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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
diversidadede organismos, incluindo bactérias, arquéias e plantas. Elas atuam sobre varias
proteinas e enzimas, coordenando o metabolismo de nitrogénio. Esta acdo depende de seu
estadogem termos do numero de efetores alostéricos lig&tfogproteobactérias, conio coli,

e em algumas actinobactérias, seu estado tardbpande denodificacdo covalente, realizada
pela enzima GInD, também conhecido como UTase/UR, como resposteeatcacdo celular

de glutamina. Esta modificacdo é uma uridililacdo emamuT, uma estrutura flexivel que é
projetada para foraadestrutura principatlas proteinas PIl e que tem papel importante na
interacdo com seus alvos regulatérios (Huetga., 2012). Enputros organismos®o invés de
uridililacéo, oloop T é modificado por adenililacému por fosforilacdo (Hesketét al., 2002;
Strosseet al, 2004; Forchhammer e Tandeau de Marsac, 1994, 1995;eKklff 2005).

Nas proteobactérias, o @ma 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),
gue participam do transporte de amoénia para dentro da célalassimilacdodela ao
metabolismo. Ja elmactérias fixadoras de nitrogénio, este sistema atua também na regulacéo
da fixacdo de nitrogénid\ descoberta recentte que uma das proteinas PlIElecoli regula
acetitCoA carboxilase, uma enzima chave da biossintese de &radass (Rodrigues, 2@1
Gerhardt, 2015%kugereeste sistematuaaindana coordenacao dos metabolismos de nitrogénio

e carbono.

A modelagem matematica deste sistema tem o potencial de ajudar a comfreendé
melhor Ao integrar o conhecimento atual do sistema e tradozpam uma linguagem
matematicaum modelo € capaz dazer simulacdes e previséggantitativas do sistema. A
comparacao destas a resultados experimentais peestae hipdtesesobre o funcionamento
do sistema @pontar novas questdes para guiar o trabalho experimental futuro. O organismo
ideal para a modelagem deste sistema de controle envolvendo Pll e UTage/tdR, gor ser
um dos organismos nos quais este sistema e a assimilagdo de amonia que els@omntaa

bem estudados.

A proxima secdo abordard primeiramente este sistema de controle e o sistema de
assimilacdo de amonia e coli. A secéo seguint@ra uma revisdo dosodelos matematicos

previamente utilizados para descrever e estudar este aisteiln coli.
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1.1 A assimilacdo de amonia dascherichia coli

A Figura 1mostra avia de assimilacdo de amodnia &ncoli. Amdnia entra na célula
de duas maneiras: por difusdo passiva através da membrana ou pela acédo @€lehnaiB
1993; Khademi, 2004; Sipene 1998). Uma vez dentro da célula, a amoénia é assimilada para
glutamato,0 principal metabdlito distribuidade nitrogénio celular (Reitzer, 2003), por duas
vias. A principal via envolve a glutamina sintetase)(@anet al, 2009 van Heeswijk. 2013)
em conjunto com a glutamato sintase (GOGAT). Esta via € capaz de suprir a demanda celular
de nitrogénio em baixas concentra¢cdes de amoénia, devido a alta afinidade de GS por amonia,
com a desvantagem de consumir uma molécula de ATP por molécula de asaitni@ada A
outra via envolve a glutamato desidrogenase (GDH). CGara@finidade por amb6nia é menor
que a de GS, ela somente € capaz de suprir a demanda de nitrogénio quando a concentragéo d

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

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

2-oxoglutarato

Figura 1- Esquema da assimilacdo de amdnia em EscherichidtoB. e GInK sdo as proteinas PII &e coli.
GInB-UMP e GInkUMP séo suas formas uridililadas. UTase e UR séo as duas atividades opostas da enzima
bifuncional UTase/URATase e AR sao as duas atividades opostas da enzima bifuncional ATase/AR. GS é

glutamina sintentase em sua forma néo modificada, ativeAKAB é glutamina sintentase em sua forma
adenililada, inativa. AmtB é a proteina transportadora especifica para amG&AT € a enzima glutamato
sintase, também chamada glutamatmglutarateaminotransferase. GDH é glutamato desidrogenase. As setas
acompanhadas de um circulo com sinal positivo indicam ativacdo. As setas acompanhadas de um circulo com
sinal negativo ingtam inibico.
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Além de suprir a demanda por glutamato em baixas concentracfes de amébnia, GS € a
enzima responsavel por suprir a demanda de glutamina. E a Unica enzima capaz de produzir
este metabdlito erg. coli (Reitzer, 200R Como GS apresenta essaatsidade 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 € de suma importancia para a célula. Esta
regulacdo acontece em trés niveis: expressairagénibicdo alostéricarétroalimentacéo
negativgpor diversos metabdlitos) e modificacdo covaleewersivepor adenililacéo (Reitzer,

2003; van Heeswijk, 2013). A regulacédo da expressao de GS € controlada pelo sistema de dois
componentes NtrBltrC, 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 sin&InB.

E. colitem duas proteinas PIl, GInB e Glndfue sdo homotriméricaGInB é expressa
constitucionalmentenquantoGInK é expressa apenas em condi¢cfes de restricdo de nitrogénio.
A interacdo das proteinas Pll com seus alvos regulatorios (NtrB e/ARapara e AmtB para
GInK) depende de seu estado de uridililagéo e de ligacdo aos efetores alostéricos ATP, ADP e
2-oxoglutarato (20G). Os sitios alostéricos para os quais ATP e ADP competem locadizam
entre as subunidadds PIl Cada um destes sitipessuium sitio vizinho para a ligacéo de 2
OG. A uridillacdo ocorre ndoop T de cada subunidade. Em baixas concentracdes de
glutamina, a enzima bifuncional uridililtransferase/removedora de uridilil (UTase/UR) catalisa
a adicdo de um grupamento UMPrasiduo Ty#51, localizado n@picedo loop T. Em altas
concentracbes de glutamina, UTase/UR catalisa a reacdo de hidrélise que remove este
grupamento. Desta forma, as proteinas PIl integram sinais celulares de energia (razéo
ATP/ADP), carbono (DG) e nitogénio (glutamina).

1.2 Modelos publicados parasistema de assimilacdo de amonia

Dentre os trabalhos que contribuem para a modelagem da assimilagdo de amoénia e de
seu sistema de controle, ha trés que buscam modelar o sistema de forma global e iB&grada.
estes os modelos de Kurataal (2005), Bruggeman, Boogerd e Westerhoff (2005) e de Ma,
Boogerd e Goryanin (2009). H&ambém os modelos que tratam individualmente apenas um
dos elementos do sistema. Ha doisdelos que descrevem a ligacdo dos edstalostéricos

ATP, ADP e 2oxoglutarataa GInB. Estes sao os modelos de Jiang e Ninfa (2007) (para Pll ou



14

especifico para GInB) e de Rocha e colaboradores (2013) (especifico para GInB, pelo menos as
constantes). As contribuicdes e limitacbes destes anuctelos serdo abordadas a seguir.

1.2.1 Modelo de Kuratat al (2005)

O modelo que descreve a aginamica do maior nimero de proteinas e enzimas que
compdem a via de assimilacdo de amoénia é o de Kurata e colaboradores (2005). Esse modelo
trata de todas asnzimas e proteinas mostradas na Figura 1, com excecdo da proteina
transportadora AmtB, e descreve a regulagdo tanto a nivel proteico quanto a nivel génico.
Tambémtrata das proteinas NtrB e NtrC, que interagem com GInB para atuar na regulacéo
génica da M. Apesar de incluir todos esses elementos, o modelo os trata de maneira muito

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

A primeira limitacdo do modelo diz respeito@oteina Pll, que faamtratada como
mondmerg sem efetores alostéricos. Uma vez que a uridililacdo de GInB e suas interacdes com
seus alvos depende do estado de ligacédo dos efetores alostéricos, ATP, -Q0R(#ahg e
Ninfa, 2007; Rocheat al, 2013), o modelo é incapaz de descrever corretamefitto destes
efetores na rede metabdlica mostrada em Fig. 1.

A segunda limitacdo do modelo foi pressupostale que 2oxoglutarato se liga a
UTase/UR para regular satividade, mesmo que fénhasido demonstrado que isto ndo ocorre
(Kamberov, Atkinsore Ninfa, 1995). Devido a este pressup@stado,o0 modelo nadoi capaz
de descrever o aumento de mais do que cinco vezes na concentracdo de GS que ocorreu em
experimento em que um mutanteElecolicom delecdo parginD foi transferido de um meio

rico en amoma para um meio pobre em amoénia (Kurettal, 2005).

A terceira limitacdo danodelo foi que GInKfoi tratadacomo sendo funcionalmente
idéntica a GInB, enquanto ha diferencas importantes entre as Haatuas diferencas
importantes. PrimeiroGInK-UMP é desuridililada muito mais lentamente que GUIBP
Segundo, GInBé 40 vezeamais eficaz queGInK em ativar a ATase: é necessaria uma
concentracdo de GInK de 20 uM para obter a velocid@dml de adenililacdo que € obtida
com 0,5 uM de GInB (ding e Ninfa, 1999).

A quarta limitacdo do modelo € que somente Pll eéJMP sdo consideradas como

efetores alostéricos de ATase/AR, enquanto glutamina favorece a atividade de ATase por
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regulacdo alostérica. Tanto GInK quanto GInB tém sinergia com ghdaaneista ativacdo de
ATase (Jiang, Mayo e Ninfa, 2007). No caso de GInK, ndo h& ativacdo de iATatse na

auséncia de glutamina (Atkinson e Ninfa, 1999).

A quinta limitagdo do modelo é que GS é tratada como um mondmero, enquanto é um
dodecamero. Da maira descrita pelo modelo, a adenililagéo alterna a atividade de GS entre
dois estadostiva ou inativaComo dodecameyocom um sitio de adenililacdo por subunidade,

GS pode ter de 0 a 12 grupos adenilil ligaglomesmo completamente adenililada, pogswa
atividade residual. Com esse grau variavel de adenililac@@gulacédo da atividade de GS é

muito mais gradual e refinada do que o modelo é capaz de representar.

Como afirmado elos proprios autores (Kuratat al, 2005), seu modelo ndo busca
representar os mecanismos reais dos fendmenwgslvidos. Sua abordagem é de representar
da maneira simpletodos elementodo sistemaarafazer previsdes sobeeresposta sistémica.
No entanto, as diversas limitagdes do modelo colocam duvida sobre a itidafiabde suas

previsoes.

1.2.2 Modelo de Bruggeman, Boogerd e Westerhoff (2005)

O modelo de Bruggemaat al (2005) trata de todos os elementos do sistema mostrados
na Figura 1, exceto AmtB e GInK. Apesar de ndo descrexgrr@ssao génica e sua regulacao
(i.e. o sistema NtrBNtrC), como faz o modelo de Kuragt al (2005), este modelo utiliza
equacodes cinéticas mais complexas, que descrevem 0s elementos do sistema dmaisneira

completa.

Umalimitacdo do modelo € que ele ignora a competicado de ADP pelo sitio de ligacéo
de ATP na proteina GInB, um fenémeno que s@doifirmado apos publicagdo deste modelo
(Conroyet al, 2007;Rochaet al, 2013). Isso afeta também a previsdo da ligacdo-de 2
oxoglutarato a GInB, ja que a ligacao dexdglutarato 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 UTaseautores se erabaram na caracterizacao feita por
Jianget al (1998), e extrairam as constantes da equacéao diretamente desse trabalho. Segundo

Jianget al (1998), aUTasesegue um mecanismo de complexo ternario ordenado, e a reagéo é
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reversivel. No entanto, a equacdoética utilizada por Bruggeman e colaboradores difere da
equacao classica para complexo ternario ordenado (Cdoisten, 2012), e ndo possui
diversos dos termos para inibicdo pelos produtos, o que pode ser uma liroilérgéao

modelo.

Como nao havieesultados publicados para a cinética de adenitild@dGS pela ATase,
Bruggemaret al. (2005) propuseram uma equacao cinética. Tomaram como ponto de partida a
equacao de Michaeliglenten para reacdes irreversiveisadicionarantermospara a ligacao
em equilibrio dos efetores glutamina, 8L e PIFUMP-G; (ou seja,as duas formas de PII
ligadas a apenas uma molécula dex@glutarato) (Bruggemaet al, 2005). A mesma
abordagem foi utilizada para descrever a atividade de AR. Com novos dados experimentai
apresentados por Jiang, Mayo e Ninfa (2007), a abordagem de Bruggeman e colaboradores ndo

€ mais satisfatoria.

Para descrevea cinética deGDH, os autores propdem uma equacdo e fornecem os
valores das constantes utilizadas, e apenas citam uma bastoddBruggemaaet al, 2005).
N&o fica claro se tanto a equacao quanto os valores dos parametros foram obtidos desta base d
dados ou sa equacéo foi desenvolvida pelautores e foram obtidas apenas as constantes da
base de dado8I(ST Standard Referea®atabaseD enderecoitado pelos autores ndo fornece
nenhuma informacéo especifica para esta enzipggas da acesso a base de dados, que fornece

valores de constantes de equilibrio.

Os auores afirmam que a cinética GOGAT é descrits or um A meterani sn
irrevers2vel 06 com uma etapa de equil 2brio
para ummetabdlito imaginario, criado em seu modelo para simular a demanda de glutamato
pela célula. Eles referenciam uma caracterzagd GOGAT de Redina e Oradehnson
(1978). No entanto, nadescreveno desenvolvimento das equagdes utilizadas para modelar
GOGAT.

1.2.3 Modelo de Ma, Boogerd e Goryzanin (2009)

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

sistema de assimilacdo de amdniaksuherichia colmostrados na Figura 1. Mg al. (2009)
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descreveram a difusdo através da membrana e o transporte mediguotpéia AmtB, bem

como a regulacéo desta por GInK. Em relac&o as proteinas PII, fizeram duas consideracdes. A
primeira foi de que apenas GInK, em sua forma nao uridililada, bloqueia o transporte por AmtB,
enguanto GInB néo interage com AmtB. Esta conaiger foi baseada em dados experimentais

de Couttet al(2002) de que GInB ligae & AmtB, mas n&o impede o transporte de aménia. A
segunda foi de que GInK ndo atua na regulacdo de ATase/AR. Para esta consideracao, se
embasaram na informacaajéada de ge 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 ligacao de efetores a PlII

O modelo de Jiang e Ninfa (200¥@screve a ligacédo dos efetores ATP, ADP@Ra
proteina PII Ele é o primeiro a levar em conta a ligacdo de ADP & protein&adl principal
limitacao é que suaxjuacdesao capazes de descreadigacdo de apenas um efetor por.vez
a ligacdo de ATP a GInB, de ADP a GInB, ou ainda-dedlutarato a GInBATP (GInB ja
associada a ATP)sso torna sua aplicacao limitada a estes ¢cgsesocorrem apenas vitro.
Elenao é apropriado para descrevegue ocorrén vivoporquendo € capaz de prever a ligacao
destes efetores a proteina PIl quando os trés est@mi@®simultaneamente

1.2.5 Modelo de Rochat al (2013) para a ligacao de efetores a PlI

Rocha e colaboradores (20X8bdelaram digacdo dos efetore&TP, ADP e 20G a
proteinaPIl. Propuseram quatro modelos, que possuem a mesma abordagem porém diferentes
consideragbes sobre as afinidades de ligagdo dos efetores Su&thodelagem destas
interacdesle GInB é superior quas de Bruggemaat al (2005) e de Jiang e Ninfa (2007), ja
que é capaz de descrever os estados de ligacédo de GInB quando todos os trés efetores alostérica

estdo presentes.

Rochaet al. (2013)tem como pressuposto q2zeOG somente pode se ligar a uma
subunidade de PIl que ja possua uma molécula de ATP liBadanto,dado um trimero de

Pll, 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 quant®% ligadoslsso resulta em 20 espécies possiveis
de Pllem equilibrio.

