than in an encounter with PIIUMP.. Likewise, it would have twice as
much chance of binding to a uridylylated subunit in an encounter with PIITUMP than in an
encounter with PITUMP;.

Since our model describes the inhibitory effects of the products (PPi, PIITUMP;,
PIIUMP, and PIIUMP3) correctly and also provides correlations for the various Kws, Kis, Kmp
and Kip constants related to the different species of PII, it will have a superior capability of
predicting transitory uridylylation profiles, where the various forms of PIl are present in the
reaction mixture, when compared with the model of Bruggeman et al. (2005). However, at the
moment, it is limited to describing systems in which the three 2-OG binding sites of the PII
trimer are completely occupied by 2-OG. In order to describe situations in which PII trimers
have varying numbers of bound ADP, ATP and 2-OG molecules, the model developed in the

current work must be extended to recognize these states explicitly.
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2.5 SUPPLEMENTARY MATERIAL 1

2.5.1 Deduction of the three UTase equations

The King-Altman method requires the drawing of a master pattern. Figure S shows the King

and Altman’s master pattern for the UTase mechanism from Figure 1.

Figure S1 — Master pattern of the King-Altman method for the UTase mechanism.

Each vertex in the master pattern represents a form of the enzyme (compare Figure S1
to Figure 1). There is a line connecting two enzyme forms whenever there are reactions leading
to one from the other. In order to obtain an expression for the fraction of one enzyme form
relative to the total enzyme, all individual patterns which lead to this enzyme form are drawn.

Each individual pattern must be made up of lines only from the master pattern and the
lines in an individual pattern cannot form a closed loop. If a closed loop would be formed, one
of the lines in this pattern must be removed. A mathematical expression must be obtained for
each of 10 the enzyme forms. The mathematical expression for an enzyme form is obtained
from all possible patterns that lead to the enzyme form in question. In order to simplify the
procedure the loops of the master pattern can be treated one at a time. An expression for each
of the three enzyme forms unique to the first loop, i.e. the upper right loop, can be obtained by
considering the first loop individually. Each of these expressions must then be multiplied by an
expression relative to the two remaining loops. These “remaining loop” expressions are named
F, F"and F"" for the first, second and third loops, respectively. These three expressions are all
related to the enzyme form that connects the loops to one another, i.e. free UTase. The patterns
for each loop that lead to each of these expressions are shown in Figure S. The top, middle and
bottom patterns are relative to the first, second and third loop of the master pattern respectively

and therefore related to the first, second and third uridylylation reaction, again respectively.
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[T

AN

Figure S2 — The patterns used to obtain expressions F (top), F’ (middle) and F’’ (bottom).

The four top patterns produce the expression

F =k Kk ,[PPi]+ k_k_k, +k_kk, + kkk, [UTP] (S.3)
The four middle patterns produce the expression

F=k' k', k' [PPi]+ k' k', k',+k' k' k',+ k', k', k', [UTP] (S.4)
Finally, the four bottom patterns produce the expression

F'=k" k", k", [PPi]+ kK" k", k",+k" k" k",+ k", k", k", [UTP] (S.5)

Egs (S.3), (S.4) and (S.5) have terms that can be joined, resulting in the simplified

equations:
F =k kK [PPi]+ k_k, (k, +k;) + k,k;k, [UTP] (S.6)
F=k', k', k' [PPi]+k" k'y(k' ,+k’)+ k', k', k', [UTP] (S.7)
Fr=k", k", k" [PPi]+k" k", (k" ,+k";)+ k", k", k", [UTP] (S.8)

By following the set of patterns leading to each enzyme form in the first loop (except
free UTase), the expressions below are obtained. Equation (S.9) is relative to UT:PII, the
enzyme form complexed to PIl. Equation (S.10) is relative to the Ternary Complex 1, the
enzyme form complexed to both PIl and UTase or to PIIUMP and PPi depending on the
catalysis step. This enzyme form will be denominated T.C.1 from here on. Equation (S.11) is
relative to UT*PIIUMP, the enzyme form complexed only to PIIUMP; interacting specifically
through the uridylylated subunit.

kK K o [PIN][PPi]+ kkk, [PI]+ kKK [PI]+ kK k_,[PPi][PIIUMP] (S.9)
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kk,k , [PI1][UTP][PPi]+kk,k, [PII JJUTP] +k_,k -k , [PPi][PIIUMP]

5.10
+k,k ok, [UTP][PPi][PIIUMP] (510

kKoK [PIN[UTP]+k ik, (K, +k, ) [PIIUMP]+k,k.k , [UTP][PHUMP]  (S.11)

These expressions, once multiplied by F* and F*” and divided by a denominator D, to be
resolved after all enzyme form expressions are obtained, will give the concentration fraction of
the respective enzyme form, that is, the enzyme form’s concentration divided by the total
enzyme concentration. The equations (S.12), (S.13) and (S.14) are obtained from equations
(S.9), (S.10) and (S.11) respectively, by following this procedure. Equations (S.15), (S.16) and
(S.17) refer to enzyme forms which are found in the second loop or UTase reaction,
UT:PIIUMP, Ternary Complex 2 (T.C.2) and UT*PIIUMP,, respectively. Enzyme form
UT:PIIUMP is the complex between UTase and PIIUMP through a non-uridylylated subunit
(differing from UT*PIIUMP), enzyme form T.C., is the ternary complex of the second loop
and enzyme form UT*PIIUMP: is the complex between enzyme doubly uridylylated PII
through a uridylylated subunit. These last three equations, relative to the second loop, are
multiplied by F and F”’, relative to the two other loops. The same logic applies to the next three
equations, (S.18), (S.19) and (S.20). They are relative the third loop, and they must be
multiplied by F, relative to the first loop, and F’, relative to the second loop. Lastly, the

expression for the free enzyme is equation (S.21).

kKK 5 [PH][PPi]+ kk, (k, +k;)[PN]

[UT : Pl [ + kK _sk_, [PPi][PIIUMP]
LTl D

]x FxF" (S.12)

kk,k ;[PIN[UTP][PPi]+kk.k, [PI][UTP]+ }

[[Bff] ) (k1k3k4[Ppi1[PHUMP1+k2Dk3k4 uTelPRiliPIOMRY) L

T
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kKoK [PI[UTP]+k K, (K, +k, )[PIIUMR]
[UT *PIIUMR] +k,k;k_, [UTP][PIIUMR ] o
= xF'x F (S.14)
[uTT, D
[k'lk‘_zk'_3[PIIUMP][PPi]+k'1k'4(k'_2+k'3)[PIIUMP]]
[UT :PIIUMP] +k', k' k', [PPi][PIIUMP,] FXE (515)

[UT ]T ) D

( k'.k', k', [PHUMP][UTP][PPi]+k", k', k", [PIIUMP][UTP]+
[TC,] (KK Kk [PPi][PIIUMP,]+k’, k' k' ,[UTP][PPi][PIIUMP,]

(k k', k', [PHUMP][UTP]+k" k", (k",+k’,)[PIIUMP,]
[UT*PlIUMP,] +k’, k' k' [UTP][PHUMR,]

]xeF" (S.16)

= FxF" (S.17
T}, 5 e
[k"lk"Zk"3[PIIUMP][PPi]+k" k", (k" ,+k",)[PIIUMP, J
[UT : PIIUMR,] +k",k [PPi][PIIUMP,] CExE
[UT]T D (5.18)
Lk"lk"zk"3[PIIUMP2][UTP][PPi]+k" k", k",[PIUMP,] UTP]+}
[TCs] K" K" ok [PPIJ[PIUMP]+k ", k", k" [UTP][PPI][PIUMR]) 5.19)
[uT], D
(k"lk"zk"B[PIIUMPz][UTP]Jrk"1k"4(k"2+k [PIIUMP]J
[UT *PIIUMP] _ +k", k", k", [UTP][PIIUMP, ] CFxF' (520
ut], D
[UT] FxFxF" (5.21)

Ut~ o

2.5.1.1 Change of constants

The constants in the equations for the fraction of each enzyme form are the constants
for the fundamental reactions that comprise the proposed mechanism. It is useful to substitute
these fundamental constants for constants which are more meaningful to each substrate and
product in the complete mechanism. Equations (S.22) to (S.51) are the identities between the

fundamental constants and the constants in the final equation.



Constant identities for the first loop

K,k
K — 34
MSg, kl(k3+k4)

-1

iSpy k_l
K K, (K, +k;)
Mok, (K, +k,)
k,+k,
e k—z
_ k., (K, +k;)
e K (ke k)
_ k3 + k4
[ T
k k.,
Ko, = K, (ky+k,)
I(4
K.,
_ k3k4
ks +K,
k — k—lk—Z
R O

iPouumn,

K

cate

Constant identities for the second loop:

K __ "%s®a
MSpiumn k '1 (k |3+ k '4)

iSPIIUMFl kll
_ k', (k' ,+k")
Mok, (K+k,)
_kg+kg

(S.22)

(S.23)

(S.24)

(S.25)

(S.26)

(S.27)

(S.28)

(S.29)

(S.30)

(S.31)

(S.32)

(S.33)

(S.34)

(S.35)

(S.36)

(S.37)

(S.38)

42



43

k '4
1Poiump, - k -41 (839)
k', k'
k  =—23"1 S.40
KLk, (5.40)
k', k',
=—=t =2 S.41
Rk, +k! (541
Constant identities for the third loop:
k" k",
=— 3 4 S.42
MSPIIUMF? 1( n + ) ( )
_ —l
iSpiume, k"1 (843)
Mo = K (K7 k") (S.44)
ok, (kk",)
o _karkT, (S.45)
lytp k "2
k", (k",+k";)
= S.46
ek (k) (5:49)
Kipp' = k Stk : (847)
i k 3
k" k"
K = T S.48
MPP||UMP3 k "4 (k “71+ k II72) ( )
k "4
iPoriume - k "_4 (849)
k", k",
= S.50
catF k ,,3+ k ..4 ( )
k KK, (S.51)

catR zﬁ
kK", +k",

The identities (S.22) to (S.51) can be used to perform a change of constants in the
equations for the enzyme form fractions. It is more interesting that the enzyme form fraction
equations be summed for each loop or reaction. The addition of the equations for the enzyme
forms in loop one, (S.12), (S.13) and (S.14), results in equation (S.52). The same procedure is
done for the equations of the second loop, (S.15), (S.16) and (S.17), in order to obtain equation
(S.53), and for the equations of the third loop, (S.18), (S.19) and (S.20), in order to obtain
equation (S.54).
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kk K, [PI][PPi]+ kk, (k, +k;)[PIl]
+ k_,k ok, [PPi][PIIUMP] +kk,k, [PI ][UTP]+
[UT : Pl ]+ kk,K 5 [PI][UTP][PPi]+k_k ;k_, [PPi][PHUMP]+
[TC.]+ k.k sk, [UTP][PPi][PIIUMP]+k.k,k, [ P11 ][UTP] +
[UT*PHUMP] ) { Kk k (K, +k;)[PIUMP]+k,k;k , [UTP][PIIUMP] X E (8.52)
[UT]. D '

k' k', k', [PIUMP][PPi]+k' k', (k' ,+k’, )[PIIUMP] +
k', k' k', [PPi][PIIUMP,]+k" k', k', [PIIUMP][UTP]+
[UT:PIIUMP]) | k'K, k', [PIUMP][UTP][PPi]+k" k" k', [PPi][PIUMP,]+

+[TC, ]+ k',k' k', [UTP][PPI][PIIUMP,]+ k' k', k', [PIIUMP][UTP]+
[UTPHUMR]) [ Kok (K ok [PIUMP, k', k' kS [UTPI[PIUMR] ) 559)
T, 0
k" k", k", [PHUMR,|[PPi]+k" k", (k" ,+K",)[PIUMP,]
+k", k" k", [PPI][PIUMP,]+k", k", k" , [PIIUMP, ][UTP][PPi] +
[UT : PIIUMP,] k", k", k", [PIUMP, JUTP]+k" , k" k" , [PPi][PIIUMP,] +
+[TC]+ k", k", k" [UTP][PPi][PIUMP]+k", k", k", [UTP][PIIUMP,] +
[UT*PIUMP) [ KKK [PIUMPI[UTPT k" K, (K", +k[PIUMP] ) -
ur], 0

The terms in these three equations are reorganized so as to have each combination of
product and substrate concentrations appear only once. This simplifies equations (S.52), (S.53)
and (S.54) to equations (S.55), (S.56) and (S.57), respectively.

kK, (K, +kq ) [PI]+kk, (ks +k,)[PH][UTP]+

[UT:PII]+ kikok 5 [PI|[UTP][PPi]+kk ,k ,[PI1][PPi]+
[T.C.]+ Kok (K, +K,,)[PPi][PHUMP]+k,kk , [UTP][PIIUMP]+
[UT*PIUMP]) | ik ok, [UTP][PRII[PIIUMP] +k k., (K, +k)[PIUMP] ) 559
o], D
k' k', (k' +k ) [PHUMP]+k' k', (k,+ k) [PIIUMP][UTP] +
[UT:PIUMP]) | K'k',k',[PIUMP][PPi]+k’ k', k', [PIIUMP][UTP][PPi]+
+[TC, ]+ k', k' k', [UTP][PIUMP, ]+ (k" k" )k, k', [PPi][PIIUMP, ]+
[UT*PHUMPR,]) K,k ok, [UTPI[PPAI[PIUMR [+ k' (K [PIUMR] | 550

uT] >



[UT : PIIUMR]
+[TC, ]+

[UT*PIIUMR,] |

k" k", (k" k") [PHUMP, ]+ k" k", (k",+k",) [PIIUMP, | UTP] +
k" k", k", [PHUMP,][PPi]+k" k", k", [PIIUMP,][UTP][PPi] +

k", k" k", [UTP][PHUMP,]+ (k" 1+k" k",
k", k" k", [UTP][PPI][PIIUMP,]+k" k™, (k" ,+K" ) [PIIUMP,]

k", [PPi][PIIUMP, ]+
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LT},

D

xFxF' (S.57)

Both the numerators and denominators of Egs. (S.21), (S.55), (S.56) and (S.57) are

divided by:

K oKy (K, k) xK' k' (K"K xk" K

" (K7k)

(S.58)

All terms corresponding to the first uridylylation cycle are grouped together, as are the

terms corresponding to the second uridylylation cycle and to the third uridylylation cycle.