OsquatromodelosdeRocha et al. (2013)ossuem as mesmas 20 espé€asnodelos
diferenciamse entre si pelo numero de classes de sitios de ligacao considerados para ATP, ADP
e 20G.No modelo 1, considerse que h& 3 classes de sitio de ligacdo ATP e 1 paradADP
seja, a ligacdo da primeira, segunda e terceira moléculas de ATP a PIll ocorrem com afinidades
diferentesenquanto a ligacdo d&€s moléculasle ADPocorre com a mesma afinidade. Nos
modelos 2 e 3, considesg que h& 2 classes de sitios tanto pdiRa quanto para ADP. Apés
a ligagcdo da primeira molécula de ATRifaidade 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 modelo Zressupde quaTP e ADPnédo podem se ligar um mesmo trimero,
enquantm modelo 3pressupde que eles poddpor fim,0 modelo 4onsideratrés classes de
sitios tanto para ATP quanto para A relacdo a-©G, os quatro modela®nsiderangue

ha trés classes de sitios.

Rochae colaboradoregRochaet al, 2013)obtiveramos valores das constantes de
afinidade entre PIl e ATP, ADP eQG ao ajustar cada um dgsatromodelos avarios
conjuntos delados experimentage Jiang e Ninfa (2007lpe acordo com sua analise de erros,

o modelo 4 foi o que apresentou melhor ajuste, e por este motivo serd o modelo utilizado para

descrever a ligacdo dos efetores ATP, ADP@Ra PIl na segunda etapa deste trabalho.

1.3 Justificativa e Objetivos

Os modelos até agora publicados fazem grandecavna simulagcéo da assimilacao de
amonia enEscherichia coli mas apresentam limitacdes que podem ser superadas para obter
um modelo mais realista. O modelo de Kuedtal (2005) € o Unico que descreve a regulacao
da expressao dos genes envolvidassintese dos produtos desses geRes isso, também o
unico capaz de descrever o comportamento do sistema em tempos de resposta mais longos. Nc
entanto, trata os mecanismos bioquimicos de maneira demasiado simplificada, e 0 modo como

trata a acdo alostéaae 2o0xoglutaratessobre a uridililacée incorreta.

Ma et al (2009) ampliaram o modelo de Bruggen®ral (2005), resultando em um

modeloque descreve a agédo de todos os componentes do sistema, exestuaredpressao
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génica As atividades enzimaticas sdo descritas com atencdo para seus mecanismos,
contribuindo mais que o modelo de Kurataal (2005), portantoNo entanto, a descricédo de

Pl é inadequada, pois ndo considera que ADP se liga a PIl, competindo pelo mesn&o sitio d
ligacdo de ATP. Ainda, algumas das equacdes cinéticas sdo inventadas, como a de ATase, AR,
e possivelmente GDH e GOGAT, e nao determinadas experimentalmente. O modelo de Jiang
e Ninfa (2007melhora a modelagem de Pl ao levar em conta a ligacao deadddiPde ATP,

e 2oxoglutarato a Pll, mas ainda de forma incompleta. Sua deficiéncia € regalvidacha

e colaboradores (2013), cujo modelo € capaz de prever a ligacdo de GInB a seus efetores
alostéricos quando os trés estdo presentes, que € a condigatradan vivo. Seu modelo

utiliza regas para a ligacdo dos efetqredgumas das quais podem n&o representar 0s

mecanismos reais, e podem ser melhoradas.

Dentro deste contexto, o objetivo geral desta dissertacdo de mestrddseiovolver
um modelogue descreva corretamente a atividade de UTase. Tal modelo contribuiea para
modelagem do sistema de assimilacdo de anedmia coli. Otrabalhdfoi feito em duas etapas.
Na primeira etapa, o objetivo fobter um modelo cinético para UTase que fospazale
prever seu perfil de inibicdo pelos produtos (Jiengl, 1998), sendassim consistente com
0 mecanismo da enzima. Bsdtapa € tratad# primeiro artigo contido nesta dissertagéa.
segunda etapa, o0 objetivo fotegrar este modelo ao modaiiimero 4 de Roclet al (2013)
para a ligacado de efetores apdraobter um modelo que fosse capazidscrever a influéncia
do estado de ligacatePIl, em termos de seus efetores alostérgaisrea atividade de UTase.
Esta etapa é tratad@ segudo 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 Bscherichia coliand 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 anddililation 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 descrilis product inhibition correctlyThis work contributes to the modelling
of the ammonia assimilation pathwayEncoliwith a model for UTase activity which is capable
of describing its product inhibition pattern correctly and is therefore consistemtitait

mechanism.
2.2 INTRODUCTION

The ammonia assimilation pathway Escherichia coliand many other bacteria is a
tightly regulated system. Besides allosteric regulation of the assimilatory enzymes, there is a
complex regulatory cascade involving two bifuootl enzymes, uridylyltransferase/uridylyl
removing enzyme (UTase/UR) and adenylyltransferase/ademyhdving enzyme
(ATase/AR), and two signal transduction proteins, GInB and GInK, which are members of the
Pl family. GInB and GInK integrate multiplestiular 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)Elncoli, GInB is

constitutionally expressk whereas GInK is only expressed under nitrogen starvation.

Both GInB and GInK are homotrimers that contain three identical nucldotdéng
sites, located ithe clefts between the subunits of the trimer. Next to each nucldntideg
site, there i 2oxoglutarate (20G) binding site. ATP and ADP compete for the nucleetide
binding site, while 20G can only bind to its site if an ATP molecule is bound to the adjacent
nucleotidebinding site. If 20G is bound to a subunit, then thdobp of that subnit 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 ufréphgdving
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activity of UTase/UR, which is favored by high intracellular glutaanconcentrations. In this
manner, Pll proteins integrate intracellular signals of energy status (ATP/ADP), carbon status

(2-OG) and nitrogen status (glutamine).

AtasdAR GS
activity
NTr@—) NtrC ) GS .
expression

NH;
transport

Whatis
controlled

CellularSignal  Plliprotein Targetproteins

Figurel - Overview of the interactions of the PII proteins Glad GInK inE. coli andthe control they exert
over the ammonia assimilation system.
GInB and GInK are directly affected by the cellular levels of ATP, ADP amdglutarate (20G) and
indirectly, through the action of UTase/UR, by the levels of glutamine ([@&pending on these signals, GInB
acts upon the target proteins ATase/UR totom GS activity and NtrB to control GS expression, while GInK
acts upon the AmtB transporter to control ammonia transport.

The interaction of PIlI proteins with their target molecules depends on their particular
states, in terms of the effectors (i.e. AADP and 20G) bound to the trimer and the number
of subunits that are uridylylated. For example, only -oadylylated GInB can bind
allosterically to NtrB, and only nearidylylated GInK can bind AmtB (Rodrigues, 2011).
When complexed to GInB, NtrB dep$phorylates 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 itateguivould be
a useful tool to further our understanding of how this system works. Amongst the few
mathematical models previously proposed for this systef. inoli (Mutalik et al, 2003;
Bruggemaret al, 2005; Kurateet al, 2005; Lodeiro and Melgarej@008; Maet al, 2009;
Kidd and Wingreen, 2010), those of Kurataal (2005), Bruggemast al (2005) and Maet

al. (2009) are the most complete. In the Kurata model, Pll is considered to be a monomer and
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ATP, ADP and 20G are not effectors of PlI, tegr 20G is a direct effector of UTase (Kurata

et al, 2005), even though it has been known since 1995 tk¥® 2loes not bind to UTase
(Kamberovet al, 1995). Since the effectors bound to PIl determine how it interacts with its
target proteins, the Kurmatmodel does not properly describe these interactions. Further, since
Pll is a trimer that can suffer three uridylylations, the Kurata model cannot describe the
uridylylation kinetics correctly. The model of Bruggemenal (2005) describes both the
binding of effectors to PII trimers and the uridylylation of the subunits in greater detail. It
assumes that PIl is saturated by ATP and does not consider the competitive binding of ADP.
However, it does predict the concentrations of various states of Pltiffehent numbers of
bound 20G molecules and different numbers of uridylylated subunits. The kinetic equations
for uridylylation of PIl by UTase take into account product inhibition by uridylylated forms of
Pll and by pyrophosphate (Table 1), but the deinators of these equations lack several of the
terms that would be expected for the ordered teroanyplex mechanism, which this reaction
follows (Jianget al. 1998). Maet al. (2009) expanded the model of Bruggeneaal (2005)

by including the AmtB @nsporter and adjusting the values of some of the constants of the
model, but the equations regarding Pll and UTase/UR were unaltered from Bruggfemhan
(2005).

Within mathematical models of the ammonia assimilation system, it is important to
describe lte binding of effectors to PIl and the uridylylation of PII correctly. Recently, our
group developed a model for the equilibrium binding of ATP, ADP a@iG2to PII that
recognized twenty states with different combinations of bound effectors (Rbeha2013).

In the present paper, we develop a kinetic model for the uridylylation of PIl by UTase, based
on the ordered ternary complex mechanism. We show that our model makes predictions about
product inhibition that are consistent with the experimentallteesd Jianget al. (1998),
whereas the model of Bruggemeinal (2005) does not.
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Tableli Equations of the model of Bruggemeaial (2005) for the uridylylation of PIl by UTase.
Uridylylation of PII

[UT]. ke [ PH][UTP]

E Ks, KMW
Se 1 Kus, [uTP]
= K, Ku.
i [Pu] lPII][UTP] LPII][UTP][PP] MSPI[PIIUMPl]
2@ % Ks, KoKy, KgKy K, — KgKg (1a)
¢ Ko 2 [PIUMR] JPHUMPJ[UTP] LPIIUMPl][UTP][PiP]_I_KMSP”[PIIUMPZ]
s K, Kis, Kiy. K, K Ko Kis, K
z[PMUMP] JPIUMP,JUTP]  [PUUMPI[UTA[ P K, [PIUMP]
& iSpy K@” K Myre K i) K Myre K, by K i, K By

Uridylylation of PIIUMPy
[UT], ke[ PIUMB][UTP]

vz = - iSP\IUMFi K MUTP
?é 1+ MS’HUMQ[ TP]
& iSpuomr,~  Mute
&
z [Pu] [Pu]uTP] [Pu][UTP][PP] Krspl,UMﬁ[PIIUMFz] (1b)
%é.l. [GLN] é isPIIUMPl KiS:'I\UMPlKMJTP Ki&\IUMaKMJTPKiP KiSPHUMﬁKiR’HUM&
¢ Ko %[PIIUMP] [PumR][uTP] [ PIUMR][UTF|[ PR KMSPIUMH[PIIUMP]
z iSpium, KISP\IUMHKMUTP KISPHUMHKMUTP ipp KISP\IUMHKIPPHUMF}
;[PIIUMPZ] [PUUMP,J[UTP] [PIUMP][UTA[ PH  Kys,,, [PIUMP,]
&

iSpiumpy Kis:numpl K Mire K biump K Myre ~ ipp Kismumpl KiPPHUMPz

¢
Uridylylation of PIIUMP>

[UT]. k. [ PIUMB][UTP]

T & . [UTP]
% 1+7MS’”“MPZ
& Sy KMo
= , [Pn] [Pu]utP]  [PUJUTPI[PR] Kys,., [PIUMR] (1c)
2@ N [GLN] g Kiswe, K, K e Klsp..UMsz el K K B,
¢ Ko 2 %, [PIUMP] [PIUMR[UTP] [PIUMR][UTH[ PH KMSP,UWZ[PIIUMP]
: Spiume, KISpuum KMUTP Spiuue, K MUTPK ipp K'SpuumaK Ponuwpy
;[PIIUMPZ] JPIUMP,][UTP] [ PIUMP][UTA] PH Kysp‘,UMpz[PIIUM%]
2 Kown  KsunKun K irunm, K K i K S, o

In order to facilitatecomparisons 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 PII in this model. UTase is assumed to follow
a nonprocessive mechanism sed is possible to separate PIl with none, one, two or three
uridylylated subunits after partial uridylylation assays (Atkinsbal, 1994). Application of
the ordered ternary complex mechanism to the uridylylation of the three substrates, PII,

PIIUMP: and PIIUMR, results in the reaction scheme showhigure?2.

K" ks
TC, TCy
K's UT * PIIUMP, uT - PIl ke
PIUMP,
K" ks
K" N ky ks
2 R, K ‘.
uTP PPy
UT - PIIUMP; Ky ke UT = PHUMP;
Ky ks
ut
PIIUMP, PIIUMP,
Ky K4
K Ky
UT = PIIUMP, UT : PIIUMP,
K3 K
. K: uTP

TC:

Figure2 - The ternary complex mechanism proposed for UT@8eenever a form of Pll is complexed to the
enzyme throughanemr i dyl yl ated subunit, the compl etthei s writ
interaction is through a uridylylated subunint, howe
AUT* PIl | UMRlbdeviations 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 distinguashfrom 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 KingAltman 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 PlIl is given by:

a i o
%JTTOW] kC«’sltFwM - [ UTTota] kcatR[ PPI] [ P”UMPl] @ Fe,
KiSP M KM i KiPPIIUM 92
LR [GLNI]I ? NS =3
a
A+l FFF, FFD, FEP, FED)
(v GLIN



The velocity of uridylylation of PIIUMPIs given by:

a PIHIUMP, | [UTP PPi| | PHUMB 0
%J Total] catF[ ] [ ] UTTota] kcatR[K ] [ 2] gF?,
_C 'SPIIUMH Myrp M ppi iPeiump, =
a GLN
3+ v Frp, mED, FED)
c GLN =
The velocity of uridylylation of PIIUMPIs given by:
PIHUMP, | [UTP PPi[ | PIIUMPB, 0
%JTTotal] kcatF [ ] [ ] [ UTTota] kcatR[ I] [ 3] g F2
'SPIIUMPZ Myrp K'V' PPI KiPPIIUMP3 =

b [GLN]

a+ON GrF, D, RED, FED)
(; =

GLN
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(2b)

(2c)

All three equations have the same denominator. The fabigr®, and D3 in this

denominator are related to the first, second and third uridylylations, respediiveyyare given

by:

[PII]+[PII][UTP] _1PII] Ko, [PP] Lll][UTP][PPi]

KMUTP i ppi

LPIIUMPl] [UTH [PPI]
K

iPoump, iure M ppi

KiSPn Ki&,” K’V'uw Ki$u Kippuuma KMPP\ Ki$u

a
®e
D =2
' ZPHUMPI]JPHUMPI][PM] [PIUMP] [UTP] Ky,
x |
¢

iPoiump KiPPIIUMP1 KMPP\ iPeiump, Myrp Kispu

a[PIIUMP] . [PIUMP] [UTF] _I[PIIUMFi]K [PP] [PIUMR][UTH] PP]

MPP“UMF'Z
_aaK'SPHUMFi ST KMUTP 'SPIIUMPl K'Ppnuwz KMPPi Ki$IIUMP1 KMUTP Kipp‘
2 [PIIUMR,] +[PIIUMP2] [PPi] [PIUMP,|[UTP] Ky, . [PIUMPR,] [UTP] [ PP]
? KiPPIIUMPz iPeiiump, KMPP\ KiPPIIUMP2 KMUTP Kisp” KiPPIIUMP2 Kbrp KMPPi

é[PIIUMP2]+[PIIUMP2] [UTP] _![PIIUMPZ]K [PP] LPIIUMPz][UTF][ PP

MPPHUMF'3

— & KiSPIIUMP2 iSiump, KMUTP iSump, Kippuuws Ku PP K i$iump, K ute ippi
’ 2 [PIUMP,] +[PIIUMP3] [PP] [PIUMR][UTP| Kyg,.. +[PIIUMP3] [UTP] [ PPI
c KiPPIIUMF{; KiPPIIUMP3 KMPPI KiPPIIUMP3 KMUTP Kispuuw KiPPIIUMP3 Khrp KMPPI

Likewise, the expressiorfs;, F2 andFs in the denominators of Eqs (2a) to (2c) are

(38)

(3b)

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

[PPl] Kus, m

K.

o
aK
E = MBoiume,
b K, K
(;‘ iPoiump Ippi iSpy Myrp

(48)
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K, [PP] o Kugor, [UTP]

EF =
’ éa iPPIIUMPZ ippi iSPIIUMFj_ Myre (4b)
o (PP | K 0T .