Equation (S.21) results in:

[UT] FxF,xF
- (S.59)
D
[uT]. %k1k4(k2+k3)><k'1k'4(k'2+k'3)><k"lk"A(k"2+k"3))
Equation (S.55) results in:
kik, (k-z + k3) kik, (ks +k,)
kflk4(k72 +k3)[P”]+ k71k4(k72 +k3)[P|I][UTP]+
kK k . k.k_k .
s [P|I|[UTP|[PPi|+——22=[PII |[PPi]+
k1k4(kz+k3)[ el ]k1k4(kz+k3)[ IIP#1] F xF
Kl 46 o oy <F
TP | | i sk PPIPIOMRT 5 UTPIPIUMR
TC,
el M[uw][pp.]{pnump] a(kpt )[puuw]
[UT*PIUMR]) kK, (K, +k,) K, (K, +ky) 0
D .
[uT]. %klk4(k2+k3)xk‘1k'4(k'2+k'3)><k"1k"4(k"2+k"3))

Equation (S.56) results in:
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M[puump] kiky kit [PIIUMP][UTP]+
k—lkA(k-2+k klkA( 2
k' k', k k' kLK,
1—[PIIUMP][PP] [PIIUMP][UTP][PP|]+
k1k4(k k3 —l 4 —2 3 XFXF
kLkLk', Ktk Kk b
: ——22s2 4 UTP][PIUMP —PP PIIUMP,

UTPIMRTY | e ey LTPIPIUMRL S 2 ey [PRIILPIOMR
+HTC, |+ D Coke
T M[UTP]{PP@[PMUMP] LELPUELAS) BT

[UT *PIIUMP, ] k' k' (k' +k k' k', (k' k")

— -1 AN 2 1™ 4 2 3 (861)
ut
T} %k1k4(k2+k3)xk'1k'4(k'2+k'3)xk"1k"4(k"2+k"3))
Finally, Equation (S.57) results in:
M[puumpp KKK (oyygp JuTe]
k 1k4(k ) 1k4 —2+k 3)
k"k",k" k" k" k"
12233 Tp|IUMP PP|+ 1222 3 TPIUMP, |[UTP][PPi]+
k"_lk"4(k _2+ )[ ][ ] 1k4 2+ )[ ][ ][ ] XFXF
[ 1 2
. s utppiuwe Y2 I o

[UT : PIIUMP, KK (K k) ) (k k)
+TC., [+ "o
£ ! %[mp]{pp.][puumpp PLE >[puump]

[UT *PIUMP, | LK (k) k", (k" +k") (S62)
ut '
T} %k1k4(k2+k3)xk'lk'A(k'z+k'3)xk"1k"4(k"2+k"3))

such that F1, F» and F3 are given by:
F
Fe——— S.63
Tk, (K, k) (5.69)
F.
Fp=e———— (S.64)
Tk k(K k)
-
e (S.65)
ok k (kLK)
which in turn can be rewritten as:
k_ Kk, K.k, (K, +k;) K,k K,
=123 _ UTP S.66
. klk4(k2+k3)[ ] k k4(k72+k3)+ K K, (K, + kg)[ ] @09
k' k', k" k' k' (k' ,+k") k', k', k',
F=——l 2 23 i SAELAE M UTP] (5.67)
2 k1k4(k2+k3)[ ] k' k' (k',+ky) k' ke (k- )[ |
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- l((k . :k" )[UTP] (S.68)

The identities of the final constants from Egs. (S.22) to (S.51) are substituted into Eq.
(S5.66) to give:

K K
Fl _ MPoyump [PP|]+1+ MSpy, [UTP] (869)
iPPIIUMFl Mppi iSpy) Myre
into Eq. (S.67) to give:
K K
F,=—— "% [PPi]+1+ —— "% [UTP] (S.70)
IPPIIUMPZ Mppi ISPIIUMFl Myrp
into Eq. (S.68) to give:
K K
F, = ——%_ [PPj]4+14 — e [TP] (S.71)
IPoiump; *  Mppi ISpiume, *  Myrp

into Eq. (S.60) to give:

[Pu], [PH][UTP]
Kispu iSpy ~ “Myrp
[PHJIUTP][PPI] | Kup [PUIPPI]
Kispn Myre * Vippi iPoiiumn Kispn Mbppi
xF,xF,
[PPi][PlIUMPl] . Kus,, [UTP][PllUMPl] .
[UT Pl ]+ KiPPIIUMFi KMPPi KiSp” KiPPIIUMFi Mure
[TC.]+ [UTP][PPI][PIIUMR] _ [PIIUMR]
[UT * PI IUMpl] _ KMPPi KiUTP iPPIIUMH il:’PIIUMH (S 72)
[UTTotaI] - y ' ' ' ' " " " " .
(Kiky (K kg )xk' ke (kK xk " k" (K", +k "))

into Eq. (S.61) to give:
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[PHIUMR] [PIIUMP][UTP] |

iSPIIUMPl iSPIIUMH MUTP

[PIUMR][UTP][PPi] Ku,,, [PIUMR][PPI]

iSpiump,  Mutp © ippi iPonumr,  iSpiump | Mppi <ExE
[PPI][PIUMP,] K, [UTP][PHUMP,] N ’
[UT : PHUMR] Kbt Kt UL S ST
+[TC,]+ [UTP][PPI][PIIUMP,]  [PIIUMP,]
[UT*PlIUMP,] ) oo, Mo i oo, (5.73)
[UTro %klk4 (K kg )3k Ky (K k) xk ™ K (K™K ™)
and into Eq. (S.62) to give:
[PHIUMP,] _ [PIIUMP,][UTP]
iSpiume, iSpiump, Muyre
Kituuss, [PHUMP,][PPI]  [PHUMP,J[UTP][PPI]
iPonume, - iSerume, +  Mure iSpiump,  Mute e < E xE
Kusop, [UTPI[PIIUMP.] [PPI][PIIUMP] s
[UT : PIIUMR, ] S, FPonune, ' Mo Pon | Mos
+[TC,]+ [UTP][PPI][PIUMR]_[PIIUMP,]
[UT *PIIUMR]) Ponones Kb Kigr —_— 7
[UTrea] %k_1k4 (K +ky )k K (K +k ) xk " k" (k" k"))

Equations (S.59), (S.72), (S.73) and (S.74) are added to give:
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FxF,xF+
[PII ] s [PII ][UTP] N
KiSPn iSpy ~ “Muyrp

[PII][UTP][PPi] N K, [PIT[PPI]

iSpi* Myrp  ippi iPouum, " iSpn M i WE. xF.+
[PPi][PIUMR] _Kys,, [UTP][PIIUMR] o
Poonr, M iSp N iPoyuwp | Myt
[UTP][PPi][PIIUMR] [PIIUMP]
Kt Koo Kitps -
[PIUMR] _[PIIUMR][UTP]
iSpiume iSpuuvp, - Mure
[PHUMRUTP][PPI] K [PIIUMR][PPi] .
iSp“UMHKMUTP iopi Pouwe, Kisp”UMFl Mepi
[PPI[PIIUMP,]  Kus,y,, [UTP][PIUMP] SN
KMPPi iPonum iSeiumps - IPeiume, * Mure
UT]+ [UTP][ISZPi][PIIUMPZ]+[PIISMPZ]
[UT :PIl]+ Kb, Kt K Kippie,
[TC,]+ [PIUMP,] [PIUMP,][UTP]
[UT *PIIUMR]+ K, Ko, Kot
[UT : PIIUMR ]+ Koo, [PIUMP,J[PPI] _ [PHUMP,J[UTP][PPI]
[TC,|+ Ko, Ko, Kbt Kisoone, Kt K CE X E
[UT *PIIUMP, |+ e [UTPJ[PIUMR] [pPi][PUIUMR] |
[UT : PIIUMR, ]+ Kisooney Kitnir, Kb Kituningy Ko
[TC,]+ [UTP][PPI][PIIUMP,] _[PIIUMP,]
UT *PIIUMP, AL SV ST Kituon
[ U] 1) 5 - — % — (S.75)
%k_1k4(k_z+k3)><k LK Rk ) xk kT (kK )
Since:

[UT]+[UT : PI]+[T.C, ]+ [UT *PIIUMR] +
[UT] =| [UT :PIUMR]+[T.C,,]+[UT *PIIUMP, ]+ (S.76)
[UT : PHUMP, ] +[T.C.,]+[UT *PIIUMP,]

The numerator and denominator on the left side of EQ.(S.75) cancel out. The

denominator from the right side can then be “brought over” to the left side:



Such that:

FxF,xF+
[PH] [PI][UTP]
KiSP” " KispII KMUTP "
[PII][UTP][PPI] N K P [PII][PPi]
K

ISy~ ~Myrp " Nippi iPoriumn, —1Spi - Mopp

[PPi][PIIUMP,] N Ks,, [UTP][PIIUMR,] .
K

iPPIIUMFi M PPi iSPII iPPIIUMFi MUTP

[UTP][PPi][PIIUMPl] N [PIIUMPl]
K

+

M PPi iUTP iPPIIUMFi iF’PIIUMF—l

[PIUMR] _ [PIUMR][UTP] |

iSPIIUMFi iSF'IIUMFl MUTP

[PHUMR][UTP][PPi]  Kup,,, [PIUMR][PPI]

D'=

iPF'IIUMPZ iSPIIUMFl M PPi

[UTP][PIIUMP, ]

iSPIIUMFl Myre * “ippi
[PPi][PIIUMP2]+K
K

MPPi iPF'IIUMPZ iSF’IIUMF‘l ipPIIUMF‘Z MUTP

[UTP][PPi][PIIUMPZ] N [PIIUMPZ]

MSpyump

xF,

iPPIIUMF‘Z M PPi iUTP iPF’IIUMF‘Z

[PIIUMPZ] N [PIIUMPZ][UTP] N

iSPIIUMPZ iSF’IIUMF‘z MUTP

K [PIUMP,J[PPI] [PIUMP,]J[UTP][PPI]

iPPIIUMF:; iSPIIUMPZ MUTP iSPIIUMPZ MUTP iPPl

[UTP][PIUMP] [PPi][PIUMP,]

MSpiump,

iSpiump,  1Peiiumpy Mppi iPoumey —  Mppi

[UTP][PPi][PIIUMP3] +[PIIUMP3]

il:’PIIUMF‘:.:, M PPi iUTP iPPIIUMF{;

D

x F,+

xF xF,+

x F x F,

K ok, (K + K )k K (K k) <k k", (K", +k ")

(S.77)

(S.78)
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2.5.1.2 Numerators

The rate of uridylylation of PII is the rate at which PIIUMP; is released from the
complex UT*PIIUMPq, given by:

v, =[UT *PIIUMP, ]k, —[UT][PIIUMR ] k_, (S.79)
the rate of uridylylation of PIIUMP1 is the rate at which PIIUMP: is released from the
complex UT*PIIUMP;, given by:

v, =[UT *PIIUMR, ]k ',—[UT][PIIUMR, ]k, (S.80)
and the rate of uridylylation of PITUMP: is the rate at which PIIUMP3 is released from
the complex UT*PIIUMP;3, given by:

v, =[UT *PIIUMPR, ]k ",—[UT][PIIUMP, ]k ", (S.81)

Equation (S.14) can be modified to:

uT] ks [PIUTP]+k ey (K, k) [PHUMRT)
i +k,ksk , [UTP][PHUMPR] 582)

D

[UT *PIIUMR ] =
and Eq. (S.21) can be modified to:

[UT] _ [UT ]T FD>< F'xF" (5.83)

By substituting Egs. (S.82) and (S.83) into Eq. (S.79) while substituting F for Eq. (S.6)

we produce:

kkok,[PI1][UTP] + k kK 5[ PPi]+
[UT] || K ik, (K, +ks)[PHUMP]+ |k, —{ k_k, (K., +k;) + [PHUMP]k,, [x F'xF"
koksk . [UTP][PIIUMP, kok,k, [UTP
L atoelipioe) ) cifore -

By multiplying out the constants and concentration in evidence we obtain:
KK, kK, [PII ][UTP] +k .k Kk, (k_2 + ks)[PI IUMPl]
[UT ]T +k, kK K, [UTP][PIIUMF’l]—k_lk_4k4 (k_2 + k3)[PIIUMP1] xF'xF"
—K, kKK, [UTP][PIIUMF’l]—kflkfzkfe,,kf4 [PPi][PIIUMPl]

v, = 5 (S.85)

There are two pairs of opposite terms which cancel out, to give:




[UT], (kkokok, [P [UTP] =K k k ok, [PPi][PIIUMR])x F'x F*

v, = 5 (S.86)
Both numerator and denominator are divided by Eq. (S.58) to give:
kK, kK k .k k. .k :
UT| | —2224+ _[PIl [|[UTP|-—2="-2_|PPi|[PIIUMP,
T [ fenore]- S e
F F"
X . . . ; X " " " "
v, = k71k4(k 72+k3) k 71k 4(k 72+k 3) (S.87)

D
Alk4 (K, Ky )k k(K k) xk™ k" (K" ,+k")

Equations (S.64), (S.70) and (S.78) into Eq. (S.87), as well as the identities in Eqgs.(S.23),
(S.24), (S.26) and (S.29) to give:

~ ReatR

iSpi * “Muyrp iPonumn, * Mepei

] (km [PuuTP] [PPi][PIIUMPl]JX .

v, =
DI
The equivalent procedure applied to Eq. (S.80) will give:

(S.88)

uT), (k [PEUMH}]([UTP] e [PE'][P”IS MPZ]]X FxF,
iSpump, - Mute iPoiumr, - Mppi
(S.89)

D 1

V, =

and applied to Eq. (S.81) will give:

[UT ]T [kcatF [P:(IUMle]([UTP] - kcatR [PEI][PI IliJMP?’]J X Fl X F2
iSpiump, - Mure iPoriumpy +  Mppi
(S.90)

Dl

V, =
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When inhibition by glutamine is considered, with the assumption that it is able to bind

to any of the ten forms of the enzyme considered in the mechanism with equal affinity, a term

is added to the denominators of these three velocity equations, resulting Egs. (2a), (2b) and (2c).

2.5.2 Correlations between constants for P11 forms

The constants used in the final form of the kinetic equations are in fact combinations

of

the fundamental constants shown in Figure 1. In order to establish correlations between the final

constants, correlations between the fundamental constants are established first and then

converted into the correlations between the final constants. We assume that the binding between

the enzyme and a trimer of PII happens mainly through interactions to the PII subunit whose
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T-loop enters the active site. Whatever the effectors bound or the uridylylation status of the two

other “secondary” subunits, they are assumed not to affect the binding.

The first step in the mechanism (Figure 1) for the first reaction is the binding of PII to
the enzyme. Since the only subunit whose state matters is the “binding subunit”, it is useful to
visualize the binding of that subunit alone, while disregarding the “secondary subunits” (Figure
S1). These two ways of visualization, of the whole trimer and of only the binding subunit, are
also applied to the binding of PIIUMP; (Figure S2) and PIIUMP; (Figure S3) to UTase, the first
steps of the second and third reactions, respectively. The binding always occurs through a non-
uridylylated subunit. The proportionalities between the concentration of each of these trimers,
when the trimer visualization is used, and the concentration of non-uridylylated subunits, when

the subunit visualization is used, are given in Equations (S.91), (S.92) and (S.93) .

8:>+ .: .

uT UT:PII

—

k'l sub

. Q
O+ 1B
I:)“sub uTt

UT:P”sub

Figure S3 - Binding of P1l to UTase, visualization as the trimer binding (above) and as the subunit binding (below).

[Pllsub]=3[PII] (5.91)
k'
e

k_,'

PHHUMP, uTt UT:PITUMP,
klsub O
—_—

O+ P =— (B
k—lsub

Pllsu ut UT:Pllsws

Figure S4 — Binding of PIIUMP; to UTase, visualization as the trimer binding (above) and as a non-uridylylated

subunit binding (below).
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[Pl ]=2[PIIUMR] (5.92)

sub

)
>
—

PIIUMP, uTt UT:PIIUMP,
O » — OB
+ — >
"

k—lsub
P“sub UT

-+

UT:Pllsub

Figure S5 — Binding of PIIUMP; to UTase, visualization as the trimer binding (above) and as a non-
uridylylated subunit binding (below).

[PIl,,]=[PHUMP,] (5.93)

The velocity of the binding of the binding reactions are written, from the perspective of
the trimer as well as of the binding subunit, for the first step of the first reaction:

V, =k [PN][UT] (S.94)
V, =K [PI Isub][UT] (S.95)
for the first step of the second reaction:

V, =k, [PIIUMR][UT] (S.96)
V, =k, [PI Isub][UT] (S.97)
and for the first step of the third reaction:

V, =k; [PIUMP,][UT] (5.98)

V, =Ko [PH J[UT] (S.99)

Since what changes is only the perspective of visualization, the velocity of the binding reaction Vi is
the same despite the perspective, Equations (S.94) and (S.95) can be rewritten as:

k [PI[UT ] =Ky [ P11, J[UT ] (S.100)
Equations (S.96) and (S.97) can be rewritten to:

k'l[PIIUMPl][UT]=klsub[Pllsub][UT] (S.101)
and Equations (S.98) and (S.99) can be rewritten to:

k", [PHUMP, ][UT] =k [P1, ][UT] (S.102)
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Each of the proportions from Equations (S.91), (S.92) and (S.93) is substituted
Equations (S.100), (S.101) and (S.102), respectively:

k [PI][UT ] =k, 3[PI][UT] (S.103)
k', [PHUMB][UT | =k, 2[PIIUMP,][UT] (S.104)
K, [PIUMP, |[UT | =k, [PHUMP, ][UT] (S.105)

Which result in the correlations between the fundamental constants for each trimer and

for the non-uridylylated subunit:

k, = 3K, (S.106)
k I1 = 2klsub (8107)
" =K (S.108)

The velocity of the dissociation reactions in Figures S1, S2 and S3 are given by:

V, =k, [UT:Pl] (S.109)
V', =k',[UT : PIIUMR] (S.110)
V", =k",[UT :PIIUMR,] (S.111)

Which can be written from the perspective of the binding subunit as well:

V=K 1 [UT : Pl | (S.112)
V' =K [UT P, ] (S.113)
V" =K [UT DPIL, ] (S.114)

By substituting Equations (S.109), (S.110) and (S.111) into Equations (S.112), (S.113)
and (S.114), we obtain:

K, [UT : P =Ky, [UT : P, ] (S.115)
k', [UT : PIIUMP,] =k_,, [UT : Pl ] (S.116)
k", [UT : PHUMP, | =k_,,, [UT : PIl, | (S.117)

Since the variation in perspective does not change the concentration of the complex, the

concentrations cancel out to give:

K, =K (S.118)
k', =K. (5.119)
K", =K 10 (S.120)
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The second step in each of the uridylylation reactions is the binding of UTP to the
complex between enzyme either PII, PIIUMP1 or PIIUMP:. In all these three complexes the
binding is through a non-uridylylated subunit. From the assumption that the state of the two
remaining “secondary subunits” does not affect the interaction of the trimer and the enzyme,
all three of these complexes should interact identically with UTP in this second step. Therefore,
the fundamental constants for the binding of UTP are equal for the three uridylylation reactions:

k,=k',=k", (S.121)
as are the constants for the reverse reaction of the second step, the dissociation of UTP:

k,=k',=k", (S.122)

The third step in the mechanism is the dissociation of PP; from the ternary complex,
after catalysis. The interaction between enzyme and either PIIUMP1, PIIUMP, and PITUMP3 is
now through a uridylylated subunit, and since we assume it is not affected by the two other
subunits, the interaction with the dissociating PP; molecule is identical in all three complexes.

Thus the constants the dissociation of PP; are equal for the three uridylylation reactions:

k,=k',=k", (S.123)
as are the constants for the reverse reaction, of binding of PP;:

k,=k',=k", (5.124)

The fourth and last step in the mechanism is the dissociation of the product from the
enzyme, PIITUMP1, PIHHUMP: or PITUMP3, depending on the reaction. The reverse is the binding
of these forms of uridylylated PII to the enzyme. The interaction between PIl and the enzyme
in these cases is through a uridylylated subunit. Similarly to the first step, the analysis of this
step through the visualization in the perspective of the trimer and in the perspective of the
binding subunit is important for obtaining the correlations and is shown in Figures S4, S5 and
S6.
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P+ W=
ks

PIIUMP, uT UT*PIIUMP,
C ) C
+ —
—
k4suh
PIHUMPs.p uT UT*PIIUMPsub

Figure S6 — Binding and dissociation of PIIUMP; to UTase, from the perspective of the trimer (above)
and of the binding subunit (below).

The proportion between the concentration of the trimer and of the subunit and between
the concentration of the complex in the perspective of trimer and of subunit are given in
Equations (S.125) to (S.130).

[PHUMR]=[PIIUMP,, ] (S.125)
[UT *PIIUMR,] = [UT *PIIUMP,, ] (S.126)
&
PIIUMP, ut UT*PIIUMP,
O+ P — CB
4sub
P”UMPsub UT UT*P”UMPsub

Figure S7 — Binding and dissociation of PIIUMP,to UTase, from the perspective of the trimer (above)

and of the binding subunit (below).

[PHUMP,

sub

]=2[PIIUMR,] (S.127)

UT *PIIUMP, | =|UT *PIHIUMP. (5.128)
sub
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k_4ll
3 JF==N%e

k4”
PIIUMP3 uT UT*PIIUMP3
C+ B — (CB
—
——~
k4sub
PHHUMPss uT UT*PIIUMPyb

Figure S8 — Binding and dissociation of PIIUMP; from UTase, from the perspective of the trimer (above)
and of the binding subunit (below).

[PIIUMP,,]=3[PIIUMR,] (S.129)

[UT *PIIUMP, ] =[UT *PIIUMP,,, ] (S.130)

The velocity of dissociation of PIIUMP1, PIIUMP: and PIITUMP3 can be written from
the perspective of the trimer as:

V, =k, [UT *PIIUMR] (S.131)
V', =k, [UT *PIIUMP, | (S.132)
V", =k",[UT *PIIUMR,] (S.133)

and from the perspective of the subunit as:

V, =Ky [UT *PIIUMP,, | (S.134)
V', =K, [UT *PIUMP,, | (S.135)
V", =Ky [UT *PHUMP,, | (S.136)

One of the two equations for each velocity can be substituted into the other to produce:

k,[UT *PIIUMR ] =k, [UT *PIIUMP,, ] (S.137)
k', [UT *PIIUMP,] = k,,, [UT *PIIUMP,, | (S.138)
k", [UT *PIUMR, | = k,,, [UT *PIlUMP,, ] (S.139)

Equations (S.126), (S.128) and (S.130) are substituted into Equations (S.137), (S.138)
and (S.139), respectively:



k, [UT *PIIUMB | =k,,,, [UT *PIIUMP,]
k', [UT *PIIUMP, | =K,q,, [UT *PIIUMP, |
k", [UT *PIUMP, | =K,, [UT * PIIUMP, |
The concentrations of the complexes cancel out to give:
Ky =Ky
K's =Ky

k I'4 = k4sub

(S.140)
(S.141)

(S.142)

(S.143)
(S.144)

(S.145)
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The velocities of the reverse fourth step in the mechanism, the binding of PIIUMP4,

PIIUMP: or PIIUMP3 to the enzyme through a uridylylated subunit, are given in the perspective

of the trimer by:

V., =k, [UT][PIIUMR]
L =k', [UT][PIIUMP,]

v",=k", [UT][PIIUMPg]
and in the perspective of the binding subunit by:

V., =K, [UT][PIIUMPsub]
\Y I—4 = k—4sub [UT][P“UMPSUb]

V" =K [UTI[PIUMP,, |

(S.146)
(S.147)

(S.148)

(S.149)
(S.150)

(S.151)

The substitution of Eqgs. (5.146), (5.147) and (S.148) into Egs. (S.149), (S.150) and

(S.151) result in:

k [UT][PIUMR] =K ,,, [UT][PHUMP,, ]
k', [UT][PIIUMP,] =K ,,, [UT][PIIUMP,, ]

k", [UTJ[PHUMP, ] =K 1, [UT ] [PIUMP,, ]

(S.152)
(S.153)

(S.154)
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Equations (S.125), (S.127) and (S.129) are substituted into Egs. (S.152), (S.153) and
(S.154), respectively, to produce:

k,[UT][PIIUMR] =k ,,, [UT][PIIUMR] (S.155)
k', [UT][PIIUMP,] =2k ,,, [UT][PIIUMP,] (S.156)
k™, [UT][PIIUMR,] =3k ,, [UT][PIIUMP,] (S.157)

The concentrations of enzyme and trimer cancel out to give:

k74 = k—45ub (8158)
k', =2K 4o (S.159)
K" , = 3K 4o (S.160)

The fundamental constants for the second and third uridylylation reactions can be
written in function of the constants for the first reaction. From Egs. (S.106) to (S.108):