(;; iPoiumpy Ippi iSpiump, Myrp

F1, F2 andF3 also appear in pairs in the numerators of Eqgs (2a), (2b) and (2c). Within
each of these expressions, the consténtsandKis are related to the form of Pl that serves as
the substrate in the corresponding uridylylation. Likewise, the constapendKip are related

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

Since the interaction of UTase with a PIl subunit is not affected by the uridylylation
state of the other two subunits (Atkinsenhal, 1994), it is possilel to derive relationships
between the constants related to the three substrates (PII, RIBdPIIUMPB) and between
the constants related to the three products (PIIYMRIUMP. and PIIUMR). Detailed
deductions are given in the supplementary matériedKwus values for the three substrates are

related by:

==K (59)

3
MSpiiump; E MSpy|

3K

MSp|umP 2 MSp

(5b)

TheKis values for the three substrates are related by:

_3
Spiump E KiSPu (63)
iSpiumP, = 3KisPu (6b)

TheKwp values for the three products are related by:

(78)

MPpumP, 2 MPpiump

(7b)

_1g
MPpiuMp; — 3 MPRIUMP

Finally, theKip values for the three products are related by:
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Ppiump, o P PIUMP

-1k (8b)

Ppiumpy 37 P PIUMP

If these identities are substituted into E@®) and (4c), these equations become
identical to Eq(4a). As a cosequence, the expressidhsF> andFz cancel out of Egs. (2a) to

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

[Pu][uTP] [PPi] [ PIUMP]

a

v, =ghUT ] K., fUT, a (93)

' %U e kc " Kispu KMUTP ! ta] k° " M ppi iPriump -

& [PIIUMP] [UTP] [ PP [ PIIUMB]

%J-I}otal] lﬂ:atF { UTI’ota] kcatRK (9b)

[0 iSpiump Myrp M ppi iPeiump, =

a PIIUMP,] [UTP PP [ PIUMR

= %UTI' tal] Iﬂ:atF[ ] [ ] { UTI’ota] kcatR[K ] [ 3] (9C)

C 'SPIIUMPZ Myrp M ppi iPoiiumpy -

These equations have the same denominatogizZen by:
. a |GLN]| B . .
D' =ad 4 I8, 8 s 0} (o)
o GLN -
In this denominator, the terni®* to D3* are given by:
D(*) = MSWI [UTP] MPP”UMFl [ PPI] (98)
iSpy KMJTP iFoiumm ippi
ge [PIl] [PII | [UTP] 1P||] [PPi] Kigym LFLI][UTP] [PPI]
x KISPII KISPII KMUTP KI$’II KMPPI KIPPHUMH KISII KMUTP i ppi (9f)
zpuump] ,[PIUMR][PPi] [PIUMR][UTF] Kyg, [ PIUMR][UTH [PPI]
¢ K'PPHUMP1 K|PPIIUMP1 KMPP\ KlpPIIUMPl KMUTP K'Spu KlPPIIUMP1 ure M ppi
é{PllUMPl] [PIUMP][UTP] [ PIIUMB] [ PP] Ky, LPIIUMF}] [UTA[ PP]
& K'SPIIUMFi K'SDHUMP1 KMuw K'&’IIUMP KMPPI K'Ppuuma K'$||UMP KMurp K PP
(99)

QPMUMP] , [PIUMP,][PPi]  [PIUMP,] [UTF] Kus,,,, , [PIUMP,] [UTP] [ PP]
J

K K. K K. K :
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4[PIUMP,] [PIUMP,][UTP] [PIUMP) [PP] Ky, [PIUMB][UTH[ PP]

. & KiSPIIUMPZ KiSPIIUMPz KMuw Kisfﬁnuwlp2 KMPPi KiPPnUM% Ki$||UMF>2 KMuw i ppi

> _g[PIIUMPB] +[PIIUMP3] [PPi] [PIUMP][UTP] Kys,,, +[PIIUMP3] [UTP][ PP
® ' K

c KiPPIIUMFg KiPPIIUMP3 KMPPi KiPF‘IIUMP3 KMUTP KiSP”UMPZ KiPPIIUMP3 ure Mppi

(9h)
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2.4 RESULTSAND DISCUSSION

Product inhibition patterns for UTase were deduced from @gsto (9c). 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, botubstrates are always added, but only one of the products is added in any
particular assay set. In their product inhibition studies, Jaat) (1998) used the substrates of
the first uridylylation, namely UTP and namidylylated PII, but the form of IPtested as the
product was the product of the third uridylylation, PIIUMBNd not the product of the first
uridylylation, PIIUMP.. Although Jianget al (1998) did not explain explicitly why they used
this experimental strategy, it does avoid the carafibns 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 ag 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 (PIIUMRIUMP: and PIIUMB) were added, with
this analysis being done for each of the uridylylation cydesle 2 shows the results of the
analysis for the particular combimat used by Jiangt al (1998), namely the addition of PP
and PIIUMR 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

Bruggemanet al (2005) (see Supplementary Material for the detailed analysis).

For the experiment undertaken by Jiabgl (1998), when PRs added as the inhibitor,
the equation developed in the current work for the first uridylylation(3q, simplifies to

PIl][uTP
[UT]T kcatF uu
v, = iSpi_ " “Myre
4 1+ Kus, [UTP] J[ PIl] Lﬂ]@ "
e iSpy K'V'uw Kispn Ki5=|| KMUTP

v, [PR] [PI][PP] Ky, [ PI][UTA [ PP
K

gKiPPIIUMFi KiPFf KisPII KMPPi KiPPnuma iS—"II KMUTP KiPP

and when PIIUMPRIs added as the inhibitor it simplifies to
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[PII][UTP]

UTl Kae 5

' k° " KiSPu KMUTP
ge“ Kys, [UTP] JI[PII] LPII] [UTP]
K KMUTP KiSPII KiSF‘II KMUTP

[PIUMP,]  [PIUMP,] [UTP] K,

Vi =

(100)

iSpy

e
&
a8
(i:% iPoiump KiPPIIUMP3 KMUTP iSpiumg

Likewise, for the experiment undertaken by Jiatgal (1998), when PRs added as the
inhibitor, the equation developed by Bruggenedral. (2005) for the first uridylylation, Eq.
(1a), simplifies to

[PI][UTP]
[UT]T kcatF
Kispu K Myrp

&  Kys, [UTP] [PI] [PII][UTP]
2 KiSpu K'wa IKiSpu K iSn K Myre
- L [PI]UTP][PF]
&

Vv, =
+

(118

K

iSpy K Myrp K'Pﬁ’
and when PIIUMPRis added as the inhibitor it simplifies to

[PI][UTP]

[UT]T kcatF KiSP" K

Kys,, [UTP] [P EF;:l JuTP]

a

&

x Kispu KMJTP KiSPu K i K Myre
e

- , Kus, [PIUMP,]
x

¢

Vv, =
+

(11b)

- K.
iSpi N iRumR

The product inhibition pattern predicted by the model developed in the current work exactly
matches the experimental product inhibition pattern for UTase obtained byedianl998),
whereas the model of Bruggemanal (2005) predicts a quite diffare product inhibition
pattern Table?2).

Our model is capable of predicting the experimentally observed product inhibition
pattern because it contains all the termthie denominator that are consistent with an ordered
ternarycomplex mechanism. The model of Bruggeneinal (2005) fails to predict the

experimentally observed product inhibition pattern because its denominator lacks several of
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these terms, as can beesdy comparing Egd.0a) and(11a) and also Eqé10b) and(11b). It

is not clear why Bruggemaet al (2005) omitted tese 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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Table27 Comparison of the product inhibition patterns for UTase predicted by the model developed in the
current work and the model of Bruggemetral (2005) with the experimental pattern reported by Jetra
(1998)

Inhibition type Inhibition type

Product usec Variable Substte Fixed Substrate  (non-saturating (saturating

as inhibitor fixed substrate) = fixed substrate)
Product inhibition pattern determined experimentally by Je&traj (1998)
PP Pl UTP Mixed Uncompetitive
' UTP PII Mixed Mixed
Pl UTP Competitive Competitive
PIIUMPs UTP PII Mixed No inhibition
Product inhibition pattern predicted by the model developed in the present work
PR PlI UTP Mixed Uncompetitive
' uTpP PlI Mixed Mixed
Pl UTP Competitive Competitive
PIUMPs UTP PII Mixed No inhibition
Product inhibition pattern predicted by the model of Bruggeetah (2005)
PP Pl UTP Competitive Competitive
' UTP Pl Competitive Competitive
PIIUMP Pl UTP Uncompetitive No inhibition
° UTP PII Uncompetitive No inhibition

Whereas in our model the denominators for the three reactions are identical, in the model
of Bruggemaret al (2005) they are nothis is quite strange: The denominator of the velocity
equation for any particular enzyreatalyzed 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
particula 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 Eqgs (1a) to
(1c)) is due to their substrate and product constants. In both the Bruggeman and our equations,
there is &is constant in all terms that contain the concentration offRIUMP. or PIIUMP>
as substrates. Similarly, there iKa constant in all terms that contain the concentration of
PIIUMP,, PIIUMP: or PIIUMP; as products. The denominators of Egs (1a) to (1c) each have
the same number of terms. Although the terms indam®minator appear to be equivalent to
the terms in the other denominators, they are not identical because @ineKip constantsn
each equation are differenin Eq. (1a), Kisp; is present in each term that contains the

concentration of one of the PIl species as a substratigndye, iS present in each term that

contains the concentration of one of the PIl species as a product. In the corresponding terms,
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Eq. 1(b) contains the constattspuvp; andKippiumpz, While Eq. (1c) contains the constants
Kiseump, and Kippumps. In otherwords, in each equation of Bruggeman, #e and Kip
constants in the denominator all correspond to the substrate and product, respectively, of the

particular uridylylation reaction in question (PIl and PIIUM® the first reaction, PIIUMP
and PIIUMRB for the second reaction and PlIIUM&nd PIIUMR for the third reaction).

In our equations, thKis andKip constants in the denominator of a particular reaction
equation correspond to the form of PIl that appears in that particular term. In otherailords,
terms containing the concentration of Pll as a substrate Kapg all terms with the
concentration of PIlUMPas a substrate ha¥espyvp, and all terms with the concentration of
PIIUMP: as a substrate hatspyvp,. Similarly, all terms withthe concentration of PIIUMP
as a product havippymp;, all terms with the concentration of PlIIUMBS a product have
Kippiump,, @ndall terms with the concentration BIUMPs as a product havi€ippumps. This

results in our three equations havingetky the same denominator.

To exemplify the difference between our equations and those of Bruggeman, the
denominator of Eq. ida) whabet Bgq. kpfoef) @apas |
Eq. (1c) ishauso .A[IPn 14 I/1K uatibns @e Ege (Qa) o (Oc)), thegterm is
Al Plisyd ./ K

There is a further important difference between our denominators and those of
Bruggeman. When the denominators of Bruggeman (Egs (1a) to (1c)) are compared to the
denominator of our equatiofifable 3), several terms are identical. However, our denominator
contains several terms with the concentration oftifR are missing from the denominators of
Egs (1a) to (1c). Likewise, our denominator has several terms with the concentration of
PIIUMP,, PIIUMP2 or PIIUMPs as products that are missing from the denominators of Egs (1a)
to (1c). There is only one term containing each of the concentrations of P{JB@MBMP, and
PIIUMP3 as products in the denominators of Bruggemaral (2005), and theseakie no

equivalent counterpart in our denominators.

The numerators of the equations of Bruggerm@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. Thissinot unreasonable, since it has been shown that the reverse reaction is
very slow compared to the forward reaction (Jiah@l, 1998). However, in the equations

deduced in the current work, the reversibility of the reaction is responsible not onhefor t
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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 equatiorBrafjgemaret al (2005) are the terms
that contain eitheKwpp;, Kiytpe Or Kvp for PIIUMP,, PIIUMP: or PIIUMPs. Values for these
constants are not given by Jiagigal (1998), which was the source used by Bruggeetat
(2005) for the values for all other constants. It may be that Bruggetr&n(2005) removed

the constants for which there were no available numerical values.
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Table3 7 Comparison of the terms of the denominators of the equations of Bruggémiaf2005) and the
denominator of our equations.

Denominator for the

equation of Bruggeman

equation of Bruggeman

Denominator for the

et al (2005) for the

equation of Bruggeman
et al (2005) for the third

Denominator for the

Denominator for the

uridylylation equations in this

of any form of

et al (2005) for the first ) .
i ) ) second uridylylation ) ] ) work
uridylylation reaction ] uridylylation reaction
reaction

Terms without Kys, [UTP]
the 'K '

. KMSF.” [UTP] |‘<MSP”UMF1 [UTP] }<MSF,”UMF,2 [UTP] iSpy Myre

concentration 1, 1, 1,
Kispu KMUTP iSPIIUMFl Myre iSPHUMPZ Myre l<MF’p“LW,H [PPI]

a substrate

Pl T
[PII] [Pu][uTP]
remowin | [en] [pulfute] | [eu] [pulfute] | [pu] [Pu]fute] | e K M
the Koy Ko K | Ko Koo Ko | Ko Koo Ko [P11] [uTP] [PPi]
concentration Ki -
oipiasa | LPMIUTP][PR] [Pu][uTP][PP] ’ [Pu][uTP][PP] o
substrate Kis., Ku, Ki, Kishunn Kt i Kisoe, Sty Koy [Pu] [PPi] Kue...n
KiSPu KMPPI Ponuwr
[PIUMR]
[PIUMP] [PIUMR] [PHUMR] S
. ' Kis ppppp X ' Kis ppppp . ' PIUMP,
Terms with [PIIUMP] [UTP]
the [PIUMRJ[UTP] [PuumR][UTP] [PIUMR|[UTP] s o
concentration Kis, Kty | Soun Mo P [ ][ K
PIIUMR] [PPi] Ky,
of PIIUMP; as [PiuMR][uTP|[ PR] | [PIUMR][UTP][PP] | [PIIUMR][UTP][ PP] 1 . Moar,
iSpiump, Mepi Ponune,

concentration
of PIIUMP; as
a substrate

iSP\I MUTP

[PIIUMP,][UTP][ PP

iSpy K Myre KiPE

K. K TP

[PIIUMP,][UTP][ PP

K K

[PIIUMP,][UTP][ PP

iy Mure ipp

iSPHUMPZ Mure iPﬁ’

iSpy KMH,,Ki,,E Souumg, Mute  pp Seuomr,  Mure - lep
[PIIUMR] [UTP] [ PPI
iSpivg My Niem
[PIIUMP,] [PIIUMP,] [PIIUMP,]
Kisp‘, ’ 1Seiumr , 1Seuume, |
Terms with [P”UMPZ]
the [PIIUMP,][UTP] [PIIUMP,][UTP] | [PIUMP,][UTP] | S—

[PIIUMP,] [UTP]
K,

Myre

iSpiume,
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[PIIUMP,] [PPi] Ky,

K

iSpiume, Mpp; iPoiuwe,

[PIIUMP,] [UTP] [ PP

iSpiump, Mure ippi
[PIIUMR]
iPPIIUMPl |
Terms with [PIUMR] [UTP] Ky,
the MSP [PIIUMP] MSP..UM [PIIUMP] MSP.‘U - [PIIUMP] Poruwn My | NiSpy
concentration - K _
of PIIUMP, as S " R o, Pcnr, [PIUMR] [PPI]
product iPoiymp, Mg
[PIIUMR] [UTP] [ PPI
iPoiume, Kiuw KM PRI
[PIIUMPR, ]
iPPIIUMPZ ’
Terms with [PIIUMPR,] [PPi|
the Kys. [PIIUMP] Kuso,, [PIUMP] | Ko [PIUMP)] Poue, <M
concentration - "
of P”UMP2 as iSer T IRyume Sowomm  Fonuwe, iSeiume,  Fbiump, [P”UMPZ] [UTP] I<|\/|SP”UMFl ’
product iPoiume, Myre ISeiumn
[PIIUMR,] [UTP] [ PPI
iPoiume, Kiqu KM PPi
[PIIUMR,]
iPPMUMP3 |
Terms with [PIIUMPR,] [PPi]
the | Kys, [PIUMP] Kys,.,n, [PIIUMP] Kys,.,., [PIIUMP,] Poowe,  Men
concentration
of F)”U'\/”:)3 as iSoy " IRyume iSouomn, — Fbiove, Soiump,  PbUMR, [P”UMPB] [UTP] KMSPHUMPZ
product iPoiume, KMUTP iSeiume,

[PIUMP,] [UTP] [ PP

iPoiump, iure M ppi

Our model has a further advantage over that of Bruggetan(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 (Atkinsehal, 1994), we showed that UTase has different
apparent values for thiéws, Kis, Kmp andKip constants related to the various Pll species as
substrates or products, with these apparent values depending on the number of uridylylated
subunits (See Egs. (5) to (8)). In contrast, Bruggeehah (2005) used the same valueKek

andK;js for thethree substrates (PIl, PIIUMRNd PIIUMB) and the same values ki and

Kip for the three products (PIIUMP PIIUMP. and PIIUMR). Effectively, the model of
Bruggemaret al (2005) assumes that the chance of a productive collision between UTase and
a Rl 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 aundglylated subunit in an
encounter with PIIUMPthan in an encounter with PIIUMPLikewise, it would have twice as
much chance of binding to a uridylylated subunit in an encounter with PI}UM# in an
encounter with PIIUMB

Since our model describes the inhibit effects of the products (RFPIIUMP,,
PIIUMP, and PIIUMR,) correctly and also provides correlations for the varkbus Kis, Kup
andKip constants related to the different species of PII, it will have a superior capability of
predicting transitory udylylation profiles, where the various forms of PIl are present in the
reaction mixture, when compared with the model of Bruggeshah (2005). However, at the
moment, it is limited to describing systems in which the thr€¥32binding sites of the PlII
trimer are completely occupied byQG. In order to describe situations in which PII trimers
have varying numbers of bound ADP, ATP an®@ 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 thredTaseequations

The KingAltman method requires the drawing of a master pattegure Sshows the kg
and Al tmands master pattern for the UTase n

Figure &7 Master pattern of the Kingltman method for the UTase mechanism.