K, :%kl (S.161)
k", — % K, (5.162)
From Eqgs. (S.118) to(S.120):
k' =k, (5.163)
k", =k, (S.164)
From Eq. (S.121):
k', =k, (S.165)
k", =k, (S.166)
From Eq.(S.122):
k', =k, (S.167)
k", =k, (S.168)

From Eq.(S.123):

k', =k, (5.169)
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K", =k, (S.170)
From Eq.(S.124):
k', =k, (S.171)
k", =k, (S.172)
From Egs. (S.143) to (S.145):
k', =k, (S.173)
k", =k, (S.174)
From Egs. (S.158) to (S.160):
k', =2k, (S.175)
k", =3k, (S.176)

The correlations from the fundamental constants from Egs. (S.161) to (S.176) can be
substituted into the identities for the final constants for the second and third reactions from Eqgs.
(S.32) to (S.51). The constants for UTP and PP;, as well as both the forward and reverse Kcat,

are the equal for the three uridylylation reactions:

Kotk Ka(kiprks) k(K rk') (5.177)
More kz(k3+k4) klz(k'3+k'4) k"2(k"3+k"4)
_ky+k, KUtk kUtkt, (S.178)
lyre k2 k'2 k"2
o Kalkatk) _ KL(korkly) k(K" k") (5.179)
Meei k,3(k—1+k72) k'73(k'71+k'72) k"73(k"71+k",2)
k, +k k! k"
o _ketky Kotk KK (S.180)
PPi k73 k _3 k _3
kk A K"
ok KGKG KK (S.181)
Foko+k, kyrkt,  kUek,
_ kak, kLK, kUK, (S.182)

ok, +k, k',+k', k" +k",

The constants for the PI1I substrate and product of the second uridylylation reaction are:



MSeiiumR -

(S.183)

ISpiumn -

(S.184)

K,

> S.185
2k, (K, +k.,) (5.185)

MPouume,

K =31 (5.186)

The constants for the P11 substrate and product of the third uridylylation reaction are

MSpiume, 1

(S.187)
§kl(k +k,)

KISPIIUMPZ = 1_ (8'188)
—k

-1-2

Kk, S.189
MPoiume 3k74 (k,l + kfz ) ( )

Koo, = l':,f (5.190)
—4

These give the correlations presented in the main body of the article

3
MSpiuumn E MSpy, (53_)
MS piuMP, 3Kys PII (5b)
3
IS pump 2 Kis PIl (6a)
IS piuMPy 3Kis PIl (6b)

1
MP pi1uMP, - E Kup PIIUMR (7a)
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1
MP p1iuMPy - 5 MP pliumR (7b)
1
P piuMp, 2 Kip PIIUMR (8a)
- (&)

P pr1uMP :§ P priumMR

2.5.3 Deduction of product inhibition patterns

In product inhibition studies, various sets of assays are done. In each set, the
concentration of one of the substrates is varied (the “variable substrate’) while the concentration
of the other is held constant (the “fixed substrate”). In each set of assays, only one of the
products is added; the concentration of the other product is zero and all terms that contain it
disappear from the equation. After this simplified equation is obtained, the type of product
inhibition to be expected in the set of assays can be inferred from the terms that remain the
denominator: if the concentration of the added product appears in terms that also contain the
concentration of the variable substrate, the inhibition is uncompetitive; if it appears in terms
that do not contain the concentration of the variable substrate, the inhibition is competitive; if
it appears in both types of terms, the inhibition is mixed; finally, if it does not appear in any
term, then there is no inhibition. This procedure is done for each possible combination of
variable substrate, fixed substrate and added product; for a reaction involving two substrates
and two products, there are eight such combinations. The whole procedure is repeated, but this
time assuming that the fixed substrate is present at such a high concentration (denominated
“saturating concentration”) that those terms in the denominator that do not contain the
concentration of the fixed substrate are negligible and can be cut from the denominator. This
may change the type of inhibition that the added product is predicted to cause for the variable

substrate. These analyses give a “product inhibition pattern”.

2.5.3.1 Product inhibition patterns predicted by the model of Bruggeman et al. (2005)



64

This section explains the deductions of the product inhibition patterns that are given in
Table 2 of the main article for the model of UTase developed by Bruggeman et al. (2005).

The substrates of the first uridylylation loop, namely non-uridylylated P1l and UTP, are
always present in the assays. All these experiments were undertaken without added GLN, such
that the term (1+[GLN]/Kcewn) = 1. When PPj is added to be tested as an inhibitor, PIIUMPq,
PIIUMP2 and PITUMP3 are not present, so any terms with the concentrations of these species,

in gray in Eqg.(S.191), are null:

UT] ke [PUTUTP]

iSPII MUTP

v, =
iSp - Myrp
] K
JPu] [PuuTP] [PHJIUTPI[PR] Ky,
(1 [GLN]] KiSPu KiSPu KMUTP KiSPu KMUTPKiPP, Kispu KiPPIIUMPl
_I_i
Kaw )|, . [uTP], (UTP][PR] , Kis,
iSPII iSPII MUTP isF—’II MUTP IPP, iSPII ipPIIUMH
1 K (S.191)
(I I TP 10 [OTPR] Ke,

ISPH iSPII MUTP isPII MUTP iPP, isPII iPPIIUMH

When these terms are removed, the result is Eq. (10a).

2.5.3.1.1 Product inhibition of the first uridylylation reaction when PPi is added as the
inhibitor

When PII is the variable substrate and UTP is added at a fixed, non-saturating
concentration, there are three terms in the denominator containing the added product PP;i. This
is shown in EQ.(S.192), in which PP; is in red and PII, whenever in the same term as PP;j, is

shown in blue:
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—

Pl [UTP]

[UT] k

T catF

A

iSpyy KMUTP
KMSP,, [UTP] N [P“ ] N [P|| ] [UTP] . (5.192)

iSpyy KMUTP Kispu KiSPII KMUTP

Kby [PPi]+[PII] [PPi]| Ky, +[PII][UTP] [PPi]

iPoriump ippi iSpyy Mbppi iPonump iSpyy Myre ippi

Of the three terms that contain [PPi], two also contain the concentration of the variable
substrate, PII, which means there is uncompetitive inhibition. The other PPj-containing term
does not have PII concentration, meaning there is competitive inhibition. Since both types of

inhibition are present, there is mixed inhibition.

When PII is the variable substrate and UTP the fixed “saturating” substrate, the UTP
concentration is high enough that all terms that do not contain the UTP concentration are
negligible and are removed from the equation. The equation without these terms, showing PP;

in red and PIl in blue, is:

—

Pl | [UTP
U] ke )
15p)) Myrp (8193)
Kus,, [UTP] [PUT[UTP]

K Muyre

[PII][UTP][PPIi]
K

vV, =

iSpyy KMUTP iSpyy

iSpyy Myre ippi

Since the only term containing PP; concentration also contains Pl concentration, the predicted

inhibition is uncompetitive.

The next two sets of assays have UTP as the variable substrate and PII as the fixed
substrate. For the set of assays in which the PII concentration is not “saturating”, the following

equation holds:
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—

Pl [UTP]

[UT] k

T catF

A

iSpyy KMUTP
KMSP,, [UTP] N [P“ ] N [P|| ] [UTP] . (5.194)

KiSP” KMUTP Kispu KiSPII KMUTP

Kby [PPi]+[PII] [PPi]| Ky, +[PII][UTP] [PPi]

iPoriump ippi iSpyy Mbppi iPonump iSpyy Myre ippi

There are two terms that contain the PP;i concentration but that do not contain the UTP
concentration, meaning there is competitive inhibition. There is also a term with both PP; and
UTP concentration, so there is also uncompetitive inhibition. Since both types of inhibition are
present, the predicted inhibition is mixed.

For the set of assays in which PII concentration is “saturating”, all terms not containing

P1I concentration are negligible and are removed from Eq. (S.194), giving:

[UT] k

T “catF

A

iS M
Pl uTP (8195)
[Pu] [PU][UTP]

Kisey  Kisey Ky
[PII][PPi] K +[PII][UTP][PPi]
K

<
|

MPoyump

iSpyi KMPPi KiPPIIUMP KisPII KMUTP KiPPi

Of the two terms containing PP; concentration in the denominator of this equation, one also has
UTP concentration, while the other does not. This corresponds to mixed inhibition, which is

unchanged from the situation in which the PII concentration was not “saturating”.

2.5.3.1.2 Product inhibition of the first uridylylation reaction when PITUMP3 is added as the
inhibitor

The other product that Jiang et al. (1998) tested as an inhibitor of the first uridylylation
reaction was PIITUMP3. The molecular species PP;, PIIUMP: and PITUMP, were not added to
this set of assays. Since their concentrations were null, any terms containing the concentrations

of these species are negligible. These concentrations are in gray in Eq. (S.196):
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[UT]. k. [PH][UTP]

V.= iSpy " Myrp
1 1+ KMSpu [UTP]
iSpy “Myrp
[PII] [PUIUTP] [PH]UTP] 77 Ky
et + L (S.196)
[1 [GLN ]j Kispn Kispn KMUTP Kispn KMUTP Kipa Kispn Kippuuma
_I_
KGLN n n [UTP] + [UTP] + KMSPII
iSpy iy Muyrp iSpy~ Myrp e i iPouwn
K PIIUMP
+ + [UTP]+ [UTP] + Mspn[ 3]
Kispu iSpy Myrp iSpy~ Myrp * lpp i IPouwny

There are two sets of assays in which PII is the variable substrate and UTP the fixed
substrate. In the first set of assays, the concentration of UTP is not “saturating”. Equation
(S.197) shows the concentration of PIITUMP3 in red:

[UT]T Koot [PII ][UTP]

I<iS KM
v, = KP” [J‘?P] (5.197)
+MSP“7
ISy~ Myre
+[PII]+[PII][UTP]+KMSP“[PIIUMP3]
KiSpII iSpy; ' My Kispu iPoumn

Since there is only one term with the concentration of PIIUMP3 and it does not contain the

concentration of the variable substrate, P11, the inhibition is competitive.

In the set of assays in which the concentration of UTP is “saturating”, any terms not
containing the concentration of UTP are negligible. After these terms are removed, Eq. (S.198)

simplifies to:

[UT]T Koot [PII ][UTP]

K. K
V., = iSp; ~ “Myrp (8199)

1 [KMSP” [UTP]JPII][UTP]J

K

iSpyy ~ “Myrp ISy~ “Myre
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Since there are no terms containing the concentration of PIIUMP3 in the denominator, there is

no predicted inhibition.

There are two sets of assays in which UTP is the variable substrate and Pl the fixed
substrate. The type of inhibition for the set of assays in which the concentration of PII is not
“saturating” can be predicted from Eq. (S.197). Since the term containing the concentration of

PIIUMP3, does not contain the concentration of UTP, the type of inhibition is competitive.

When the concentration of PII is “saturating”, the removal of any terms not containing

the concentration of PII results in:

[UTtotal ] Koats [PI | ][UTP]
K
V1 iSpyy MUTP (SZOO)
,[GLN] [PII] [PI][ UTP]
GLN ISPII MUTP

Since there are no terms with the concentration of PIIUMP3, there is no inhibition.

2.5.3.2 Product inhibition patterns predicted by the model developed in the current work

This section explains the deductions of the product inhibition patterns that are given in
Table 2 of the main article for the model of UTase developed in the current work. The same
procedures of analysis were undertaken as those presented in the previous section for the model

of Bruggeman et al. (2005).

For the set of assays with PII as the fixed substrate and UTP as the fixed substrate,

present at a non-saturating concentration, the equation with the remaining terms is:

uTP
{[UTW. K. [”K]]

~

iSpy “Myrp

KMSPII [UTP]+ MPP”UMH [PPI]
K.

ISPII MUTP iPPIIUMH iPPl

[PI1][UTP] [PPi]

1+

+ (S.201)

MPoum

[P]  [PU[UTP] [Pu][PRI]K
K.

iSpy KiSPu KMuw KiSPn KMPPi KiPpuwa KiSPII KMuw KiPPi
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which produces mixed inhibition. For a “saturating” concentration of UTP instead, the equation

simplifies to:

[[UT " [PII][UTP]]
Total catFK

iSpy)

v, = Mure _ (S.202)
(KMSP” [UTP][PII]+[PII][UTP]+[PII][UTP][PP|]]

K K

iSpyy KMUTP iSPII KisPII KMUTP KiSPII KMUTP KiPPi

which produces uncompetitive inhibition.

For PPj tested as the inhibitor, UTP as the variable substrate and P11 as the fixed substrate

at a non-saturating concentration, our equation simplifies to:

[[UTTotal WKeae [P“HUTP]]

V. = iSpy My
1™ K K .
o O] [P o
KiSp” MUTP iPPllUMH iPPi
[P}, [Pu][uTP] _[P1][PPi] Kigy,,,  [PN][UTP][PPI
KiSPu KiSPu KMuw KiSPII KMPPi Kippnuwla KiSPu Myre KiPPi

which produces mixed inhibition. If PIl is added at a saturating concentration instead, the

equation further simplifies to:

[[UT ; [PHHUTPJJ
Total 1™ catF K

_ Sy “Myre

a [[PII]+ [PU]UTP]  [P1][PPi] Kig,,,  [PNI][UTP][PP]
K

(S.204)
iSpy KiSPu Myrp KiSPu Mepp; Kippnuma Kispu KMurp ipp.]
which still produces mixed inhibition.

For PIITUMP3 tested as the inhibitor, PIl as the variable substrate and UTP as the fixed

substrate at a non-saturating concentration, the equation simplifies to:

L[UT K [Pll][UTP]J
Total catFK K

iSpyy Myrp
V, = (S5.205)
! +KMSP” [U'|'|3]+[P||]+[P||][UTP]+
Kispu KMUTP iSpyy KiSPn KMUTP

[P||U|\/|P3]+[P||U|\/|P3] [UTP] K

MSpiump,

iPoiiump, K“:'Pllurvlp3 KMUTP Kispuumpz
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which produces competitive inhibition. If UTP is added at a saturating concentration instead,
the equation further simplifies to:

[PII] [UTP]

KMUTP
ws,, |UTP] N [PII][UTP] (S.206)

iSpyy

[ [U TTotaI ] kcatF
vV, = K

+
Kispu KMUTP KiSPll KMUTP

PIIUMP, | [UTP] K

MSpiume,

iPoiume, KMUTP iSpiump,

which still produces competitive inhibition.
For PIITUMP; tested as inhibitor, UTP as the variable substrate and PIll as the fixed

substrate, added at a non-saturating concentration, the simplified equation is:

L[UT K [Pll][UTP]J
Total catFK

iSpyy Myrp

v, = (S.207)

. Ku, [UTP] [PN] [PUT[UTP]
iSpyy KMUTP Kispu KiSPn KMUTP

[P||U|\/|P3]+[P||U|\/|P3] [UTP] K

MSpiump,

iPoiiump, KiF'PHUMP3 KMUTP Kispuumpz

which produces mixed inhibition. If PIl is added at a saturating concentration instead, the

equation simplifies further to:

([UT " [PII][UTP]]
Total catFK

iS KM

Vl — PII uTp (8208)
[Pll ] N [Pll] [UTP]
KiSPu KiSPu KMUTP

which produces no inhibition.
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3 ARTIGO 2: A Unified Model of E. coli Uridylyltransferase and P11 effector binding
3.1 INTRODUCTON

Several mathematical models have been proposed to describe the Escherichia coli
ammonia assimilation system and its regulation, either entirely or in part (Mutalik et al., 2003;
Bruggeman et al., 2005; Kurata et al., 2005; Lodeiro and Melgarejo, 2008; Ma et al., 2009;
Kidd and Wingreen, 2010; ARTIGO 1). Up until recently, the model to best describe the activity
of uridylyltransferse (UTase) was the one by Bruggeman et al. (2005). It has a kinetic equation
for each of the three uridylylation reactions catalyzed by UTase and these equations take into
account product inhibition by pyrophosphate and by the uridylylated forms of PIl. However,
they do not correctly predict the product inhibition pattern for UTase (Jiang et al. 1998), as
shown in our previous paper (Mallmann et al. 2015). In that same paper, we have also proposed
a set of kinetic equations for UTase that do predict the correct product inhibition pattern.
However, neither our model nor the model of Bruggeman et al. (2005) take into account that
the uridylylation of a PII trimer by UTase is affected by the binding of allosteric effectors to
PIlI.

PII has three sites for the binding of either ATP or ADP, each located in a cleft where
two of the subunits interact. Next to each of the ATP/ADP binding sites is located a site for the
binding of 2-OG. A 2-OG molecule is only able to bind to its site if there is an ATP molecule
bound to the neighboring ATP/ADP site (Fokina et al., 2010), and the binding of the second
and third 2-OG molecules to the same PII trimer present strong negative cooperativity
(Kamberov et al., 1995; Jiang, Ninfa, 2007). Pl can only be uridylylated if ATP and 2-OG are
bound to it (Jiang et al. 1998). The previous kinetic models for UTase ignore this, and treat all
PII as uridylylatable. That is effectively the same as assuming that PII is fully bound with 2-
OG. Since 2-OG binds to PII with strong negative cooperativity (the Km for the binding of the
third 2-OG may be as high as 6000 uM), P1I fully bound with 2-OG will only be possible at the
end of the physiological range of 2-OG concentration, which varies from 1 mM to 10 mM (Ref),
the previous models for UTase have their application limited to very high 2-OG concentrations.
Since PII uridylylation is affected by 2-OG binding, which in turn is affected by ATP/ADP
binding, a model for PII uridylylation should take the binding of these small-molecule effectors

to PII into account.

Of the models that describe the binding of small-molecule effectors to Pl (Jiang, Ninfa,
2007; Bruggeman et al., 2005; Rocha et al., 2013) only that of Rocha et al. (2013) describes
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the full range of P11 ligation states when ATP, ADP and 2-OG are present simultaneously. The
Rocha model considers 20 possible states for PI1. These states take into account the competitive
binding of ATP and ADP, and also the binding of 2-OG to ATP-bound PII subunits only. The
Rocha model considers negative cooperativity for the binding of additional ATP molecules per
trimer, no cooperativity for the binding of ADP, and strong negative cooperativity for the
binding of additional 2-OG molecules per trimer. An interesting assumption of the Rocha model
is that the binding of 2-OG, mandatorily to an ATP-bound subunit, traps the bound ATP
molecule in its site. Therefore, the 2-OG must dissociate before the ATP in that same subunit
is able to. This would provide an explanation that had not been suggested previously for the
fact that in the presence of 2-OG there is more ATP bound to PIl (Rocha et al., 2013).

In order to obtain a model that is able to correctly describe the uridylylation of PIl in
various concentrations of ADP, ATP and 2-OG, in this paper the uridylylation model of
Mallmann et al. (previous work) and the PII effector-binding model of Rocha et al. (2013) are

joined into a unified model for the PII signal transduction protein and its uridylylation.

3.2 MODEL DEVELOPMENT

The model is based on 5 key assumptions. First, the binding of the effectors ADP, ATP
and 2-OG to PII subunits follows model 4 of Rocha et al. (2013). Second, the uridylylation
state of the trimer does not affect the dissociation constants associated with the binding of these
effectors. Third, the UTase activity can only uridylylate or deuridylyate a subunit of Pl that
has a bound 2-OG (Jiang et al., 1998). Fourth, the catalytic constants related to the uridylylation
of a subunit are not affected by the uridylylation states of the other subunits (Mallmann et al.
2015). Fifth, after the T-loop of a subunit is uridylylated, it is possible for 2-OG to dissociate

from that subunit.

Based on these assumptions, Figure 1 shows the various uridylylation reactions that are
possible with PII. In this figure, the PII trimers in any particular row have the same number of
bound 2-OG molecules. Likewise, the PII trimers in any particular column have the same
“uridylylation state” (i.e. the same number of uridylylated subunits). The horizontal arrows
represent uridylylation reactions catalyzed by UTase, while vertical bidirectional arrows

represent reversible, non-covalent binding of 2-OG. Importantly, each PII trimer shown in
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Figure 1 represents what we will refer to as a superstate. Each superstate represents a pool of
substates with a common number of uridylylated subunits and also a common number of bound
2-OG molecules (i.e. PII:Gy is the superstate that represents all substates with no uridylylated
subunits and with one 2-OG molecule bound, whereas PIIUMP2:G3z represents all substates with
two udridylyylated subunits and with three 2-OG molecules bound). Also, the substates
comprised in a single superstate have different numbers of bound ATP and ADP molecules and
the 2-OG molecules can be bound to different subunits of the trimer (Section 1.1 of the
Supplementary Material). Subunits with a bound 2-OG always have a bound ATP, but subunits
without a bound 2-OG could have a bound ATP, a bound ADP, or no bound effector. In this
manner, each column in Figure 1 represents a combination of many substates in equilibrium.
Since uridylylation is assumed not to affect the binding of the effectors, model 4 of Rocha et

al. (2013) describes the relative concentrations of these substates in each column.

8 PIL:G, 8 PITUMP,:G, PIIUMP,:G, PITUMP,:G,

3
.
(i}
E V; vy V7
5 _— _— _—
o
a
- PII:G, PITUMP;:G, PITUMP,:G, PITUMP;:G,
]
5
o
N
@) Vs Vs Vg
= E— —_— —_—

PIL:G, PITUMP,:G, PITUMP,:G, PITUMP;:G,

v 8:) Vs Vs Vo
_ _ _—
PIL:G, PIIUMP,:G, PIIUMP,:G, PIIUMP,G,
>

Increasing uridylylation state

Figure 1 — Scheme for the uridylylation of PIl. The vertical arrows show association (down arrows) and
dissociation (up arrows) of 2-oxoglutarate and PIl. The number of bound 2-OG is indicated by the number in the
center of the trimer. Given that the model allows 2-OG to dissociate from a subunit once it is uridylylated, these

2-OG molecules could be bound to any of the subunits. The horizontal arrows show uridylylation of PII. The
added UMP groups are shown as small gray circles
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The model of Mallmann et al. (2015) only described the three reactions in the bottom
row of Figure 1, namely the sequence PI1:Gz — PIIUMP1:G3z — PIIUMP2:G3z — PIIUMP3:Gs.

The existence of more uridylylation reactions in the scheme shown in Figure 1 has two

consequences. Firstly, since a velocity equation needs to be written for each reaction, the total

number of velocity equations must increase from 3 to 9. Secondly, each possible reaction

increases the number of terms in the denominator, which is common to all velocity equations.

In the numerator, keatr (for the forward reaction) and Keatr (for the reverse reaction) are assumed

to be unaffected by the uridylylation state, so the same symbols are used for all nine reactions.

Application of the King-Altman (King and Altman, 1956; Cornish-Bowden, 2012)

approach leads to the following equations for the nine uridylylation reactions:

v, = [UT]T kcatF

Vs = [UT ]T kcatF

V, = [UT]T kcatF

Vs = [UT]T kcatF

[PUG][UTP] 1 [PPi][PIIUMF’l:Gl]J/D

iSpi.q, Mure Mepi iPeniuma 6,

V2 = [UTTotaI]kcatF [P“ :GZ] [UTP] _[UT]T kcatR [ILDPI] [P“UMPlGZ]J/D

iSpiig, Myrp M ppi iPoiiumA:c,

[PIGUTP] oo [PPi][PIIUMPl:Gg]J/D

iSpii:g, Myrp Mppi iPeiuMR G

[PIIUMP;:G, ] [UTP] [PPi][PIIUMP,:G, ]

-[UT] k
[T e

N—

/D

[PIIUMPl:G3] [UTP]

iSpiumA:G, Myrp Mppi iPoriump,
PIITUMR:G, | [UTP PPi | [PIIUMP,:G
[PIUMR.G,[UTP] (o0 [PPI 22]] o

iSpiumA:G, Myrp Mopp; iPoiume,c,

[PPi] [PIIUMPZ:GS]

Vo =| [UTk Koo

[PIIUMPR,:G, ] [UTP]

- [UT ]T kcatR

iSpiuMA G Myre Mppi iPoiiump, 6

[PPi] [PIIUMPS:Gl]

V; = [UT ]T kcatF

Vg = [UT]T kcatF

—[UT]; k
UT] car o

iSpi1uMP,:G, Mute Mppi

o o

iPoiumpy:Gy

Vo = [UT]T kcatF

[PIIUMPZ:GZ][UTP]_[UT] ) [PPi][PIIUMPg:GZ]]/D

ISpUMP,:G, Myre Mppi iPoiumpy:G,

[PHUMP,G][UTP] .\ [P [PIIUMPg:GS]J/D

ISpiUMP,:G Myre Mppi iPoriumpy:G;

)

(2)
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(4)
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(6)

()

(8)
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The denominator, which is common to all velocity equations, is given by:

[GLN]
D=|1+—2+ (Do+D1+D2+D3+D4+D5+D6+D7+D8+D9) (10)
GLN

The terms that make up this denominator are as follows:

KMsubstratu [UTP] Ky roduto [Ppi]
DO =1+ R Kiguostrato KMUTP * Kipr:duto Kippi (11)
PII.G PIIUMR:G
DlzngJr@xP (12)
Kispu:el Kippuur\/lazel
PII.G PIIUMB:G
p, - (PG| g [PIUMRG, ]| 13)
iSpiig, KiPPIIUMFi:Gz
PII:G PIIUMR:G
Dgzuxs_F@Xp (14)
iSpi1:G, KiPPIIUMFi:Gg,
PIHUMP.:G PIIUMP,:G
D4=[ ! 1]><S+[ 2 l]xP (15)
Kispuur\/ml:c;l KiPPIIUMPz:Gl
PIIUMP:G PIIUMP,:G
D5=[ ! 2]><S+[ 2 2]><|3 (16)
iS . KiP .
PIIUMA G, PIUMP,:G,
PIIUMR:G PIIUMP,.G
D6=[ ! 3]><S+[ 2 3]><|:) (17)
iS \ KiP .
PIIUMA :Gy PIUMP;:Gy
PIIUMP,.G PIHUMP,:.G
D7:[ 2 l]><S+[ 3 1]xP (18)
iS . KiP .
PIIUMP,:G; PIUMP;:G,
PIHIUMP,:G PIIUMP, : G
D8:[ 2 2]><S+[ 3 Z]XP (19)
iS . KiP .
PIIUMP,:G, PIIUMP;:G,
PIIUMP,.G PIIUMR,.G
92[ 2 3]><S+[ 3 3]><P (20)
iSpiump, G KiPP||UMF=3;e3
The substrate terms (S) and the product terms (P) are as follows:
UTP] [PPi UTP][PPi
S =1+u+u RKMprOdUC‘+¢ (21)
KMUTP Mpp; ot Murp  “ippi
UTP PPi] [UTP][PPi
P :1+ [ ] AKMsubstrate + [K ] + [ ][ ] (22)

Myre Mppi it~ Mppi
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The symbol REMPW‘ represents the ratio between the values of Kvp and Kip for the particular

ipruduct

Pl state that acts as a product in the particular equation being considered (i.e. from Eq. (11) to
Eqg. (20)). As can be seen by comparing the Kvp and Kip in each line of Table 1, this ratio has
always the same value, irrespective of which form of PII is being considered as the product. In

other words:

K K
KM product — MPoium e, — MPoiumn s, - = MPoiumeye; (23)

K;
product . . .
IPoiumpse, iPoiumAG, IPoiumMP G

The symbol R === the ratio between the values of Kwvs and Kis for the particular P11 state that

Isubstrate

acts as a substrate in the particular equation being considered (i.e. from Eq. (11) to Eq. (20)).