Each vertex in the master pattern represents a form of the enzyme (compare Figure S1
to Figurel). 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 eniym are drawn.

Each individual pattern must be made up of lines only from the master pattern and the
lines in an individual pattern cannot moa closedloop. If aclosedioop would be formed, one
of the lines in this pattern must be removednathematical 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 enzymm fior question. In order to simplify the
procedure the loops of theaster 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 multypéied
expression relative tor é&mai hivexprestianaapetnamedy | o
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 tamoiber, i.e. free UTase. The patier
for each loop that lead to each of these expressions are shBwguiiae S Thetop, middleand
bottompatterrs 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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NN W

Figure2i The patterns used t obtain expressions F

The fourtop paterns produce the expression

F:k-lk-zks[ PP] +k1-k2|$t -k1|§|§ "5%'{ UT} (53)
The fourmiddle patterns produce the expression

F=k', k' ,k;[PP| +k ,K,K, K, K, K, K, K k[ UTF (S4)
Finally, thefour bottompatterns produce the expression

Fr=k" k", k" ;[PP] +k" k', k', K, K;K, K,K,R[ UF (S5

Eqgs(S.3), (S4) and (S5) have terms that can be joined, resgtin the simplified

equations:

F=k,k,k,[PP] +k,k(k, %) kkK UTF (S6)
F'=k', k', K 5[ PP K KK+ R) +, K, k] UTF (S7)
Fr=k" k", k";[PP] +" k', (K #+ Ky +, K, K] UTF (S8)

By following the set of patterns leading to each enzyme form in the first loop (except
free UTase), the expressions below are obtained. EqugiBhnis relative to UT:PII, the
enzyme form complexed to PIl. Equati¢8.10) is relative to theTernary Complex 1the
enzme form complexed to both PIl and UTase or to PIIUMP and PPi depending on the
catalysis step. This enzyme form will be denominated;Tt@n here on. Equatio(5.11) is
relative to UT*PIIUMP, the enzyme form complexed only to PIIUMP, interacting specifically
through the uridylylated subunit.

ok oks[ P[PPI+ Kk ko[ PIf +KkK Pl ko k[ PA[ PIUME g
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koK o[ PU[UTH[ PP+ Kk k[ PII[ UTR +k, k; k[ PR PIUMF

+k,k ;k ,[UTA[ PP|[ PIIUMA (519

ko[ PI[[UTH+ k, k,( k,+ K[ PIUMB+ Kk kk[ UTH PIUMF (S1D)

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 for m, t h aded by the totdl h e ¢
enzyme concentration. The equatid®sl?2), (S.13) and (S.14) are obtained from equations
(S9), (S.10) and (S.11) respectively, by following this procedure. Egons(S.15), (S.16) and
(S17) refer to enzyme forms which are found in the second loop or UTase reaction,
UT:PIIUMP, Ternary Complex 2 T.C2) and UT*PIIUMP,, respectively. Enzyme form
UT:PIIUMP is the complex betvem UTase and PIIUMP through a nondylylated subunit
(differing from UT*PIIUMP), enzyme form T.Gis the ternary complex of the second loop
and enzyme form UT*PIIUMPis the complex between enzyme doubly uridylylated PII
through a uridylylated subunit. These last three equati@fative to the second loop, are
mul t i pl i e drelatiyeto Ehe tavanother Fodpé. The same logic applies to the next three
equations (S18), (S19) and (S20). They are relative the third loop, and they must be
multiplied by F,relativet o t he f i r srdlativeto the secorad loop.astly, the

expression for the free enzyme is equafi®al).

&k k ko[ P[PPI+ kk,(k, +k)[ PI|] &
[UT: Pl _% +k .k 5k ,[ PP[ PIIUMA]
LTl D

R (S12)

4  kkKk,[PI[[UTA[ PP+ kk k[ PIj[ UTH + 6
[T.Ci]_éa%(_lkgk4[PP][PIIUMﬂ+ kkok, [ UTH PR[ PIUMP 23|:- -
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alck, k[ PI[UTH + k, k,( k, +k)[ PIIUME &

* & O
[UT*PIIUMR] _ ¢ +kokok ,[UTH[ PIUME] =L (S14)

o], >

ak' k', k' ;[ PIUMP][ PP]+ K, K,( K , +K,)[ PIIUMB &

[UT : PIIUMP] _? +k', k' k' ,[ PP{[ PIIUMR] §3 )
[UT] - D F E (S.15)

& k' k', k' ;[ PIUMP|[UTH[ PP]+ K, K, R[] PIUMB] UTP + &

' 1 ' i e °
[T.C,] :(aﬁuk 2 k' ,[ PPi[ PIUMB] + K, K . k [ UTH] PH[ PlIlUMA T E" (S16)
[Tl °
&k k', K'5[ PIUMP|[UTH+ K, K ,( K, +K)[ PIIUME &
® L o
[UT* PIIUI\/IF’Z] _¢ +k', k' k-4[UTF1[ P”UMB] = - (S17)
[Tl °
8k", k", k" 5[ PIUMB][ PP+ k', k",( k', +k')[ PIUMH &
uT:Piiump] _ +k*, K" 5 k" ,[ PPI[ PIUMR)] §3|: -
[uT]. D (S18)
k" k", k" ;[ PIUMBJ[UTA[ PP]+ K, K, K[ PIUME[ UTP + &

n n n i n n n 0
[[L.;:].s]:@ Lk k[ PP PIIUMF§]+IE)2 k', k" [ UTH PR{ Plumg R (s19)

&k" k", k",[ PIUMBJ[UTH+ K" , k' ,( K', +K)[ PIIUMA &

0]

e W u
[UT* PIIUMPs] _c +k", k'K -4[UTF1[ P”UME] BE R (S20)
o], >
[UT] _F3F ¥ (S21)
utl, 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 eetions 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. Equati@®22) to (S51) are the identities between the

fundamental constants and the constants in the final equation.



Constant identities for the first loop

(S22

(S23

(S24)

(S25)

(S26)

(S27)

(S28)

(S29)

(S30)

(S31)

(S32

(S33)

(S34)

(S35

(S36)

(S37)

(S39)

42
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_ kY
Poiumr, k'_4 (839)
k', k',
= S40
o =1 (540
k'—l kl 2
= S41
e = e (S41)
Constant identities for the third loop:
k", k",
= S42
MSoiume, kll1 ( k"3+ ku4) ( )
_k",
iSpuump, k"]_ (543)
k" (k" + k"
KMuTP = k:l( k::z kn3) (S44)
2( st 4)
KLk, (S45)
lyTtp k"2
wo = K74 (k" o+ K) (S46)
" k"-s(k" 2t K" z)
KK (S47)
Ippi k"_3
k", k"
K =— i 2 - (548
MPoiump k _4(k o k 2)
_ k%
Ponumry k"_4 (849)
k"; k",
= S50
kcatF k"3+ k..4 ( )
k" k",
=1 2 Sh1
k\:atR k“_l"' k.. 5 ( )

The identities(S22) to (S51) can be used to perform a cige 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 equatio(552). The same procedure is
done for the equations of the second Id§45), (S.16) and(S.17), in order to obtain equation
(S53), and for the equations of the third lodf,18), (S.19) and (S20), in order to obtain
equation(S54).
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kk ko[ PI][ PP+ kk(k, +k)[ PIi
+k ,k sk ,[ PP][ PIUMP +kk k[ PI[[ UTR +
a [UT:PIlJ+ Gigkzks[Pll][UTlﬂ[PP] +k, ky k] PA[ PIUMB +3
e [T.C.]+ Saekzk k,JUTH[ PH[ PIUMR +kk i PI[ UTP +0
anT*PHUMP] ank Ko (k,+ k)[ PIUMA + k k[ UP][PIIUMP] ©
[UT]. D
& kik', k' [ PIUMP|[ PPi+ Kk, K,( K, +K)[ PIIUMB + b
o kKK o[ PPI[ PIIUMB] + k, K, K, PIIUMA[ UTR + 5
&[UT : PIIUMP) o@lkzk [PIIUMP][UTF][ PPj+ K, k, k[ PA[ Plumg +g

a 0
& o
& o

TF " (S52

i +T.C,] + 5 2k, ki, k', [UTR[ PR PIUME) Hrlksz[PIIUMP][UTFj+ 0
JuT*PlUMR] 2 088 k', k', (k' 4+ k)| PIUMB) +, K, Kk [ UTA PIIUMA

o] . F 3" (S53
&  k'.k",k",[ PIIUMB)[ PP]+ k" k",( k', +k')[ PIUME &
ik k", k" [ PPI[ PIIUMB] +, k', k" [ PIUMB][ UTH] PHi 48
;[UT PIIUMP)] an k1k2k4[ PIUMBJ[UTR+ K, K, K [ PA[ PIUMR + 8
& HT.Cy| + 0 2k, k" [UTP][PP][P||UMP]+|< k', k[ UTH PlIlUME +g
ngT*[UP-II_I]UMP] k1k2k3[PIIUMP][UTFj+Dk_ k(K +k)[ PIIUME 39 F (554

The terms in these three equations are reorganized so as to have each combination of
product and substrate concentrations appear ardg.®his simplifies equation§&S52), (S53)
and(S54) to equationgS 55), (S56) and(S57), respectively.

8 kk, (K, + k)[ PI| o kyk, + k)[ PI[[UTR +
& [UT:PIlj+ oi kk,k o[ PH|[UTH[ PP} + Kk k, k[ PI|[ PP +
% [T.C,|+ 833 k,(k,+k,)[ PP][ PIUMA+ k k k[ UTH PIIUM[]>+
éTUT*PIIUMP] :aekzk3k4[UTF][ PP|[ PIIUMA+ k k,( k,+ K[ PIUMPO.

ut], D

& k' k', (k' + k)] PIUMA +K, K (k' + K)[ PIUMA] UTR + &
a[UT PIIUMP] oik k', k' 5[ PIUMP][ PP]+ Kk, k, k [ PIIUMA[ UTH] PHi + 8
o +[TC,] + ogzkgk JUTH[ PIUMB]+ (K 3+ K ) K, k [ PA[ PIUME +¢

BTUT*PIIUMP] . &, ko K JUTA I[PIUMP,] +k' k' (K 5 #)[ PIIUMP, SF (556
Gk 5 (S56)

O O:0: O: O

IS F (S5E)
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a k" k", (K" + Kk')[ PIUMB] +k", k'{ k's+ K')[ PIUMB[ UTP +:
8[UT : PIIUMR)] sz k", k" [ PIUMB)[ PP+ k', k', k' | PIIUMB][ UTA PHi +
- +[T.Cy| + 8%2 k', k" JUTH] PIUMB] +(K' + K ) R . K [ PF][PIIUMP3]+
ngT*PIIUMP] 2k, k" k" JUTH[ PP][ PIUME]+ k', K (k‘2_+k'3)[ PIIUMA
[uT]. D

O: O: O: O: O

1-O:

TF F' (S57)

Both the numerators and denominators of E§1), (S55), (S56) and (S57) are
divided by:

Kok (Kot k) 3K, K(R #+ R) R R K, K) (S58)

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(S21) results in:
[UT] — l:13 FZ3 F3
utl. D
[ ]T %k-1k4(k-2+ I%) 3K 1 k4( K o+ RQ X 1-R4( K 2 - k';)

(S59)

Equation(S55) results in:

ge fi((k +k3[PII] klkkj('% *K) [PI]UTP] + 8
% ” kki(klik [PII][UTP][ PPI] + E(k-zks [Pu][PP] + §
-1 2 0F2 3F3
& [UT:PI]+ QM[PP][PHUMPp 1lgkzklizk )[UTP][PIIUMP]+g
e [TC]+ 82 ok K, KK (K,+ k) g
aTUTI:T”]UMP] 0387k ” )[UTP][PP][PIIUMP] —k4( kg)[F>||U|\/|F>] 5 -

/k-1k4(k-2+ k3)3 K KK+ Ky 3K 1-R4( K Z'HQ)

Equation(S56) results in:



klkz(k +k')

%[PIIUMP] [PIIUMP][UTP]

kll kIZ k' 3

W[PIIUMP][PH] W[PIIUMPJ[UTP][PPM

a[UT PIIUMP] 82 X 1k4(k2 K [UTP][PIIUMPZ] k K(K [PP|][PIIUMP] +
ae+[TC]+0 2

1-0D: O: O: O: O:D: O: O: O: O: Ot
T
oW
+

k', (K ,+
anT* pIIUMR) 0 @ kkzlza“[UTP][PPl][PIIUMP]+(jmj))[PIIUMPZ]

[UT]T

Plklkar k) 5 KLk R) % LR(E, K]

Finally, Equation(S.57) results in:

klkZ

K ) [PIIUMP] S)[PMUMP][UTP]

AR
k'lkIZ
(k)

kl2lk4

B BB

(K's
LS
[PIIUMP, ][PP|]+“(<)[P||UMP J[uTP][ PP+
e

O O O: O: O

o
=
X

[\
X

F ¥,

8
[ely=}

. e
é[UT:PIIUMPZ] gae K < [uTe][PriumR) + (2) J
L

kl3

zk Sk 4
[UT] %k_lkﬂ'(k.z"' k3) 3K 1k4( K & RJ X 1R4( k 2 k;)

o:

[PPI[PIUMB] +

FB EB
o
1-0:0: O

such that I; F2 andFz are given by:

__F
K 1k4(k-2+ ks)
F = il
? kl—l kl4(k' 2t k'a)
Fll

F = S6
Tk k(K" k") (569

F.= (S63)

(S64)

which in turn can be rewritten as:

koo k() ek
sy paves| U By s s e S B

= KLK, K g KKK K) KR K,
7 kl-lkl4(kl 2T kls)[PPI] K 1 K4( K 2—+R3) K 1.k4( K, H'(;[UTP] (S67)
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z : ' (S61)

(S62)
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F,=

SELIFL [PPi] +kkl:"1 14( K"t k'), KL KK,
1Ky

k" k" (K" + k") (K, +K) KKK 7 k,;[UTP] (S69)

The identities of the final constants from E(522) to (S51) are substituted into Eq.
(S66) to give:

K
Fl — MPoiume, [ PP|] 4 ; KMSPII [UTP] (869)
iPoyump, - Mppi iSpy -~ Myrp

into Eq.(S67) to give:

K
F2 — MPsiump, [ PPI] 4 MSsiumpy [UTP] (S.70)
IPPIIUMPZ M PPi K ISF’IIUMFi MUTP
into Eq.(S68) to give:
KMPPIIUM% : KMS’"UMF’Z
F=—— [PPi| 4 +—2%= [UTP] (S71)
IPoyump; Mppi KISPIIUMPZ K Myrp

into Eq.(S60) to give:

ge [PII]+[PII][UTP] .\ g
x Kispn Kispn K Myre O
e ; i (0]
2 [PUUTPI[PP] | Ky [PUIIPPT] 5
2 KiSpn Myrp * lipp iPoigmp  1Spi - Mepi :gF 3
SPPi|[PIIUMR] _ Ky, [UTP][PIIUMR] L0 e
é [UT PII] + 6 ; iPPIIUMFﬁ_'<MPPi I<iSPII KiPPIIUMFﬁ_ MUTP 0
o [T.C.]+ 8 o [UTP][PPI[PIUMR]  [PIUMR] 8
?UT* P“UMF:)L]OE ? KMPPl iuTe iPPIIUMPi iPPIIUMPl 9 (872)
[UTTotaI]