As can be seen by comparing the Kus and Kijs in each line of Table 2, this ratio has the same

value, irrespective of which form of PII is being considered as the substrate. In other words:
Msubstrate MSpiigy KMSPII:Gz _ KMSPIIUMF‘ZZGS

K
e = == s (24)

isubstrate

iSpiig, iSpiiG, ISpiuMR,G

3.2.1 Correlations between values of constants

It is possible to deduce relationships between the apparent dissociation constants that
appear in Egs (10 9). In this analysis, Kis™ and Kus" are used as basic, reference constants. They
have the value of the kinetic constants for a PII trimer with only one uridylylatable subunit,
namely an non-uridylylated subunit with a bound 2-OG). Likewise, Kip" and Kue", have the
value of the kinetic constants for a Pl trimer with only one deuridylylatable subunit (in which
the UMP is removed by the reverse reaction of UTase, not by the UR activity), namely a

uridylylated subunit with a bound 2-OG.

Since the model not only allows 2-OG to dissociate from a uridylylated subunit, but also
allows 2-OG to bind to a subunit with a bound ATP (but a vacant 2-OG binding site), each of
the PII superstates at the intersections of Figure 1 has three different metastates that have the
same number of uridylylations and bound 2-OG molecules (Figure 2), but differ from each
other in where these uridylylations and 2-OG are located spatially (i.e. in which subunits).
Therfore, the three metastates represent the three possible spatial distributions of effectors of

the corresponding superstate. Since it is assumed that the presence of the uridylylation on the
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T-loop does not affect the affinity of that subunit for 2-OG, then in equilibrium, the 2-OG will
be evenly distributed between the three subunits. Non-uridylylated subunits with bound 2-OG

can act as substrates for UTase (Figure 2).

PILG, _ | pmaRG [ PIIUMP,.G, - PIIUMP5.G,
Iy ~ ’
* Vo \ e (0
1 ! | 9
\ ] \ ] 1
T ___ T ___T. 4 o = 4 A Raalird
PILG, PIIUMP, G, |_ PIIUMP, G, | o PIUMP;G,
y ~ . _ ~\ \
1 \ [ " i ! 1
1 1 I
| f H 1} ] !
N - - ’ N e I L g—— 4 M- /
- PILG. - _ | POUMPLGs | ,- PITUMP;:G: - PIIUMP;.G;
,’ \ ;’ \ f \
| : | 1 1 |
N ’ \ ! N .
N e a2 - s __ = __=. 4 N D - -T.
PILG, PIIUMP; G, .| PIUME,G .| POUMESG, |
PILG, | puMPG o POUMPG, L. POIUMP:G, |
PILG, o] PmuMpG, e PIUMP;G;  |.... ol POOMPSG, | )

e F¥y B¥P Br

Figure 2 — The three metastates contained in each P1I superstate in the bottom three rows of Figure 1.(A)
Highlited as substrates: Metastates with a non-uridylylated subunit that are encircled by a dashed line are
uridylylatable and therefore can act as substrates. Metastates with a non-uridylylated subunit but which are
marked with a black cross are not uridylylatable and therefore cannot act as substrates. (B) Highlighted as
products: Metastates with a uridylylated subunit that encircled by a dotted line are deuridylylatable and can
therefore act as products. Metastates with a uridylylated subunit but which are marked with a gray cross are not
deuridylylatable, and therefore cannot act as products.

The three metastates of PII:G: are identical through rotation, each having one non-
uridylylated subunit with a bound 2-OG. The three identical metastates of P11:G> all have two
non-uridylylated subunits with bound 2-OG. The three identical metastates of PII:G3 all have

three non-uridylylated subunits with a bound 2-OG.

Of the three metastates of PIIUMP1:G1, only two can act as substrates of UTase; they
are identical, each having one non-uridylylated subunit with a bound 2-OG. All three metastates
of PIIUMP1:G> can act as substrates of UTase: two are identical, each having one non-
uridylylated subunit with a bound 2-OG, the third has two non-uridylylated subunits each with
a bound 2-OG. All three identical metastates of PIIUMP1:Gs have two non-uridylylated
subunits with bound 2-OG.
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Of the three metastates of PIIUMP2:G1, only one can act as a substrate of UTase. Of the
three metastates of PIIUMP2:Gg, two can act as substrates of UTase. Of the three metastates of
PIIUMP,:Gg, three can act as substrates of UTase. In all cases, the metastates that can act as

substrates have only one non-uridylylated subunit with a bound 2-OG.

Consideration of these metastates, in combination with the assumption that binding of
UTase to the subunit of a trimer is not affected by the uridylylation states and effector binding
states of the other two subunits of the trimer, leads to correlations between the different Kis and
Kwms values and between the different Kip and Kwvp values. Details of the analysis used to obtain
these correlations are shown in the supplementary material. The resulting apparent values of

these constants for each superstate are shown in Tables 1 and 2.

Table 1 — Correlation of values of constants for each PII superstate acting as a substrate

Pl Average number
) superstate | of uridylylatable | Correlation with | Correlation with
Reaction _ _ N i
acting as a subunits per Kis Kwms
substrate trimer
1 PI:G. 1 [EN iS* MSpic, KMS*

1 * 1 *

2 PI I GZ 2 isPII:GZ = E Kis MSPII:GZ = E KMS
1 . 1 =

3 Pll:Gs 3 ey = 3 K MSmes =3 Koys
) 3. - 3 .

4 PI IUMPlGl 2/3 isp“UMHIGl - E Kis MSPHUMH:Gl - E MS
_ 3., . 3., .

5 PIIUMP::G2 4/3 Seuncs = 4 Kis T Ks
. 1 * 1 *

6 PI IUMPng 2 iSPIIUMFi:G3 - E Kis MSPIIUMH:Gg - E KMS
7 PIIUMP2:Gy 1/3 Sonneye, = Kis Ve, = SKnis
_ 3, - 3., .

8 PI IUMPZGZ 2/3 iSpi1uMP,Gy = E Kis MSp|1ump,, = E KMS
9 PIHUMP2:G3 1 ISpuMPyGy = iS* MSp|1ump, Gy - MS*




Table 2 — Correlation of values of constants for PII superstate acting as a product
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Average number
Pl
Of - - - -
) superstate ) Correlation with | Correlation with
Reaction ] deuridylylatable . .
acting as a ) Kip Kwmp
subunits per
product .
trimer

1 PIIUMP1:G; 1/3 iPoiuvA.c - iP* MPo11ump:6, - BKMP*
_ 3. 5 -

2 P“UMP]'GZ 2/3 iPouvn e, = E Kip MPojumpsc, = E KMP
3 PIIUMP1:G3 1 iPoinumpcg - iP* MPo)1umR G4 - KMP*
_ 3. 3 .

4 Pl IUMPZGl 2/3 iPoiumpyc; = E Kip MPojumpyey = E MP
. 3 * 3 *

5 PHUMP2:G2 413 Poomeys; Z iP MPouomc, Z KMP
. By 1.

6 PIIUMP2:G3 2 Pomootenss ——Zl{ﬂw Moo, = 5 K
7 | PIIUMP:G, 1 s, = K e = K
1 . 1 &

8 P”UMP3GZ 2 iPoumpy G, :E iP MPo11umpy G, :E MP
. 1 * 1 *

9 PIIUMP3G3 3 iPoiumpy ey = 5 Kip MPoyumpyes = § MP

3.2.2 Solving the model

The differential equations of the model (Eqgs (1) to (9)) are solved using a Runge-Kutta

method, more specifically the Dormand-Prince method (Dormand, Prince, 1982), implemented

in the software MATLAB, using the “ode45” subrountine. This gives profiles for the

concentrations of UTP and PP; and of the four different uridylylation states of PII (i.e. PII,
PIIUMP1, PIIUMP2 and PIIUMPs). During the integration, the concentrations of free ATP,
ADP and 2-OG are assumed to remain constant and the model of Rocha et al. (2013) is used,
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with these concentrations, to determine the concentrations of the 20 substates that constitute
each uridylylation state (these 20 substates are contained within the four superstates in a
particular column of Figure 1). When a superstate appears as a substrate or as a product, its
concentration is expressed as the sum of the concentrations of the substates that constitute that
particular superstate (i.e. substates with a particular number of uridylylated subunits and a
particular number o 2-OG bound subunits). Section 3.5.1 of the supplementary material gives
details about which substates constitute each superstate. The added velocities of the first three
reactions represent the overall rate of conversion of Pll into PIIUMP;. Likewise, the added
velocities of reactions 4, 5 and 6 represent the overall rate of conversion of PIIUMP; into
PIIUMP: and the added velocities of reactions 7, 8 and 9 represent the overall rate of conversion
of PIIUMP; into PIIUMP.

3.3 RESULTS

The values of some of the parameters of the kinetic model for UTase were obtained
directly from Jiang et al. (1998) (Table 3). In order to use their values for Kv and K; of PIl and
for Ki of PIIUMP3, it is necessary to deduce the predominant superstate in which these two PII
forms were present in their assays. They used a 2-OG concentration of 33 uM. For this
concentration, model 4 of Rocha et al. (2013), which has Ky values of 11 uM and 143 uM for
the binding of the first and second 2-OG molecules to PII, respectively, predicts that the
predominant form of Pl as a substrate is P11:G1, namely P1l with one uridylylatable subunit.
Therefore, the values that Jiang et al. (1998) reported for Km (3.0 uM) and K; (1.8 uM) are
assumed to be the apparent values of Kvs™ and Kis". Likewise, model 4 of Rocha et al. (2013)
predicts that the predominant form of PIIUMP3, which Jiang et al. (1998) tested as a product in
their product inhibition studies, was PIIUMP3:G1, namely PIl with one deuridylylatable
subunit. Therefore, the value that Jiang et al. (1998) reported for the Ki of PIIUMP3 (3.5 uM)
is assumed to be the apparent value of Kip". Since the product inhibition studies of Jiat et al.
(1998) give two possible values for the K; of PP; (49.6 uM and 113.5 uM), the value of Kipp;
was taken as the geometric mean of the two (i.e. they were multiplied and the square root was
taken), of 75 pM.
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Table 3 — Values of the constants obtained for the model.

Values obtained )
) Values obtained by
Constant from Jiang et al. o
optimization
(1998)
KMSP“Q 3.0 uM -
Mure 40 HM }
e - 1.5x10° uM
Ku., - 0.82 uM
Ippi [E HM .
Kip 3.5 uM -
Kyp - 3.3x10% pM
Keat, 137 min**
Keat, 2 min’

The values of the three remaining constants, Kiyp , Kmppi and Kup~, were estimated by
fitting the model to the experimental uridylylation results from Jiang and Ninfa (2011) (Figure
3) in MATLAB using the “fminsearch” subroutine. Only the values of Kupp; and Kup™ were
allowed to be varied by the subroutine. Section 3.5.3 of the supplementary material
demonstrates that all ten kinetic constants are correlated in such a manner that any one may be
expressed as a combination of all the others. The value of Kiyrp was calculated by this

correlation:

Myrp Kispu:el KMPPllUMa:Gl KiPPi kcaﬂ:

e (25)
iPoiiump ey KMSpu;G1 KMppi kcatR

Therefore, the values of nine constants are needed to give the value of Kiyp. The values of four

of the constants, namely Kmyrp, Kippi, Kcatr and Keatr, are readily available (second row of Table
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3). The values of another three of the constants, namely Kispyj.;, Kmspii:6; @nd Kippjiumpr:c1, are
calculated from Kus", Kis™ and Kip" (second row of Table 3) and the correlations from Tables 1
and 2. The values of the two other constants, namely Kwvppjjump;:c; @nd Kmppi, change in each
iteration of the “fminsearch” subroutine. In each iteration, “fminsearch” “guesses” a value for
Kwmppi and Kme™. The value of Kvepyiumey:c; is calculated from Kue™ using the correlation from
Tables 2. The value for Kiyrp is then calculated in each iteration of “fminsearch” using Eq. (25)
. At the end of the optimization, the values obtained of 1.5x10° uM for Kiyrp, 0.82 UM for Kwpp;
and 3.3x10% uM for Kup".