D
%k.1k4(k.2+ k) K k(K KY) KR [K", k)

into Eqg.(S61) to give:



ge [PIIUMF{]+[P£UMP1P]<[UTP] .\ 8
% iSPIIUMFj iS’IIUMPl MJTP O
2 PIUMP][UTP][PP] | Kug,,, [PIUMR][PP] §

g iSpuome, ~Mute " ippi iPenume —  1Spiump,  Mepi :OF 3F3
2 [PPi[PIUMR] | Kus,,, [UTPI[PIUMR] ¢
é[LJ-I—I:)”LJIV”%_] 6& KMPP\ iPPIIUMFQ iSpiump1 iPPIIUMPZ Myrp O
53] Oce (0]
e *[TC,] + se [UTP][PPi][P||UMF;]+[P||U|\/|F;] 0
?UT*P"UMPZ] S_)? iPowump, - Meppi -yt iPpiump, 9

- D
[UTooa ) %k_lk4(k_2+ k)® K KK # K) 3K L R[ K ,+K))
and into Eq(S62) to give:

ge [PIIUMP2]+[P|!UMP2']<[UTP] .\ 8
& iSPIIUMPZ iSDIIUMPZ NlJTP O
e, [PIUMPL][PPT [PHUMB,][UTF][PP] |

2 iPeumps 1Spiump, Mute iSPuu.MPZ Myre " ™ Tepi ;g|:1 3|:2
2 Kugns, [VTPI[PIUMR][PRi][PIUMR] O
&UT: PIIUMP,] & e oy Kby Ko Poue, Mo 0
0]
Z +[T.C,] + 8$ [UTP][PPi][PIIUMP3]+[PIIUMF§] 6
?UT* P“UMF%»] 2? KiPPIIUM% KMPPIKiUTP KiPP"UM% 9

[UTTotal] %k.lkA(k—Z-'- k3) 3K \ KA( K St Rg X 1_R4( R 2 - R;))

EquationgS59), (S.72), (S.73) and(S.74) are added to give:

48

(S79

(S74)
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F3F, 3F, +
ge [PII]+[PII][UTP] N 8
& Kiso  Kig, Ky, 0
& ; : 0]
= [PU]UTPI[PP] | Kur, [PH[PPI]
& K|S KMJ i KiP KiS KM ; O
% Pll TP PPi PIIUMP Pll PPi DFZ 3F3-|-
ﬁPPl][PIIUMPl] , Kus, [UTP][ PIIUMR) g
& iPPIIUMaKMPPl Kispu iPPIIUMH Myrp 0
: [UTP][ PPI[[ PIIUMR] +[ PIIUMR] 8
? KMPP\ KiUTP |<i|:’PIIUMH il:’PIIUMH 9

[PIIUMP] N [PIUMB][UTF] N

B3B38 8383833R0B333838888888>

0

0

0

0

0

0

0

0

0

0

0 0

0]

iSPHUMFl iSPIIUMH MUTP 0 8

PIUMPUTP][ PP _ K, [PIUMP][PPI 8 6

iS M i iP, KlS M O 0

PIIUMP utP  'PPI PIIUMP, PIIUMR PPi :oFl 3F3 q

[PPI[PIUMP)] , Ky, [UTPI[PIUMR] &7 72 0

KMPPi iPPHUm? iSpiump1 iPPIIUMPZ Myre 8 0

4 [uT]+ 5 [UTP][ PPI[[ PIUMR,] +[PIIUMP2] 0 8

0 5 0

2 [UT P||]+ 8 iPorump, - Meppi - yrp iPpiume - 8

Z[rey+ 8$a [PIUMP,] | [PIUMP][UTP] 0 5

x 0 o

FUT* PIUMR] + O Fze K K ttre 6 9

UT : PIIUMR] + gggwmws[P”UMP][PPl] [PIUMP,][UTP][ PP] +8 :

e [T CZ] + 8 2: KIPPIIUMP\; KISPIIUMPZKMUTP KISPHUMPZK MUTPK|PP :(O)Fl 3F2 8

Jut+ PiUMR] + 822 Kty [UTPI[PIUMR]  [PPi[PIIUMR] 8 :

QUT: P”UMPZ] + 8 wz KiSPIIUMPzKiPPHUMPgKMPPI KiPPuuMPgKMPP. 8 0

® [TCl+ 0% [UTP|[ PP][ PIUMB] [ PIIUMR] 6 0

& Q £xp + R) Q
?[UT* P”UM%] 9_?9 KiPPIIUMP3KMPPi KiUTP KiPPIIUM% - 0 S7

[UTTotaI] / ) ( . 5)
(k-1k4(k-2+ k3) 3K 1 k4( K zfl' ka) X 1-“4( R 2 - k;)
Since:

guUT]+[UT: PIl] {T.C,] [WUT* PIUMR]
[UT]T=§UT:P||UMF;] {T.C,] [WT* PHIUMR] - (S76)
ge[UT: PIIUMR,] +[T.C,] {UT* PIIUMR)]

The numerator and denominator on the left side of(3#p) cancel out. The

denominator from the right sideacn  t hen be Abrought overo to -
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®e e iSpyy IS Myt 0
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& 2 iSpyy Myt ippi iPPIIUMFl iSpy Mppi 8
&® . ¥ F2 3|:3+
= APPI[PIUMR] Ky, [UTP][PIUMR] O
2 e iPPMUMH_ KM PPi KiSPu K iPPIIUMF{l K Myrp 0
ot % [UTP|[PP][ PIUMR] , [PIIUMPR] 5
2 ? KMPPi iutp iPPIIUMFl iPP"UMF’l 9
% [PIIUMI:’l]+[PIIUMP1][UTP] .\ g
% iSF'IIUMFj_ K iSZ’IIUMFj_ K MJTP O
2eq PIUMP[UTP][PP] Ky, [PIUMP][PPI] &
1 % . : ¥ i i +6
D = aze iSpiumr, - Mute e Peiume, * 1Spiuvr - Mepi :OF =
2 [PPI[PIUMR]  Kus,,, [UTPI[PIUMR] 0%
g KMPP| iPPIIUMPZ iSpiump1 iPPIIUMPz Myre 8
age [UTP|[ PP][ PIIUMR] +[ PIIUMB] 0
Poiump,  Mppi - iute iPriump, 8
>a [PIIUMP,]  [PIIUMP,|[UTP] 0
e . M ¥ 9
%% iSpiump, iSoiump, - Mute 0
K [PIUMP][PPI]  [PUIUMP,][UTPI[PP] g
:z KiPPIIUMR} KiSPIIUMPzKMUTP iSPIIUMPzKMUTP ippi O:QF 3
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@2 K, [UTPI[PIUVR] [ppi[PIUMR] |
&g iSpiump, K iPoiumpy K Mppi K iPoiiumpg K Mpp; 8
:ae [UTP][ PP][ PIIUMB] . [ PIIUMR] 0
s _ _ K 8
g g iPoumpy - Mppi -~ iyTe IPpiumpy =
Such that:
D'= D

k—1k4(k-2+ ka) 3K 1k4( K P k3)3 K 1—R4(k" szg

(S77)

(S79)
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2.5.1.2 Numerators

The rate of uridylylation of PIl is the rate at which PIIUMP released from the
complex UT*PIIUMR, given by:

v, =[UT* PIIUMR] k, {UT]|[ PIUMR] k, (S79
the rate of uridylylation of PIIUMPBs the rate at which PIIUMHS released from the

complex UT*PIIUMP,, given by:

v, =[UT* PIIUMB,] kK, {UT][ PIUMB] K_, (S80)
and the rate of uridylylation of PIIUMRs the rate at which PIIUMASs released from

the compéx UT*PIIUMPs3, given by:

v, =[UT* PIUMB] k', {UT][ PIUMR] K_, (S81)

Equation(S.14) can be modified to:

Sclok PII[UTR + K ky( k, +K)[ PIIUMG 0 8F -

[UT] e
[UT* PIIUMR] = ¢ +k2k3k‘4[UTFD][ P“UMFl)] (S82)
and Eq(S21) can be modified to:
[uT]= V], Fe P o (S83)

D
By substituting EqSS.82) and(S.83) into Eq.(S.79) while substituting- for Eq.(S.6)

we produce:

8 klok[PI[[UTH+ & &kk,k,[PP|+ © 8
UT], 20k ik (K + k) PIUME] + 8- k(i + ) + [PIUMR]K, 67 P
0 ae 0 8
2 ook JUTA[ PIUME .° ¥ ik JuTA] 2 Y ssa

=
D
By multiplying out the constants and concentration in evidence we obtain:

ackokk, [ PUI[UTH + K,k (K )] PIUME 0
[UT], cerkokok s, [UTH[ PIUME- ke, K( k, +K)[ PIUMR] F %
ée'kzksk4k-4[wp][P”UMP1]' Klk-zksk-zl[PPi][P”UMPl]+o

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

(S85)

Vv, =
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_[UT], (kkkki[ PI[UTH- k, k, kk,[ PA[PIUMR]): F ¥

(S.86)
D
Both numerator and denominator are divided by(E&8) to give:

& 8 khokk, k1k2k3k4 . 0

T|. & PII(UTP PPil|PIIUMB| ¢

T g e PV S gl PPilPume) o

2 3 F 3 F*

= & k' KL (K 2+ K K LK, (K,+ K,) 89

y N ge L (e
k_1k4(k_2+k3) 3kl-1k4(k 2+k3) R -1k 4(k 2 k*)

EquationgS 64), (S.70) and(S.78) into Eq.(S87), as well as the identities in E¢(S23),
(S24), (S26) and(S29) to give:

a
UT], Bk [::II][ILJTP] ] km[F>F>|][F>||U|\/|F>] o,
V1: C iSoi " Myre = iPonumn - Mepi T (S,88)
The equivalent procedure applied to E§80) will give:
a
uT]. atF[PIIUMPl][UTP]_ kcak[PPl][PIIUMP] o, "
— ée iSpuume, ~  Mute KiPPIIUMPz Mppi +
v, = D (589
and applied to EqS.81) will give:
uT]. atF[PIIUMP][UTP] kcatR[PPl][PIIUMP] o, ",
é% KISPIIUMPZ Myre iPPIIUM% Mppi T
Vs = (S90)

DI
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 thedecity equationgiesulting Egs. (2a), (2b) and (2c).

2.5.2 Correlations between constants for Pll 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 ardsksthbilrst and then
converted into the correlations between the final constants. We assume that the binding between

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

ot her fisecondaryo subunits, they are assume

The first step in the mechanism (Figure 1) for the first reaction is the binding of PII to
the enzyme. Since the only subunitwéosst at e matters is the fbi
visualize the binding of that subunit al one
S1). These two ways of visualization, of the whole trimer and of only the binding subunit, are
also gplied to the binding of PIIUMRFigure S2) and PIIUMA(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 concentratieadf of these trimers,
when the trimer visualization is used, and the concentration efindylylated subunits, when

the subunit visualization is used, are given in Equati8i®d), (S92) and(S93) .

8:>+ .: .

uT UT:PII

"
k'l sub

k1
O+ 1 —— (B
I:>||sub uTt

UT:P”sub

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

[PIl,,] =3[Pl (S91)
+ »
PIIUMP, UT:PIIUMP,
= O
O + —
Q
Pllsu ut UT:Pllsu

Figure S4i Binding of PIIUMP; to UTase, visualization as the trimer binding (above) and as-anmylylated

subunit binding (below).
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[PIl,,] = 2[PIUMR] (592
Q=
+ B ——
Q
PIIUMB uT UT:PIIUMP
Q
—_—>
O+ 1B —— (B
0
Plbu ut UT:Plo

Figure $ 1 Binding of PIIUMPR. to UTase, visualization as the trimer binding (above) and as a non
uridylylated subunit binding (below).

[PIl,,,] =[PIIUMP,] (593

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 [ PIIJ[UT] (S99
\/l = kﬂsub[ P” sukz-l[UT] (8-95)
for the first step of the second reaction:
V; = k[ PIIUMB][UT] (S96)
V, = ko[ Pl o] [UT] (S97)
and for the first step of the third reaction:
V, =k [ PIIUMR][UT] (S99
\/1" = kﬂsub[ P”suk;l[UT] (S,99)

Since what changes islgrihe perspective of visualization, the velocity of the binding reastias
the same desg the perspective, Equatiofs94) and(S.95) can be rewritten as:

k[ PH][UT] = k| P11 [UT] (5100
EquationgS.96) and(S.97) can be rewritten to:

k', [ PIUMB][UT] = k[ Pl [UT] (S101)
and Equation§S 98) and(S.99) can be rewritten to:

k", [ PHUMP,|[UT] = kg, [ Pl J[UT] (5102
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Each of the proportions from EquatioiS91), (S92) and (S93) is substituted
EquationgS.100), (S101) and(S.102), respectively:

k[ PI][UT] = ko3[ PH][UT] (S103
k',[ PIUMB][UT] = k,,,2[ PIUMR][ UT] (S109
k', [ PHUMB,][UT] = kg,,[ PIIUMB][ UT]

(S105
Which result in the correlations between the fundamental constants for each trimer and

for the nonuridylylated subunit:

K =3Kg,p (5106
k', =2k, (5107
kul = k]sub

(51098
The velocity of the dissociation reactions in Figures S1, S2 and S3 are given by:

V., =k, [UT: Pl
V', =k',[UT: PIIUMR]

V", =k" [UT: PIIUMB) (S11Y)
Which can be written from the perspective of the binding subunit as well:

(S109
(S110

V., = Ko [UT: Pll,] (S112
V', =K[UT: Pll] (S113
V" =K [UT: Pl

(S114
By substituting Equation&S.109), (S.110 and(S.111) into EquationgS.112), (S.113
and(S.114), we obtain:

k,[UT: Pll] =k ., [UT: Pl ] (S119
k',[UT: PIUMB] = k . UT: Pli ] (S119
k",[UT: PIUMB] = k.| UT: Pll ]

(S117)
Since the variation in perspective does not change the concentration of the complex, the
concentrations cancel out to give:

-~
Il

k (S119
' =k, (S119
k (S120
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The second step in each of the uridylylation reactions is the binding of UTP to the
complex between enzyme either PlI, PIIUMR PIIUMP.. In all these three complexes the
binding is through a nearidylylated subunit. From the assumption that the state of the two
remaining Asecondary subunitsodo does not aff
all three of these complexes should interact identically with UTRiSrsecond step. Therefore,

the fundamental constants for the binding of UTP are equal for the three uridylylation reactions:

k,=k', =", (S12)
as are the constants for the reverse reaction of the second step, the dissociation of UTP:

k,=k', X", (S122)

The third step in the mechanism is the dissociation efrBMA the ternary complex,
after catalysis. The interaction between enzyme and either PHUMIRIMP, and PIIUMR; is
now through a uridylylated subunit, and since we assume it is noteaffbgtthe two other
subunits, the interaction with the dissociating i®Blecule is identical in all three complexes.
Thus the constants the dissociation of &E equal for the three uridylylation reactions:

k, =K', =", (S123
as are the constants for the reverse reaction, of binding:of PP

k,=k', X", (S129
The fourth and last step in the mechanism is the dissociation of the product from the

enzyme, PIIUMPR, PIIUMP. or PIIUMPs, depending on the reaction. The reverse is tharmnd

of these forms of uridylylated PII to the enzyme. The interaction between PII 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 timeetrand 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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ohaD E=Soe

PIIUMR uT UT*PIUMP,
Q
O+ W —— CB
—
ko)
PIITUMRu, uT UT*PIUMPsup

Figure S6i Binding and dissociation of PIIUMRo 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
EquationgS.125) to (S.130).