1,2
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<
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o
=
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<
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Time (min)
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Figure 3 — Fitting of model to data to estimate Kiyp, Kvpp; and Kwe". Experimental points were extracted from
Jiang and Ninfa (2011)

3.4 DISCUSSION

In the current work, the model of Rocha et al. (2013) was used describe the binding of
ATP, ADP and 2-OG to both non-uridylylated PIl and uridylylated PII, using the same
dissociation constants in both cases. Rocha et al. (2013) obtained these dissociation constants
by fitting their model to sets of experimental data for non-uridylylated P11 from Jiang and Ninfa
(2007). It is not necessarily the case that these dissociation constants remain unaffected by

uridylylation, but this is difficult to ascertain, since there is limited experimental data regarding
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the binding of effectors to partially and fully uridylylated P11. Jiang et al. (1998) present a single
(apparent) Kp value for 2-OG for fully uridylylated PII, however, they did not present the
experimental data from which they deduced this value. Since there is negative cooperativity in
the binding of the second and third 2-OG molecules to the PII trimer, this Kp from Jiang et al.
(1998) is not applicable. The use of the same dissociation constants to describe the binding of
the effectors to both non-uridylylated PIl and uridylylated PIl implicitly assumes that the
presence of the UMP moiety on the T-loop does not affect the binding sites for ATP, ADP and
2-OG that are located near the base of the T-loop. This may be reasonable, since the UMP
moiety binds to Tyr-51, which is situated near the tip of the T-loop and the T-loop itself is very
flexible and points outwards from the main body of the PII trimer. However, there is the
possibility that the uridylylated T-loop bends inwards, such that the UMP moiety interacts with
some other part of the main body of PII; if this were to happen, uridylylation of the T-loop

could affect the dissociation constants of the effectors.

Rocha (2013) suggested that 2-OG might not dissociate from a uridylylated Pl subunit,
which would result in the scheme for the UTase reactions shown in Figure 4. The superstates
PIHUMP1:Go, PIHUMP2:Go, PIIUMP2:G1, PIHUMP3:Go, PIITUMP3:G1, PIIUMP3:G, are not
possible in this scheme since if 2-OG is necessary for uridylylation of a subunit, these PII states
can only be obtained by subsequent dissociation of 2-OG. A model similar to that developed in
the current work was derived for this scheme, but it was not possible to fit it to the data of Jiang
and Ninfa (2011) using the constants for 2-OG dissociation reported by Rocha et al. (2013)
(data not shown). It is necessary to have experimental evidence as to whether 2-OG can, in fact,
dissociate from a uridylylated subunit. Beyond this, it is essential to have experimental data to
determine whether the 2-OG dissociation constants are affected or not by the uridylylation of

subunits of the trimer.
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Figure 4 — A scheme for uridylylation of PIl in which 2-OG is not allowed to dissociate from a uridylylated
subunit. The vertical arrows show association (down arrows) and dissociation (up arrows) of 2-oxoglutarate
and PII. The PII subunits bound to 2-oxoglutarate are painted light gray. The horizontal arrows show
uridylylation of PIl. The added UMP groups are shown as small dark gray circles.

The use of the constants from Jiang et al. (1998) presents 3 issues. Firstly, they
determined their constants for PIlI by considering the full PIl concentration as the substrate
concentration. For this model, the concentration of non-uridylylated P1I subunits with a bound
2-OG should be used instead. Secondly, there are two possible values for Kippi from the product
inhibition assays from Jiang et al. (1998), 49.6 uM and 113.5 puM. They are still the same order
of magnitude, however, and the geometric average of the two values was used to attenuate the
issue. Thirdly, Jiang et al. (1998) obtained these values from their product inhibition assays by
fitting simple inhibition equations to the assay data. Since in this fitting procedure they used
the substrate constants they had previously obtained (Kipy, Kmpy and Kmyre), errors in the

substrate constants will be cause erros in the value obtained for Kippi.

There is a major issue with the values estimated for Kmp™ and Kiute in this work: they
are several orders of magnitude larger than the other constants, especially Kmp~, which is
thirteen to fourteen orders of magnitude larger. There are two considerations to be made about

this. The first is whether these values may be trusted. There are issues with the constants
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obtained from Jiang et al. (1998), which were pointed out in the previous paragraph. If the
assumption that the uridylylation state of P1I does not affect the dissociation constants of ATP,
ADP and 2-OG is wrong, then the values of these constants that were used, namely those
obtained by Rocha et al. (2013), are also wrong. Since the dissociation constants from Rocha
et al. (2013) and the kinetic constants from Jiang et al. (1998) were used in the model that was
fitted to the uridylylation curve of Jiang and Ninfa (2011), any error in their values would have
led to errors in the fitted values. Ideally, the model would be fitted simultaneously to a large
amount of experimental data in order to obtain all constants. The second consideration are the
implications of this. The denominator of the rate equation contains several terms that contain a
form of Kwp in their numerators: Kvp multiplies the pyrophosphate concentration in term Do,
and it multiplies the pyrophosphate concentration and the respective Pl substrate in each of the
other “D-terms”. Since any other terms in the denominator would be negligible in comparison,

the denominator would be reduced to D*:

Ky, [PI1:G] [PII:G,] [Pll:G,]

+ + + +
ippi iSpig, KiSPILGz KiSPILG3
. |PPI PIIUMRB : G PIIUMRB :G PIIUMRB :G
D — [ ] :Mproduct [ 1 l] + [ 1 2] + [ 1 3] + (26)
Mep, prodet Kisoumm. Kiseumn: Kise .
PPi PIIUMRG, PIIUMRG, PIIUMR Gy

[PIUMP,:G,] [PIIUMP,:G,] [PIIUMP, :G,]

KiSPIIUMPz:Gl KiSPIIUMPz:G2 KiSPIIUMP2:63
while the numerators of the rate equations (Egs (1) to (9)) would remain unchanged.

The product inhibition pattern deduced from this denominator would be significantly
different from that reported by Jiang et al. (1998). Pyrophosphate would be a mixed inhibitor
towards the PII substrates. There would be no product inhibition from the uridylylated forms
of PII and no inhibition of any kind towards UTP, i.e.when UTP is the variable substrate in the
product inhibition assays. Fully uridylylated P11 would not cause any product inhibition, which
is inconsistent with the study of Jiang et al. (1998), where it was used as one of the products

and did, indeed, cause inhibition.

All of these show that the set of values for the constants (Table 5) is inconsistent. In
order to obtain an appropriate set of values for these constants, a large set of uridylylation assays
would be performed, with varying concentrations of all important species (substrates, products
and P11 effectors), and the model would be made to fit the data from all assays simultaneously.

Another set of uridylylation assays would then be performed, with different conditions than
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those used to obtain the constants, and the predictions of the model for these conditions would
be compared to the experimental values in order to validate the model. Most assays focus on
obtaining the initial velocity of the reaction. Indeed, these assays are very useful in obtaining
the values of constants for the substrates. In reversible reactions, the assays to obtain the
constants for the products are usually use the same strategy, but measuring the initial velocity
of the reverse reaction. Since the velocity of the reverse reaction is so low for UTase (Jiang et
al., 1998), this is probably not a feasible strategy. An alternative is to perform uridylylation
assays until full uridylylation is achieved. Another is to perform uridylylation assays to obtain
the initial velocity when both PP; and uridylylated PIl are added. Both need to be present
because two of the constants in the model, namely Kiute and Kippi, only appear in terms where
both products are present (Eg. (22)).

The issues with the values of the constants notwithstanding, this model is an important
contribution to the modelling of ammonia assimilation in E. coli, Since it is the first model to
take into account the influence of the binding of ATP, ADP and 2-OG to PII in the activity of
UTase.
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3.5 SUPPLEMENTARY MATERIAL 2

3.5.1 Superstates

Each of the superstates shown in Figure 1 of the main article are actually pools of the
various effector-binding states described by Rocha et al. (2013). The concentrations of the

superstates of non-uridylylated PII are given by:

[PH]+[PII: ATR]+[PI1 : ATR, ]+
[PI1:ATR,]+ [P1I:ADP,]+[PII : ADP, ]+
[PI1: ADP,]+[PII : ATR: ADR ]+
[PI1: ATP,: ADP, ] +[PII : ATP,: ADP,]

[PII:G,]= (S2.1)

[PI1:ATR:0G, |+[PII : ATP,:0G, |+
[PI1:G,]=| [PI:ATPR,:0G,]+[PIIl:ADP,: ATR:0G, |+ (S2.2)
[PII :ADPl:ATPZZOGl]-i-[PII :ADPZZATPl:OGl]

[PI1:G,]=[PIl:ATP,:0G, |+[PII : ATR,:0G, |+[PIl : ADR: ATR,:0G, |  (52.3)

[PI1:G,]=[PIl:ATR,:0G, ] (52.4)

The concentrations of the superstates of mono-uridylylated PII are given by:

[PHUMP,]+[PIIUMP: ATP, ]+
[PHUMP,: ATR, ]+[PIIUMP,: ATR, ]+
[PIIUMP.:G,]=|  [PIIUMP:ADR]+ [PIIUMR:ADP, ]+ (S2.5)

[PIUMP,: ADP,]+[PIIUMP,: ATP,: ADR, ]+
[PIIUMP,: ATR : ADP, ]+[ PIIUMP,: ATF, : ADP]
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[PIIUMR: ATR,:0G, ]+[ PIIUMR,: ATR,:OG, |+
[PIIUMR:G,]=| [PIIUMR:ATR,:0G, |+[PIIUMP,: ADR: ATR,:0G, ]+ | (52.6)
[PIIUMR,: ADP,: ATP,:OG, |+[ PIIUMP, : ADP, : ATR,: OG, |

PIIUMR,: ATP,:0G, |+[PIIUMP,: ATP,:0G
[PIIUMPlzGZ]z([ ATRI0G, [+ o 2]] (S2.7)

+[PIIUMR,: ADP,: ATP,:0G, |
[PIIUMP,:G,]=[PIIUMP,: ATP,:0G, | (52.8)

The concentrations of the superstates of bi-uridylylated P1I are given by:

[PHUMP, ]+[PIIUMP, : ATR ]+
[PIIUMP,: ATP, ] +[PIIUMP, : ATR, ]+
[PIIUMP,:G,]=|  [PIIUMP,:ADR,]+ [PIIUMP,:ADP, ]+ (S2.9)

[PIIUMP,: ADP, ]+ [PIIUMP, : ATR,: ADR, ]+
[PIIUMP,: ATP,: ADP, ]+[PIIUMP,: ATP, : ADP|

[PIIUMP,: ATR :0G, ]+[ PIIUMP, : AT, :0G, ] +
[PIIUMP,:G,]=|  [PIIUMP,: ATR,:0G, ]+[PIIUMP,: ADP,: ATR:0G, |+ | (S2.10)
[PIIUMP,: ADR : ATP,:0G, ]+[PIIUMP, : ADP, : ATR:0G, |

[PHUMP,: ATP,:0G, |+[ PHHUMP, : ATP,:OG, |
[PHUMP,:G, |= (S2.11)
+[PIIUMP,: ADR,: ATP,:OG, |
[PIIUMP, :G, |=[ PIIUMP,: ATR,:0G,; | (52.12)

Finally, the concentrations of the superstates of tri-uridylylated P1I are given by:
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[PHUMP,]+[PIIUMP,: ATR ] +
[PIIUMP,: ATR, ]+[PIIUMP,: ATP, ]+
[PIIUMP,:G,]=|  [PIIUMP,:ADR]+ [PIIUMP,: ADP, ]+ (S2.13)

[PIIUMP,: ADP,]+[PIIUMP,: ATP,: ADPR, ]+
[PIIUMP,: ATR,: ADP, |+[ PIIUMP, : AT, : ADP,]

[PIIUMP,: ATR,:0G, |+[PIIUMP, : ATF, :0G, |+
[PIIUMP,:G,]=| [PIIUMP,:ATR,:0G,]+[PIIUMP,: ADP,: ATR:0G, |+ | (S2.14)
[PIIUMP,: ADP : ATP, :0G, | +[ PIIUMP,: ADP, : ATP,:0G,

[PHUMP,: ATP,:0G, |+[ PHUMP,: ATR,:0G, |
[PHUMR;:G, |= (S2.15)
+[PIIUMP,: ADR,: ATP,:OG, |
[PIIUMP,:G, |=[PIIUMP,: ATR,:0G,; | (S2.16)

3.5.2 Correlations for the values of the Kis and Kws for different P1I superstates

The kinetic equations include terms in which the concentration of a particular superstate
is divided by the Kis value for that superstate. This can be written as the sum of similar terms,
one for each of the uridylylatable metastates that compose that particular superstate. In general
terms, this can be written as:

[PHUMPR, :G,]_[A] _ [B]  [C] (52.17)

iSpiuMPY Gy ISy

The first case study is undertaken for the superstate PIIUMP1:G1 (Figure S1).

i} PIIUMP:G: |
A B C

Figure S1 — Metastates A, B and C of the superstate PIIUMP1:G;.