[PIIUMP,] =[PIIUMP, ] (8125
[UT* PIIUMB] =[UT* PIIUMR,,] (S126
Qs
+ B —— T
Qe
PIUMP: uT UT*PIIUMB
Q
C+ B -—— CB
Q
PIUMPus uT UT*PIIUMRu,

Figure § 1 Binding and dissociation of PIIUMRo UTase, from the perspective of the trimer (above)

and of the binding subunit (below).

[PIIUMP,, | =2[ PIIUMP, ] (S127)

UT* PIIUMRB, | =|UT* PIIUMR (S128
sub



58

Ao+ W ——

Qeaee
PIIUMRB uT UT*PIUMP;
C B — C
-+ S —
—
0
P”UMFs)ub UT UT*PIUMPsub

Figure 81 Binding and dissociation of PIIUMrom UTase, from theerspective of the trimer (above)
and of the binding subunit (below).

[PIIUMP,, | =3[ PIIUMR,] (S129

[UT* PIIUMB] =[UT* PIIUMR,,] (S130

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

V, =k [UT* PIIUMR] (S13y)
V', =k',[UT* PIIUMB] (S132
V", =k",[UT* PIIUMR] (S133

and from the perspective of the subunit as:

V, = Ko [UT* PIIUMP, ] (S139
V', =K,,[UT* PIIUMR, ] (S135
V", = Ko| UT* PIIUMP, ] (S136)

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

k,[UT* PIIUMB] = k,,[ UT* PIIUMR, ] (S137)
k',[UT* PIIUMB)] = Kk, .[UT* PIIUMR,] (S139
k", [UT* PIIUMB) = k[ UT* PIIUMP, ] (S139

EquationgS.126), (S.128 and(S.130 are substituted into Equatio(S8.137), (S.139
and(S.139), respectively:
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k,[UT* PIIUMR] = k,,,[ UT* PIIUME] (S140
k',[UT* PIIUMB)] = k,,,[ UT* PIIUMB] (S141)
k",[UT* PIIUMB)] = k[ UT* PIIUMR] (S142

The concentrations of the complexes cancel out to give:

Ky = Ky (S143
kl4 = k4sub (8-144)
K", = Ky (S145

The velocities of the reverse fourth step in the mechanism, the binding of PlJUMP
PIIUMP: or PIIUMPs to the enzyme through a uridylylated subunit, are given in the perspective
of the trimer by:

V., =k, [UT][ PIUMR] (S146
V', =k',[UTI[ PIIUMB] (S147)
v",=k",[UTI PIUMR] (S148
and in the perspective of the binding subunit by:
V., =K o[ UTI[ PIIUMP, ] (S149
V', =K o[ UTI[ PIUMP, ] (S150)
V", =K o[ UTI[ PIIUMP, ] (S151)

The substitution of EqYS.146), (S147) and (S.148 into Egs.(S.149), (S.150 and
(S157) resut in:

k,[UT][ PIIUMB] = k ,,[ UT][ PIUMR,,] (S152)
k', [UT][ PIUMB] = k ,,[ UT][ PIIUMR, ] (S153

k" ,[UT][ PIIUMB) = k .| UT][ PIIUMR, ] (S154)
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Equations(S.125), (S127) and(S.129) are substituted into Eqé§5.152), (S153 and
(S154), respectively, to produce:

k ,[UT][ PIUMR] = k 4,,[ UT][ PIIUMR] (S155
k',[UT][ PIUMB, = 2k [ UT][ PIIUMR)] (S156)
k" ,[UT][ PIUMB] =3k [ UT][ PIIUMR)] (S157)

The concentrations of enzyme and trimer cancel out to give:

K, =K (5158
K= 2K (5159
K" 4 = 3K 4o (5160

The fundamental constants for the second and third uridylylation reactions can be
written in function of the constants for the first reaction. From E2$06) to (S.108):

k' = % k (S161)
1
k" ==k (S162)
3
From Eqs(S.118) to(S.120):
k',=k, (5163
K" =k, (S.164
From Eq.(S.121):
k', = K, (5169
k", =k, (5166
From Eq(S122):
k', =k, (5167
k*,=k, (5169

From Eq(S.123):

k', =k, (5169
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k", =k, (S170
From Eq(S.124):
k' .=k, (S17)
k" .=k, (8172
From Eqs(S.143 to (S.145):
k', =k, (58173
k", =k, (S179
From EQqs(S.158) to (S.160):
k', =2k, (S17H
k", =3k, (S176)

The correlations fronthe fundamental constants from E¢S161) to (S.176) can be
substituted into the identities for the final constants for the second and third reactions from Eqgs.
(S32) to (S51). The constants for UTP and iPBs well as both the forward and revekse

are the equal for the three uridylylation reactions:

_k4(k-2+k3) _k'4(k'-2 +k3) _kl4( Klz “9

K = . A= (S177)
Muytp kz(k3+k4) kz(k'3 +k4) RZ(R3 'RIAD
K, = k,tk, K, &, K, ¥, (5178
uTP kz k'2 k"2
= Ka(kotk) _Ki(K,+K) K (K, ¥ (S179
Mo k-3(k-1+k2) K 3( K l-+k 2)- K 3( K 1 K 2)
otk K, K, K, K, (5180
I ppi k_3 k'_3 k" 3
— k3k4 — kls k'4 _k"3 k"4 S18
kcatp k,+k, k' +', K, ¥, (5180
_ kak, _k, Kk, KK, Si8
o e R W (5169

The constants for the Pl substrate and product of the second uridylylation reaction are:
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KMSPIIUMH = 2 k3k4 (8183
3 (ks + k)
K
1Spiump = g-l (8184)
3
k .k
K =——2 S18
MPoiume, 2k_4(k_l + k 2) ( 5)
_k
Powump, 2k44 (8186

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

K
KMSPHUMF? = l# (8187)
Sk(ls k)
Kk
Sy = 1_1 (5189
3k
k .k
K =——1 2 (5189
MPoiuwmie; 3k_4 ( k—l +k 2)
_ K
IPPIIUMR; - k"_44 (Slgo)
Thesegive the correlations presented in the main body of the article:
3
Ko =5 Kws, (5a)
MSpiiumP =X MSpy (5b)
_3
Spuump 9 KiSPu (6a)
ISpiump, = 3KiSPII (6b)
-1 K (7a)

MPeiump, 2 MPPRiIuMP,
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1

MP piluMPy = 5 MP piiuMP, (7b)
21

Ppiump, 2 Kip PIIUMP, (8a)

-1 K (8b)

PRiuMpy 3P PIUMP

2.5.3 Deductionof product inhibition patterns

In product inhibition studies, various sets of assays are done. In each set, the
concentration ofoneoftteubst rates i s varied (the fAvari a
of the other is held constant (the dAafixed
products is added; the concentration of the other product is zero and all terms thatitonta
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 appe#aesms 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 adrins, 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
Asaturating concentrationo) t hanot contemshe t er
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 analipesepagiteena. iproduct i

2.5.3.1 Product inhibition patterns predicted by the model of Bruggezhah (2005)
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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 developdgrbggemaret al (2005).

The substrates of the first uridylylation loop, namely-nodylylated Pll and UTP, are
always present in the assapdl. these experiments were undertaken without added GLN, such
that the term (1+[GLN]/KLn) = 1. When PRis adad to be tested as an inhibitor, PIIUMP
PIIUMP. andPIlUMP;3 are not present, so any terms with the concentrations of these species,

in gray in Eq(S.191), ae null:

[UT]. ke | PH][UTP]

= KispuKwa
h & 4 Kus, [UTP)

& Kisu, Kity
2 +[Pn] lPII][UTP] LPII][UTP][PR] Kis.

?é +[GLN] g K,  Kig, K Kig, Ky Ky, Kig, K g

¢ K & ure] 10 [llPR], Kes,
® KismI Kis," K Myrp Kisp,I K Myrp KiPR KiSP” K P
% UTe] 0 TR Ky, (s199
ge iSpy KiS:u K Myre K S K Myre K bp K S K Buuwe

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 fixedsatorating
concentrationthere are three terms in the denominator containing the added pPétuchis
is shown in EqS.192), in which PRis in red and PIl, whenever in the same term asi®P

shown in blue:
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uT], k. [PII][UTP]
T Ceatf o K
— iSpyy Myrp
“TE 14 Kus, [UTP] [PU] [PU][UTP] (5199
2 Kispn KMUTP Kispn KiSPlI KMUTP
§<MPP||UMP [PPI] + [P”] [PPI] KMPPIIUMP _I[Pll] [UTP] [ PH]

(; iPoiump KiPPl KiSPII KMPPl KiPPIIUMP KiSDII Myrp Ki PPi

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

inhibition are present, there is mixed inhibition.

When PI I is the variable snu@pstsabet aade,
concentration is high enough that all terms that do not contain the UTP concentration are
negligible and are removed from the equation. The equatithiout these terms, showing PP

in red and Pl in blue, is

KiSPII Myrp (S193
aKys, [UTP]  [PI][UTH|
1 + +

s Ko Kis,, K
& [Pu][uTP][PFi]

iSp Myre

K. .
iSpy Myre Ippi

B8

Since the only term containing R®ncentration also contains PIlI concentration, the predicted

inhibition is uncompetitive.

The next two sets of assays have UTP as the variable substrate and PIl as the fixed

substrate. For the set of assays theffollowihg ¢c h t

equation holds:
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uT], k. [PII][UTP]
T Ceatf o K
— iSpyy Myrp
“TE 14 Kus, [UTP] [PU] [PU][UTP] (5199
2 Kispn KMUTP Kispn KiSPlI KMUTP
§<MPP||UMP [PPI] + [P”] [PPI] KMPPIIUMP _|[Pll ] [UTP] [ PP']

C KiPPIIUMP KiPPl KiSPII KMPPl KiPPIIUMP KiSDII KMUTP Kipp.

There are two terms that contain the; E&ncentration but that do not contain the UTP
concentration, meaning there is competitive inhibition. There is also a term with bahdPP

UTP concentration, so there is also uncompetitive inhibition. Since both types of inhibition are

present, the prected inhibition is mixed.

For the set of assays in which PlIl conce
PII concentration are negligible and are removed fe@n(S.194), giving:
PIl | (UTP
U], TP
iSpy K
(S195

V=

ge [PII]+[PII][UTP] .\

e KiSPu KiS,” K'V'uw

gpu] [PPi] Kyg, ..o .\ [PII][UTP][PPi]
§<iSPII KMPPi KiPPIIUMP KisPII KMUTP KiPPi

Of the two terms containing Pébncentration 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 F

2.5.3.1.2 Product inhibiton ofthefirst uridylylation reactiorwhenPlIlUMP3 is added as the
inhibitor

The other product that Jiarg al. (1998) tested as an inhibitor of the first uridylylation
reaction was PIIUME The molecular species PPIIUMP; and PIIUMB were not addetb

this set of assays. Since their concentrations were null, any terms containing the concentrations

of these species are negligible. Thesecentrations are in gray in 5$.196):
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[UT], ke[ PHJ[UTR]

K K
V1 = é SPH t‘w [UTP]
2 1+ MSpy
& KiSPIIKMUTP
®
- +[Pn] JPII][UTP] LPII][UTP] Ky, ©196
2@ +[GLN] g Ks, K, Ku, KK Ky KgKigy '
¢ Ko < ] [UTP] | [UTP] , Kus,
% KiSPH Ki&’\l K MJTP KiSPH KMJTP KiPFf KiSPH KiPPHUMa
&
&% [UTP] | [UTH Ky, [PIUMP,]
ée KiSPH KiSPH KMJTP KiSi‘ll K MJTP KbR Kisi’\l Ki |%”HUMF}
There are two sets of assays in which PII is the variable substrate anthé&Jfixed
substrate. In the first set of assaysh e concentration of UTP i s

(5197 shows the concentration of PIIUMR red

[UT]. ke[ PU][UTP]

_ KiSPn K Myre
V=g Kys, [UTP] o
® I+
> KiSPn K Myre
2 [P1] [PUILTP] K, (PP
ée KiSpu Kispn KMUTP KiSPII KiPPIIUMFl

Since there is only one term with the concentration of PllIg/stRl it does not contain the

concentratiorof the variable substrate, PIl, the inhibition is competitive.

Il n the set of assays in which the conce
containing the concentration of UTP are negligible. After these terms are remov§si] 8.
simplifies to:

[UT], ko [ PH][UTF|

Kes K
- iSpy "~ Myre (S 199

8K,s, [UTP]  [PIT[UTP]

Vi

(o KiSPn KMUTP KiSPu K Myrp



68

Since there are no terms containing the concentration of PljiiMBAe denominator, there is
no predicted inhibition.

There are two sets of assays in which UTP is the variable substrate and PII the fixed
substrate. The type of inhibition for the set of assays in which the concentration of PIlI is not
Asaturatingo c an(ShOd. Smae thd termaniding the acomeentagian of

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

When the concentration of Pl I i s Asatur a

the concentration of PII results in:

[UTow] e[ PU][UTP]

Kis,, K,

- - Pl TP (SZOQ
géJr[GLN] g Pl IPII][UTP
Q GLN I$'|| MJTP

Since there are no terms with the concentration of PlIgJMfere 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 vinarlsaime

procedures of analysis were undertaken as those presented in the previous section for the model
of Bruggemaret al. (2005).

For the sebf assays with PIll as the fixed substrate and UTP as the fixed substrate,

present at a nesaturatingconcentréion, the equation with the remaining terms is:

[PII][UTP]

Total] kcatF K
iSPII Myrp

MS [UTP] MPoiovm [PPI]
Ke K

iSo '\ Myre KIPP.‘UMH K
ﬁpn] . [PIl] [UTP] iPII] [PPi] Kypyy LPII |[uTP|[PPI

(éa(ispn KiSPn KMUTP Ki$n KMPP\ KiPpnumq Ki$u KMurp KiPPi

=i
|- OO: O

~

v, =

7<-co

(S201)

a
® 1+
x
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For a Asatur a

whichpr oduces mi xed inhibition.
simplifies to:
PII | |UTP
%JTTotal] k(:atFE< ][K ] 8

Myrp

V. = iSpy
CAK,e [UTP][PII]+[PII][UTP] J'[PII][UTFﬂ[PPi]
Kispu KMJTP KisF’II KisF’II KMUTP Ki$II KMUTP KiPPi

(S202)

¢
which produces uncompetitive inhibition.
For PRtested as the inhibitor, UTP as the variable substrate and Pll as the fixed substrate

at a nomrsaturating concentration, our equation simplifies to:

a [PI[UTP]

%J Total] catF ,,
KiSPn K

o 0T Ko PP] o203

|- OO: O

Myre

v, =

1+
Kispu KMJTP Kippuuwla Kipp\

i ||] [PI] [UTP] iPII][PPi] NP LPll][UTP][PPi]
a

K

iSpy Ki&’n KMUTP i1 KMPPi KiPpuuwla iB1 My e

which produces mixed inhibition. If Pll is added at a saturating concentration instead, the
equation further simplifies to:

%TT Tk tF[Pn] [uTP] ©
ISPII Myrp =+
(S209)

éPu] [Pu][UTP] PII] [PPi] Kug,,  [PNI][UTP][PPI]
A J |

iSpy K'Ssn KMUTP K'$¢v|| KMPPl K'Ppuuwi

KIsll KMUTP KIPPl

B

which still produces mixed inhibition.
For PIIUMP; tested as the inhibitor, Pll as the variable substrate and UTP as the fixed

substate at a noisaturating concentration, the equation simplifies to:

%J Total] catF E<P”] [|L<JTP] .
_ oy e~ (S205
&, KMSP" [uTp] [Pu] [PU][UTP]
e Ks, Kw. Ks, Kis, Ku,
GPIUMP] [PIUMP] [UTP] K,

OO: Ot

Vv, =

c K|PPIIUMP3 IPoiump, Myrp iSpiump,
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which produces competitive inhibition. If UTP is added at a saturating concentration instead,

the equation further simplifies to:

a PI][uTP] ©
%JTTotal] kcatF u u 8
- Q iSPII Myt = 8.20
Y 8Ky, [UTP]+[PII][UTP] .\ (5209

%Kispn KMJTP KiSPll KMUTP

E[PIUMP,] [UTP] Kus,,

=S . .
(} KIPPIIUMP3 KMUTP iSpiume

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

substrate, added at a Rsaturating concentration, the simplified equation is:

a PII[uTP] ©
%JTTotal] kcatF E< ] [K ] 8
v = (; iSpy, Myrp = (SZOD
' i‘é+ Kus, [UTP] [PII] [PII][UTP]
e iSpy K Myrp KiSPu K IS K Myrp

APuump)] L[PIUMP] [UTP] Ky,

K. K K.
IPoiump, Myrp iSpiump,

(;;% KiPPIIUMP3

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

equation simpfies further to:

[P][UTP]

a

%JTTotal] kcatF K K
_C iSpyj Muyrp
v, = (S208

' é!P||]+[P||][UTP]C?
o Ky Kuy, O

¢

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

Several mathematical models have been proposed to descriltesaherichia coli
ammonia assimilation system and its regulation, either entirely or in part (Meitall., 2003;
Bruggemaret al, 2005; Kurateet al, 2005; Lodeiro and Melgarejo, 2008; Maal, 2009;

Kidd and Wingreen, 2010; ARTIGO 1). Up until recently, the model to best describe the activity
of uridylyltransferse (UTase) was the one by Bruggesatal (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 predi the product inhibition pattern for UTase (Jiagtgal 1998), as

shown in our previous paper (Mallmaetal 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 Bruggeetaal (2005) take into account that

the uridylylation of a PII trimer by UTase is affected by the binding of allosteric effectors to
PIlI.