90

Since “B” in Figure S1 is not uridylylatable, application of Eq. (S2.17) gives:

[PIUMR.G,] _[A] N [C]

Ko, Ks (S2.18)

iSpiuMA 6y

As both metastate A and metastate C have only one uridylylateble subunit, their Kis
constants are equal to Kis. Since the concentration of each metastate is a third of the

concentration of the superstate:

1 _ 1 :
[PIUMP:G,] 3 PIIUMRG] Z[PIIUMR:G,]
= - + . (S2.19)
iSPIIUMFi:Gl Kis Kis
Addition of the two terms on the right-hand side gives:
2 :
[PIIUMR:G,] 3[PIIUMRIG,]
= (S2.20)

Kis

iSpiumR 6,

Both the numerator and denominator of the right-hand side are multiplied by 3/2 to give:

[PIUMR:G,] _[PIIUMP:G]

3 (S2.21)
iSPIIUMH:Gl E KiS*
Since the concentrations terms are the same, this means that:
P (S2.22)

iSpiumA 6, 2 is

As shown by Mallmann et al. (2015), the correlation between the Kis values for two

different PII trimers also holds for their Kus values. Therefore:

Sk, (S2.23)

MSpiumA 6, _E MS

The second case study is undertaken for the superstate PIIUMP1:G> (Figure S2);
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PIHIUMP:1:G2

_____

Figure S2 — Metastates A, B and C of the superstate PIIUMP1:Ga.

In this case, metastates A and B have one uridylylatable subunit, while metastate C has
two. As shown by Mallmann et al. (2015), the Kis for a PII trimer with two uridylylatable
subunits is half of Kis". This means that for PIIUMP1:G Equation (S2.17) can be written as:

[PIIUMPl:GZ]_ [A] N [B] N [C]
iSpiuvA Gy KiS* Kis* 1 K.~

2 iS

(S2.24)

Since the concentration of each metastate is equal to a third of the concentration of the
superstate, it is possible to write:

1 1 1
. —|PIHIUMR:G, | =|PIHUMR:G,| =|PIHUMR:G
[PUMR:G,] 3l i 2]+3[ " 2]+3[ G, ] 225
is Kis Kis 1~
PIIUMPR :Gy E is
The last term on the right hand side is reorganized to give:
L PIIUMP:G L PIIUMP:G 2 PIIUMP:G
[PIUMR:G,] 3l 1G] Sl 1G] Sl iG]
- _ n _ + . (S2.26)
iSpiuMA:c, KiS KiS KiS

Adding the terms on the terms on the right-hand side of the equation results in:

4
o1 S[PIUMP:G
[PIUMR:G,] 3l .G, ] 5227

*

KiS

iSpiumA:,

Both the numerator and denominator of the right-hand term are multiplied by %4, giving:

[PIIUMR:G,] [PIIUMP,:G,]
L

iSpiumA:G, —

4iS

(S2.28)
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Since the concentrations terms are the same, this means that:

e (S2.29)

iSpiumMA:G, 4 is

Extension of this analysis to the Kis and Kws values of the other superstates and to the
Kip and Kwp values of all superstates leads to the correlations shown in Tables 1 and 2 of the
main article. The factor that correlates the Kis value to Kis~ (and also the Kus values to Kus®) for
a particular superstate is the reciprocal of the average number of uridylylatable subunits per
trimer for that superstate. Likewise, the factor that correlates the Kip value to Kip” (and also the
Kmp values to Kvp') for a particular superstate is the reciprocal of the average number of
deuridylylatable subunits per trimer for that superstate.

3.5.3 Proof of Equation (25) of the main paper
All ten constants related to a uridylylation cycle are related in the following manner:

KMSPII KiPPIIUMP KiUTP KMPPi kcatR - KMPPIIUMP KiSPu KMUTP KiPPi kcatR (8230)

This can be proven by replacing each of these constants with its identity in terms of the
fundamental constants, with these identities being given by Egs. (S21) to (S30) of the
Supplementary Material of Mallmann et al. (2015):

kk, [k Ktk kalkatho) | kk, | [ Kk, ky ko (ko tko) |k +k, | Kk, e
k) Uk ek k) L ko) 1 Lok )Lk sk | ©%0

All terms cancel out, proving that equation the left-hand side is identical to the right-

hand side. This means one of the constants can be obtained if values are available for all the

others. In the current work, Kijute was isolated:

K

— Myre KiSPII KMPPIIUMP Kippu kcatF (8232)

Ki
utp K K k

Mpp; " “catR

iPF’IIUMF’ K MSPII
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When Eq. (S2.32) is written specifically for the first reaction of Figure 1 of the main
paper, which has the superstate PI1:G: as the substrate and the superstate PIIUMP1:G; as the
product, Eq. (25) from the main paper is obtained:

Myre KiSPII:Gl KMPPIIUMQ:Gl KiPPi kcaﬂ:

(25)

e K K k
iPowummc;, MSpig,  Mpp; catR
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4  CONSIDERACOES FINAIS

Os objetivos desta dissertacdo foram:

Q) Propor um modelo matematico para UTase de Escherichia coli capaz de
corretamente prever seu perfil de inibi¢do pelos produtos.
(i) Propor um modelo matematico para UTase que descreva os efeitos dos efetores

alostéricos de PII nas reacdes de uridililacédo.

Estes objetivos foram atingidos. As contribuices e limitagdes dos modelos
desenvolvidos nesta tese serdo discutidas nesta segéo.

O modelo para UTase proposto no primeiro artigo prevé o perfil de inibicdo pelos
produtos adequadamente. Ele é capaz de melhor descrever a atividade de UTase durante a
transicdo entre Pl ndo uridililada e P1l completamente uridililada, quando as concentracfes dos
produtos variam. Sua principal limitacdo é a de considerar que toda a PIl € uridililavel. Isto
limita sua aplicacdo aos casos em que PII esteja saturada por 2-OG, situacdo que pode ser
produzida in vitro e que apenas acontece in vivo no extremo mais alto da faixa de concentracéo
fisioldgica de 2-0OG.

O modelo proposto no segundo artigo continua sendo capaz de prever o perfil de
inibicdo pelos produtos, mas supera a principal limitacdo do primeiro modelo. Ele € capaz de
descrever a atividade de UTase de acordo com o estado de ligacdo de PI1I por seus efetores, em
toda a faixa de concentracdo de ATP, ADP e 2-OG. Sua principal limitacdo esta relacionada
aos valores numéricos das constantes cinéticas. Os valores de todas as constantes, exceto Kwp,
Kwppi € Kiytp S0 obtidos da tabela 2 de Jiang et al. (1998). Estes valores foram obtidos por
Jiang et al. em uma Unica concentracdo de 2-OG, de 33 UM, entdo sdo valores aparentes. No
caso de Kipi, Kmpi € Kip especialmente, a adog¢do dos valores de Jiang et al. (1998) é uma
aproximacdo, baseada em que os estados predominantes em seus ensaios foi PIl:G; e
PIIUMP3:G1. Ainda assim, para esta concentracdo de 2-OG, haveria quantidades significantes
dos estados PII:Go, PII:G2, PIIUMP3:Go e PIITUMP3:G2. Quando os valores das constantes Kwp,
Kwppi € Kiytp foram otimizados para descrever dados de um ensaio de uridililagdo no segundo
artigo contido nesta dissertacdo, os valores obtidos para Kue, Kvpp; foram varias ordens de
grandeza maiores que os demais, tornando o conjunto de valores das constantes cinéticas do

modelo inconsistentes



95

Além dos dois modelos para UTase em si, a principal contribuicdo desta dissertacdo é a
abordagem aplicada as constantes cinéticas dos diferentes estados de uridililacdo e ligacéo de
efetores de PII. Bruggeman havia considerado que Kijs e Kws teriam valores idénticos para PlI,
PIIUMP: e PIIUMP: (Bruggeman et al., 2005). Como elas possuem numero diferente de
subunidades que séo uridililaveis, os valores de Kis e Kms ndo podem ser idénticos. Da mesma
forma, Bruggeman havia considerado que Kip teria valores idénticos para PIIUMP1, PIITUMP,
e PIIUMP3 (Bruggeman et al., 2005), mas como estas espécies ndo possuem o mesmo ndmero
de subunidades que atuam como produto, os valores de Kip ndo podem ser idénticos. Nesta
dissertacdo, foi reconhecido que além de terem valores distintos, os valores destas constantes
estdo correlacionados entre si. A analise feita no Material Suplementar ao primeiro artigo
(Secdo 2.5) mostrou que os valores das constantes de substratos estdo relacionados ao nimero
de subunidades uridililaveis por trimero, sendo inversamente proporcionais, e que os valores
das constantes de produtos estdo relacionados ao numero de subunidades desuridililaveis por
trimero, sendo, também, inversamente proporcionais. Esta abordagem se assemelha aquela
utilizada por Monod para descrever a atividade de enzimas multiméricas que possuem sitios
ativos idénticos em cada subunidade. Como ndo foram encontradas analises previamente
publicadas, esta pode ser a primeira analise de reacGes enzimaticas com substratos multiméricos
possuam com sitios idénticos para modificacdo covalente em cada subunidade. A abordagem
utilizada para o caso de UTase e PII pode ser aproveitada para outras reagdes enzimaticas deste
tipo. Proteinas e enzimas multiméricas que sofrem modificacdo covalente ndo sdo incomuns,
como a propria GS, que é um dodecamero que sofre adenililagdes em cada uma de suas doze

subunidades.

O desenvolvimento destes dois modelos para UTase levantou uma série de questfes que
podem orientar o trabalho experimental. Caso respondidas, elas podem néo apenas levar ao
aprimoramento do préprio modelo, mas tambeém ao aprofundamento do entendimento deste

sistema. Ha trés questdes principais:

(1 Como estéo relacionadas as constantes cinéticas para trimeros de PIl com
diferentes estados de ligacdo a 2-OG e de uridililagdo?

(i) De que maneira o estado de uridililagéo de P1I afeta as constantes de dissociagdo
dos efetores ATP, ADP e 2-0G?

(iii) A ligacdo de uma unica molécula de 2-OG ligada a um trimero de PIl permite
que suas trés subunidades sejam substratos para UTase, ou cada subunidade

precisa ter 2-OG ligado para ser substrato?
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A primeira questao foi proposta uma resposta nesta dissertacio, de que a comentada no
paragrafo anterior. Para responder & questdo com evidéncias experimentais e, desta forma,
também confirmar ou refutar a validade da abordagem citada, uma série de ensaios de
uridililacdo precisaria ser realizada. Dentre eles, iniciar com ensaios que tenham como
substratos PIl, PIIUMPy e PIIUMP, saturados com 2-OG, podem-se obter valores
experimentais para Kispii:cz, Kwmspii:ez: Kispiiumpi:cs Kmspiiumpy:cs: Kispiiumpa:cs € Kmspiiumpa:cs
do segundo modelo. Este conjunto de ensaios permitiria verificar a correlacdo com PII de
diferentes estados de uridililagdo. Outro conjunto de ensaios de interesse utilizaria como
substrato PIl na presenca de diferentes concentragcdes de 2-OG. Estes ensaios permitiriam

confirmar ou refutar as correlagdes entre Kispyj:g1, Kispir:g, € Kispir:gs € entre Kuspii:cy, Kmspii-a,
e Kwmspi:c3, bem como confirmar que as correlagdes entre Kispyy.g; € Kispy:a, pOr exemplo sdo as

mesmas que entre KMSPIIZGl’ KMSPII:GZ'

No modelo, a segunda questdo foi tratada com o pressuposto de que o estado de
uridililacdo de PIl ndo afeta as constantes de dissociacdo dos efetores. Para responder
definitivamente esta questdo, uma série de ensaios variando as concentragdes dos trés efetores
na presenga de PII, PIIUMP1, PIHIUMP, e PIITUMP3 precisaria ser realizada. Se a determinagéo
utilizar is6topos, como as realizadas por Jiang e Ninfa (2007) para obter os dados usados para
determinar as constantes de seu modelo e do modelo de Rocha et al. (2013), cada ensaio precisa

ser repetido até trés vezes, cada uma com um dos efetores marcado.

A terceira questdo foi tratada no modelo do segundo artigo com o pressuposto de que
cada subunidade precisa ter uma molécula de 2-OG ligada a ela mesma, para que ela possa ser
uridililada por UTase, em um trimero individual. A confirmacdo experimental deste
pressuposto for seria um indicio de que a ligacdo dos efetores a PIl levam a mudancas
conformacionais localizadas a regido préxima dos sitios aos quais estes efetores estao ligados.
Caso ser verifique experimentalmente o oposto, de que uma Unica molécula de 2-OG ligada ao
trimero de PII possibilita a uridililacdo das suas trés subunidades, ficara evidente que a ligacédo
dos efetores em um sitio € comunicada para o restante da estrutura terciaria de PII, alterando
sua conformacdo. Como diversos estados de ligacdo de PIl coexistem em um dado conjunto de
concentracgdes dos efetores (Rocha et al., 2013), a resposta desta questéo teria implicagdes sobre
as faixas de concentracOes dos efetores necessarias para elicitar um estado com acéo regulatoria

em PII.
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