Pll has thressites 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 20G. A 20G molecule is only able to bind to its site if there is an Aldtecule
bound to the neighboring ATP/ADP site (Fokieiaal, 2010), and the binding of the second
and third 20G molecules to the same PII trimer present strong negative cooperativity
(Kamberovet al., 1995; Jiang, Ninfa, 2007). PIl can only be uridgtgld if ATP and 20G are
bound to it (Jiangt al 1998). The previous kinetic models for UTase ignore this, and treat all
PIl as uridylylatable. That is effectively tlsame as assuming that PII is fully bound with 2
OG. Since 20G binds to PIl with stragnegative cooperativity (thexKfor the binding of the
third 220G may be as high as 6000 uM), PII fully bound wit®@& will only be possible at the
end of the physiological range of@G concentration, which varies from 1 mM to 10 mM (Ref),
the previousnodels for UTase have their application limited to very high@ concentrations.
Since PII uridylylation is affected by-@G binding, which in turn is affected by ATP/ADP
binding, a model for PII uridylylation should take the binding of these smalikcue effectors
to PIl into account.

Of the models that describe the binding of smadlecule effectors to PlI (Jiang, Ninfa,
2007; Bruggemaeet al, 2005; Rochat al, 2013) only that of Rochet al (2013) describes
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the full range of PII ligation stateshen ATP, ADP and-DG are present simultaneously. The
Rocha model considers 20 possible states for Pll. These states take into account the competitive
binding of ATP and ADP, and also the binding é©% to ATRbound PII subunits only. The

Rocha model comders 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 Z0G molecules per trimer. An interesting assumption of the Roclde|

is that the binding of -©DG, mandatorily to an ATBound subunit, traps the bound ATP
molecule in its site. Therefore, the(X must dissociate before the ATP in that same subunit

is able to. This would provide an explanation that had not been sedgesviously for the

fact that in the presence ofQG there is more ATP bound to Pl (Roc#taal, 2013).

In order to obtain a model that is able to correctly describe the uridylylation of PIl in
various concentrations of ADP, ATP andO%, in this papr the uridylylation model of
Mallmannet al (previous work) and the PII effectbinding model of Rochat al (2013) are

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

3.2 MODEL DEVELOPMENT

The model is basethd key assumptions. First, the binding of the effectors ADP, ATP
and 20G to PII subunits follows model 4 of Rochaal (2013). Second, the uridylylation
state of the trimer does not affect the dissociation constants associated with the binding of these
effectors. Thirdthe UTaseactivity can only uridylylate or deuridylyate a subunit of Pl that
has a bound-B©G (Jianget al, 1998).Fourth, the catalytic constants related to the uridylylation
of a subunit are not affected by the uridylylation stafed® other subunits (Mallmaret al
2015).Fifth, after the Floop of a subunit is uridylylated, it is possible feO% 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 20G molecules. Likewise, the PII trimers in any particular columve the same
Auridylylation stateo (i .e. the same numbe
represent uridylylation reactions catalyzed by UTase, while vertical bidirectional arrows

represent reversible, naovalent binding of 20G. Impotantly, each PII trimer shown in
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Figure 1 represents what we will refer to as a superdfaieh superstate represents a pool of
substates with a common numbeuatlylylated subunits analso a common number bbund
2-OG moleculegi.e. Pll:G is the sperstate that represents all substates with no uridylylated
subunits and with one@G molecule bound, whereas PIIUMBs represents all substates with
two udridylyylated subunits and with threeQ% molecules bound)Also, the substates
comprised in a sgie superstate hawifferent numbers of bound ATP and ADP molecules and
the 2-OG moleculescan bebound to different subunits of the trimer (Section 1.1 of the
Supplementary Material). Subunits with a bour@@ always have a bound ATP, but subunits
without a bound 200G 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, maddRdchaet

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 1i Scheme for the uridylylation of PIThe vertical arrows show association (down arrows) and
dissociation (up arrows) of-g8xoglutarate and PIIThe number of bound QG is indicated by the number in the
center of the trimer. Given that the model allow®@ to dissociate from a subunit once it is uridylylated, these

2-OG molecules could be bound to any of the subunits. The horizontal arrowsréthywlation of PIl. The
added UMP groups are shown as small gray circles
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The model of Mallmanmt al (2015) only described the three reactions in the bottom
row of Figure 1, namely the sequence P{:GPIIUMP1:Gz - PIIUMP2:G3- PIUMP3: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,peasiible reaction
increases the number of terms in the denominator, which is common to all velocity equations.
In the numeratoik:atr (for the forward reaction) andar (for the reverse reaction) are assumed

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

Application of the KingAltman (King and Altman, 1956 CornishBowden, 201D
approach leads to the following equations for the nine uridylylation reactions:

a PIl:G,| [UTP PP [ PIIUMP:
w=auT], i, (UL gy [PPAL A g ®
c 'SPII G Myre K PPi Poiumeycy =
a PII:G,] [UTP PP [ PIIUMP:
2 %UTI' tal] I%a’[F[ 2] [ ] { U-I] K:atR[ I] [ GZ] (2)
C iSpil G, Myre M PRI iPeiumpG, =
) PIIG,] [UTP PP [ PIIUMP:
v, = U], KatF[K TP {UW]TI@atR[K I 26 3)
c iSpil G, Myrp M ppi iPeiump G =
a PIIUMP:G,] [UTP PPj [ PIIUMR:
v =g, i, PIMRCILVT gy o [PRI[PIOMRG] g @
¢ ISpiuMRG, Mute K PP iPeiump, e =
a [PIIUMP:G,] [UTP] [ PP [ PIIUMR: g]
v, =3UT), K, FUT Ko ®
¢ ISpiuMA.G, Mute K PPi iPeiump, c, =
a PIIUMP:G,] [UTP PP{ [ PIIUMP:
v6=gUﬂTI@atp[ VT gy, Ka[ I A g (6)
C iSpiumA:G, Myre M PPi iPiump, 64 =
& PIIUMP,:G,| [UTP PP] [ PIIUMR:
v =FUT] ke VTR 4y, LPPAL 9 g @
c iSpiump, G, Myrp M PPI iPoiuMPyG =
a [PIUMP,:G,] [UTF| [ PP [ PIIUMR; g]
v =FUT] K, FUT s Koy ®
¢ iSpiump,:G, Myre Mpp. iPoiumpyc, -+
a PIIUMP,:G,] [UTP PP{ [ PIIUMR,
b =GUT, i AT g, LPY 9 g ©
C |Sp||UMp2:GS Myre M PRI iPoiumpyG, =



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

D:QM @30 B, Dy D;+D,+D, B, Dr Dy Dy (10)
¢

KGLN -

The terms that make upis denominator are as follows:

D 1 .RKMsubstrato [UTP] Rz produto[ PI] (11)

K'substrato KM ! produto K
1
uTP PPi

l:[PII:Gl] S PIIUMP,G,]

R 12
iSpir g, KiPPHUMH:Gl
Pll:G PIIUMP::G

p, =[P g A @3
iSpil G, KiPPIIUMFi:Gz
Pll:G PIIUMP, G

I LLECH P Li P 14
|Sp,| Gs 'PPIIUMFiGg

D4:[PIIUMPl:Gl] S [PIUMP; G| P

(19
ISpiumA.G; Poiump, 6,
PIIUMP:.G PIIUMP,.G
5:[ iG] oo [ 2G| (16)
iSpiumpG, Poiump, e,
PIIUMP:G PIIUMP,.G
D6:[ 1 3] 3S L_K 2 3] P (17)
ISpiuMRG, iPoiiump, e
_[Piump,G] o [PIUMRG] o (18
iSPIIUMPz:Gl KiPPIIUMP31<31
_[PIUMP,G,)] o [PIUMP:G] o (19
X }
iSPIIUMPZ:GZ KiPPIIUMP3SGz
PIIUMP,.G PIIUMP,.G
Dgz[ 7Gy] 35 L < R (20)

ISpiuMPy:Gg KiPPIIUMP_:,:Gg,

The substrateerms (S) and the product terms (P) are as follows:

-LUTP Lﬂ Ku product [ UTF] [ PP] (21)

' product

MUTP M PPi M U ' PPi
P = 1+ [UTP] RKMsubstrate J[KPPI] [J_UTFi[ PP] (22)

Myre M ppi iutp’ M ppi
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The symbol RE_MPW‘ represents the ratio between the valuelkyf andKip for the particular

Iproduct

Pll state that acts as a product in the particeggration being considered (i.e. from Eq. (11) to
Eqg. (20)) As can be seen by comparing g andKie in eachine 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 — MPeiumme,  _  MPeiumes, = MPoiumpse, (23)

K;
product . . .
IPoyumpsG, iPeiumpyG, IPpiumpsc s

The symbol R the ratio between the valuestfis andKis for the particular Pll statiat

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 thas andKisin eachine of Table 2, this ratio has the same
value, irrespective of which form of PIl is being consideas the substraten other words:

KMSPH.Gl K M$nx32 K_MSPIIUMPZ:(Bg

K Msubstrate — —_ f—
= = 24
Kisubstrale K ( )

iSpi g, IS, iS1umMP,G4

3.2.1 Correlations between values of constants

It is possible to deduce relationships between the apparent dissociation constants that
appear in Egs (1 to 9). In this analy$is, andKvs areused as basic, reference constants. They
have the value dahe kinetic constants for a PII trimer with ordpe uridylylatable subunit,
namely an nowridylylated subunit with a bound-QG). Likewise,Kip" andKwup', havethe
value of thekinetic constants for a Pl trimer with only one deuridylylatable subunit (in which
the UMP is removed by the reverse reactodniJTase, not by the UR activity), namely a

uridylylated subunit with a boundQ@G.

Since the model not only allowsQG to dissociate from a uridylylated subunit, but also
allows 20G to bind to a subunit with a bound ATP (but a vaca®@binding site), each of
the PII superstates at the intersections of Figure 1 has three diffestastategshat have the
same number of uridylylations ammund 20G molecules (Figure 2jut differ from each
other in where these uridylylations andDZ are located spatially (i.e. in which subunits).
Therfore, the threenetastatesepresent the threeogsiblespatialdistributions of effectorsf

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 fe©g, then in equilibrium, the-@G will
be evenly distribted between the three subunits. Noidylylated subunits with boundQG

can act as substrates for UTase (Figure 2).

PILG, _ | pmaRG [ PIIUMP,.G, - PIIUMP5.G,
Iy ~ ’
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1 ! | ()
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Figure 2i The three metastates contained in each PII superstate in the bottom three rows of Ripure 1.
Highlited as substratedvletastateswith a nonuridylylated subunit that are encircled by a dashed line are
uridylylatable and therefore can act as substratdetastateswith a nonuridylylated subunit but which are
marked with a black cross are not uridylylatable and theref@enot act as substrate¢B) Highlighted as
products:Metastateswith a uridylylated subunit that encircled by a dotted line are deuridylylatable and can
therefore act as productdetastatesvith a uridylylated subunit but which are marked with a grayssrare not
deuridylylatable, and therefore cannot act as products.

The threemetastate®f PII:G; are identical through rotation, each having one-non
uridylylated subunit with a bound@QG. The three identicahetastatesf Pll:G; all have two
nonuridylylated subunits with bound@G. The three identicahetastatesf Pll.Gs all have

three noruridylylated subunits with a boundQG.

Of the threametastatesf PIIUMP1:G1, only two can act as substrates of UTase; they
are identicgleach having one neauridylylated subunit witta bound 20G. All threemetastates
of PIIUMP1:G, can act as substrates of UTase: two are identical, each having one non
uridylylated subunit with a bound@G, the third has two nearidylylated subunits eachith
a bound2-OG. All three identicalmetastatesof PIIUMP1:Gs have two noruridylylated
subunits with bound-DG.
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Of the threanetastatesf PIIUMP2:Gy, only one can act as a substrate of UTase. Of the
threemetastatesf PIIUMP2:G,, two can act as ssbtrates of UTase. Of the threetastatesf
PIIUMP,:Gs, three can act as substrates of UTase. In all cases\diastateshat can act as

substrates have only one Rondylylated subunit with a boundQ@G.

Consideration of thesmetastatesin combinatn 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 difsaadt
Kwus values and between the differétit andKwvp values. Details of the analysis used to obtain
these correlations are shown in gwplementary material. The resulting apparent values of

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

Tableli Correlation of values of constants for each PII superatidieg as a substrate

PlI Average number
_ superstate | of uridylylatable | Correlation with | Correlation with
Reaction _ _ ] )
acting as a subunits per Kis Kwms
substrate trimer
1 Pll:G1 1 KiSpugl = Kis* KMS»nf,l = KMS*
1 * 1 *
2 FUBE 2 Seie, :E Kis MSeie, :EKMS
1, . 1 .
3 Pll:G3 3 Sue, = S Kis MSorg, = 3 K s
: 3, - _3
4 PIIUMPlGl 2/3 iSF’"UMF’LGi - E Kis MSPIIUMP_LIQL - E K MS
: 3, . 3
5 PIIUMP1:G2 4/3 Souwncs 4 K MSuwncs ~ 4 K s
: 1, . I R
6 PIIUMPlG3 2 iSPIIUMFi:Gg - E Kis MSDIIUMH:G;; - E K MS
7 PlIUMP2G1 1/3 KiSPIIUMPZ:Gl = 3Ki5* MSeiumerycy =3K MS*
: _3, . 3., .
8 P”UMPZGZ 2/3 iSF’"UMPz:Gz - E Kis KMSPHUMPZGZ - E K MS
9 PIIUMP2:G3 1 Kispuwpz:es =Kg KMSP“UM% =K,e




79

Table2 7 Correlation of values of constants H superstate acting as a product

Average number
Pl
Of . . . .
_ superstate ) Correlation with Correlation with
Reaction , deuridylylatable . .
acting as a i Kip Kwmp
subunits per
product _
trimer

1 PIIUMP1:G, 1/3 KiPPnurvla:q = 3KiP* MPoiumrye =3K MP*
. 3. ~3_ .

2 P“UMPlGZ 2/3 iPoiumpc, - E Kip KMPPHUMPl:Gz - E KMP
3 PIIUMP1.Gs 1 KiPPMUMa:Gg = Kip* KMPPIIUMF}_:G;; = KMP*
. N D

4 P“UMPZGl 213 KiPPIIUMPZ:(Bl - E Kip KMPPIIUMPzzel - E KMP
. _ 3 * _ 3 *

5 | PIUMP:G, 4/3 Kevusrner =3 K | K, =5 Ko
B, - 1., .

6 PIIUMP2:Gs 2 Ponumessy :E I MPoiumpy Gy = E MP
7 PIIUMPS:Gl 1 KiPPlIUMP‘;Z(}l = KlP* KMPP"UM%:GVL = KMP*
. 1. 1.

8 P”UMP362 2 KiPPIIUMFg:GZ - E Kip KMPPIIUMP3:G2 - E KMP
. 1. 1.

9 P“UMPSGS 3 KiPPIIUMR;:Gg, - é KiP KMPPIIUMP3:G3 - § KMP

3.2.2 Solving the model

The differential equations of the model (Egs (1) to (9)) are solved using a-Ruttge
method, morspecificallythe DormanePrince method (Dormand, Prince, 1982), implemented
in the software MATLAB, using the Mfnnoded450
concentrations of UTP and P&nhd of the four different uridylylation states of PII (i.e. PII,
PIIUMP1, PIIUMP. and PIIUMR,). During the integration, the concentrations of free ATP,

ADP and 20G are assumed to remain constant and the model of Rbethg2013) is used,
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with these concentrations, to determine the concentrations of the 20 substates thateconstitut
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 ob#tatss that constitute that
particular superstate (i.e. substates with a particular number of uridylylated subunits and a
particular number 0-©®G bound subunits). Secti@5.1of the supplementary material gives
details about which substates constiedeh superstate. The added velocities of the first three
reactions represent the overall rate of conversion of PIll into PIlJMRewise, the added
velocities of reactions 4, 5 and 6 represent the overall rate of conversion of RIibtdP
PIIUMP: and tle added velocities of reactions 7, 8 and 9 represent the overall rate of conversion
of PIUMP; into PIIUMPs.

3.3 RESULTS

The values of some of the parameters of the kinetic model for UTase were obtained
directly from Jianget al (1998) (Table3). In order to use their values fidp andK; of PIl and
for Ki of PIIUMPs;, it is necessary to deduce the predominant superstate in which these two PII
forms were present in their assays. They usedQ&2concentration of 33M. For this
concentration, maa 4 of Rocheaet al. (2013), which ha&w values of 13JuM and 143uM for
the binding of the first and second% molecules to PII, respectively, predicts that the
predominant form of PII as a substrate is Pi):@mely PII with one uridylylatable subunit
Therefore, the values that Jiaagal (1998) reported for kK (3.0 uM) and K (1.8 uM) are
assumed to be the apparent valuekwf andKis'. Likewise, model 4 of Rochet al (2013)
predicts that the predominant form of PIIUBI®hich Jianget al. (198) tested as a product in
their product inhibition studies, was PIIUNMB:, namely PIl with one deuridylylatable
subunit. Therefore, the value that Jiaat@l (1998) reported for thK; of PIIUMPs (3.5 uM)
is assumed to be the apparent valu&ief. Since the product inhibition studies of Jetal
(1998) give two possible values for teof PR (49.6 uM and 113.5uM), the value oKipp;
was taken as the geometric mean of the two (i.e. they were mul@pltethe square root was
taken), of 75uM.
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Table31 Values of theconstant®btained for the model.

Values obtained _
_ Values obtained by
Constant from Jiang et al S
optimization
(1998)
KMSPIIQ 3.0pM -
Mute 40 HM }
o - 1.5x10° uM
Mpp, - 0.82uM
Tppi 75 HM .
Kip' 3.5uM -
Kuyp - 3.3x10"° uM
Keat, 137 min*
Keat, 2 mint

The values of the three remaining constalis;e , Kmppi andKve', were estimated by

fitting themodel to the experimental uridylylation results from Jiang and Ninfa (26igure
33 in MATLAB wusing t heOnljthenalues eKapp andive weneb r o u t

allowed to be varied by the subroutin8ection 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 valu&yef was calculated by this

correlation:

— KMUTP KiSPII:Gl K MPoiumR;: 6 Ki PPikcatF (25)

iyTp
KiPPIIUMFj_:Gl KMSp“ & K Mppi kcatR

Therefore, the values of nine constants are needed to give the vElyg-oT he values of four

of the constants, namel§uyurp, Kippi, keatr andkeatr, are readily available (second row of Table
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3). The values of another three of the constants, naflys,, Kmspi.c, andKiepumprcy, are
calculated fronKus , Kis andKip™ (second row of Table 3) and the correlations from Tables 1
and 2. The values of the two other constants, nam@bg,ump,:6; aNdKwmppi, Change in each
iteration of the Afminsearcho subroutine.

Kmppi andKme . The value oKvepyumpy.cy is calculated fronKue™ using thecorrelation from

Tables 2. The value fotiytpi S t hen cal cul ated i n eac@b iter

. At the end of the optimizatiothe values obtained of 1.5>°4M for Kiyrp, 0.82uM for Kupp,
and 3.3x1& uM for Kup'.

1,2

0,8

0,6

0,4

UMP/PII subunit

0,2

0 10 20 30 40 50 60 70
Time (min)

model ¢ experimental

Figure31 Fitting of model to datéo estimateKi,rp, Kvps andKwe . Experimental points were extracted from
Jiang and Ninfa (2011)

3.4 DISCUSSION

In the current work, the model of Rocéial (2013) was used describe the binding of
ATP, ADP and 20G to both noruridylylated PII and uridylylated PII, using the same
dissociation constants in both cases. Raathal (2013) obtained these dissociaticonstants
by fitting their model to sets of experimental data for-nadylylated PIl fromJiang and Ninfa
(2007) It is not necessarily the case that these dissociation constants remain unaffected by

uridylylation, but this is difficult to ascertain nsie there is limited experimental data regarding
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the binding of effectors to partially and fully uridylylated PII. Jiahgl (1998) present a single
(apparent) Is value for 20G for fully uridylylated PII, however, they did not present the
experimentatata from which they deduced this value. Since there is negative cooperativity in
the binding of the second and thirdd®% molecules to the PII trimer, thisKrom Jianget al
(1998) is not applicable. The use of the same dissociation constants tbelésefinding of

the effectors to both nearidylylated PIl and uridylylated PIl implicitly assumes that the
presence of the UMP moiety on thdobp does not affect the binding sites for ATP, ADP and
2-OG that are located near the base of tHeop. Ths may be reasonable, since the UMP
moiety binds to Ty51, which is situated near the tip of thdobp and the Toop itself is very
flexible and points outwards from the main body of the PII trimer. However, there is the
possibility that the uridylylated-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-tbhepT

could affect the dissociation constants of the effectors.

Rocha (2013) suggested tha®& might na dissociate from a uridylylated PII subunit,
which would result in the scheme for the UTase reactions showigume4. The superstates
PIIUMP1:Go, PIIUMP2:Go, PIIUMP2:G1, PIIUMP3:Go, PIIUMP3:G1, PIIUMPs:G, are not
possible in this scheme since #3G is necessary for uridylylation of a subunit, these PII states
can only be obtained by subsequent dissociatiorR@G2A model similar to that developed in
the current work was derived for this scheme, barbi not possible to fit it to the data of Jiang
and Ninfa (2011) using the constants feD@& dissociation reported by Rocbaal (2013)
(data not shown]t is necessary to have experimental evidence as to whe@&r¢an, in fact,
dissociate from a udylylated subunit. Beyond this, it is essential to have experimental data to
determine whether the @G dissociation constants are affected or not by the uridylylation of

subunits of the trimer.
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Increasing uridylylation state

Figure4i A scheme for uridylylation of Pl in which-@G is not allowed to dissociate from a uridylylated
subunit.The vertical arrows show association (down arrows) and dissociation (up arrows)afddutarate
and PII. The PIl subunits bound teaXoglutarate are painted light gray. The horizontal arrowsvgh
uridylylation of PIl. The added UMP groups are shown as small dark gray circles.

The use of the constants from Jiaegal (1998) presents &sues. Firstly, they
determined their constants for PIl by considering the full Pll concentration as theatibs
concentration. For this model, the concentration ofumaaylylated PIl subunits with a bound
2-OG should be used instead. Secontiigre are two possible values K#pri from the product
inhibition assays from Jiargg al (1998), 49.6 uM and 113.5 pM. They are still the same order
of magnitude, however, and the geometric average of the two values was used to attenuate the
issue. Thirdly, Jianget al (1998) obtainethesevaluesfrom ther product inhibition assaysy
fitting simple inhibition equations to the assay data. Simdhis fitting procedurehey used
the substrate constantbey had previously obtaine@ip;, Kvpy and Kvytp), errors in the

substrate constants will lsause erros ithe valueobtainedfor Kippi.

There is a major issue with thaluesestimatedor Kmp' andKiute in this work they
are several orders of magnitude larger than the other constants, espgéaia)lyhich 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 Jiangt al (1998), whichwere pointed ouin the previous paragraplf the
assumption that the uridylylation state of Pll does not affect the dissociation constants of ATP,
ADP and 20G is wrong, then the values of these constants that were used, namely those
obtained by Rochat al (2013), arealso wrong. Sincéhe dissociation constanfsom Rocha

et al (2013) and the kinetic ogtants from Jiangt 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 o 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 thisThe denominator of the rate equation contagveral terms that contain a

form of Kup in their numeratorsKvp multiplies the pyrophosphate concentration in t&sn

and it multiplies the pyrophosphate concentration and the respective Pll substrate in each of the
ot hBremimso. Since any other terms in the de

the denominator would be reducedx®:

gle Kug , [PI:G] [PII:G,] [PII:G]
& ippi Kispusl KiSPu,GZ K %1 6,
o =LPPil RE‘Mmm%PIIUMF} :G] [PIUMR:G)| [PIUMR: G] 26
Mpp; prode > KiSPIIUMPl:Gl KiSPIIUMPlzGZ Ki&’IIUMPiG;;
S PIUMP, : G] .\ [PIIUMP,: G,] +[F>||U|\/|P2 :G,]
(;‘,% iSPIIUMPZ:Gl iSF’IIUMPZ:GZ KiSPIIUMPZ:G3

while the numerators of the rate equations (@¢$o (9)) would remain unchanged.

The product inhibition pattern deduced from this denominator would be significantly
different from that reported by Jiamrg al (1998).Pyrophosphate woulde a mixed inhibitor
towards the PII substrates. There would be no product inhibition from the uridylylated forms
of Pll and no inhibition of any kind towardsTP, i.e.when UTP is the variable substrate in the
product inhibition assaygully uridylylatedPI1l would not cause any product inhibition, which
is inconsistent with the study of Jiaegal (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 constarablé 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 PII effectors), and the miel 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 faothditiens would

be compared to the experimental values in order to validate the nidsi.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 readtienassays 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 UTaset(Jiang
al., 1998), this is probably notfaasible strategy. An alternative is to perform uridylylation
assays until full uridylylation is achieved. Anothetagperform uridylylation assays to obtain

the initial velocity when both RRand uridylylated PII are added. Both need to be present
becawse two of the constants in the model, nank&lyr andKiepi, only appear in terms where

both products are present (Eq. (22)).

The issues with the values of the constants notwithstanding, this model is an important
contribution to the modelling of ammonraagsimilation inE. coli, Snce it is the first model to
take into account the influence of the binding of ATP, ADP ax@=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 effectobinding states described Rochaet al. (2013). The concentrations of the

superstates of nearidylylated PII are given by:

a [PlI]+[PII:ATR] {PII:ATR] +
[PIl G ]=$PII:ATF;]+ [PII:ADR] {PII: ADR] -
"% [PI:ADR]+[PII: ATR: ADR]+

& [Pl :ATR: ADR]+[ PII: ATR: ADF ©

(S21)

&  [PI:ATR:0G]+[PIl: ATR:0G] +
[Pl ;Gl]:i [PIl:ATR:0G]+[ PIl: ADR: ATR. OG] + (S22)
gTPu :ADR: ATR:OG,]+[ PIl: ADR: ATROG]|

[PII:G,]=[PII :ATR:0G,]|+[ PIl: ATR:0G,] {PIl: ADR: ATR,:0G,|  (S23)
[PII:G,|=[PII : ATR:0G}] (S24)

The concentrations of the superstates of rmamadylylatedPIl are given by:

[PIUMP]+[PIIUMP,:ATR] +
[PIIUMP: ATR]+[ PIIUMR: ATR] +
[PIUMP;:G,]=%  [PIIUMP,: ADR] +[ PIIUMP: ADR] + (S25)
2 [PnUMR: ADR]+[ PIIUMR: ATE: ADE+
ngIIUMPl:ATFl’: ADR]+[ PIIUMP: ATR: ADR

a
e
&
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4  [PIUMR:ATR:OG]+[ PIIUMR: ATR: OG] +
[P||U|\/|Plzel]:$ [PIIUMR:ATR: OG]+[ PIlUMR: ADR: ATR: OG]|+ 8(325)

JPIUMR:ADR: ATR:OG]+[ PIIUMP: ADR: AT P-OG]]°

JPIIUMP:ATR:O PIIUMP: ATP,: O
[P”UMPlGZ] :;L 1 2 GZ]"'[ 1 3 C%] (827)
g +[PIIUMR,:ADR: ATR:OG, ]

[PIIUMP,:G,]=[ PIIUMR,: ATR: OG}] (S28)

The concentrations of trsuperstatesf bi-uridylylated PII are given by:

a [PIIUMPR,|+[PIIUMP,:ATR] +

o [PIUMP,: ATR]+[ PIIUMR: ATR] +
[PIUMP,:G,]=%  [PIIUMP,: ADR] +[ PIIUMP,: ADR] +
2 [PIUMP,: ADR]+[ PIIUMP,: ATR: ADE+
nguUMPZ:ATF;: ADR]+[ PIIUMB: ATP. ADR

(S29)

a
[PIIUMPZ:Gl]:g [PIIUMP,:ATR: OG]+[ PIl UMB: ADR: ATR: OG]|+ g (S210)

CIPIIUMP,:ADR: ATR:OG] +[ PIIUMR: ADE: AT P0G

3 [PIIUMR,:ATR:0G]+[ PIIUMB: ATR: OG] +

a PIIUMPB,:ATR:O PIIUMB: ATR,: O
PIUMR, ATR OG <[ PIUMR: AT OG]

PIIUMP,:G,|=
[ 2 ? +[PIIUMP,: ADR: ATR,: OG, |

[PIIUMP,:G,|=[ PIIUMP,: ATR: 0G| (S212)

Finally, the concentrationsf thesuperstates dfi-uridylylated PII are given by:
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[PIIUMP,]+[PIIUMP,:ATR] +
[PIIUMP,: ATR|+[ PIIUMR: ATR] +
[PIUMP,:G,]=0a  [PIIUMP,:ADR] +[ PIIUMR,: ADR] + (S213)
% [PIUMP;: ADR]+[ PIIUMP,: ATR: ADE+
ngIIUMPs:ATFl’: ADR]+[ PIIUMR: ATR: ADR

a
e
&

&  [PIUMR:ATR:OG]+[PIIUMR:ATR: OG] +
[PIIUMPs:Gl]:: [PIIUMP,:ATR: OG]+{ PIl UMB: ADR: ATR: OG]|+ 5 (S214)
STP||UMP3:ADP1:ATF;:oq]+[ PIIUMR: ADR: AT POG]]°

& PIIUMP,:ATR,:OG ] +[ PIIUMR: ATR,: OG]

PIIUMP,:G, | =
| 3 G| £ +[PIIUMP:ADR: ATR,:0G;)

(S215)

[PIIUMP,:G,] =[ PIIUMP,: ATR: OG|] (S216)
3.5.2 Correlations for the values tife Kis andKws for differentPII superstates

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

terms, this can be written as:

[PIUMP, :G, ] _

A 8 [d (5217

[
|<|SA K S K i

ISpjuMPK Gx

The first case study is undertaken for the superstate PI{t®dEFigure S).

i} PIIUMP:G: | __
A B C

Figure 41 Metastate®\, B and C of thesuperstat®llUMP1:G:.
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Since ABO in Figure S1 is SRaAgivest i dyl yl at

[PIUMP:G] _[A [C]

Ko Ky (S218)

iSpiumA:e;

As bothmetastateA and metastateC have only one uridylylateble subunit, thiig
constants are equal t€is. Since the concentration of eachetastateis a third of the

concentration of the superstate:

PIIUMP:G }[PIIUMPl:Gl] }[PIIUMPl:Gl]
[ 1 1]_3 3

p p (S219
iSpiuMpGy KiS K is
Addition of the two terms on the rightand side gives:
2 PIIUMP:G
[PIUMPG,] 3l el
= (S220)

Kis

iSpiump Gy

Both the numerator and denominator of the Figgadsideare multiplied by 3/2 to give:

[PIUMP.G,| _[PIIUMP;G]]

3 (S221)
iSpiump 6, —_ K ’
2 iS
Since the concentrations terms are the same, this means that:
3k (S222)

ISpiumey 61 2 is

As shown by Mallmanret al (2015), the correlation between tKg values for two

different PII trimers also holds for theédiss values. Therefore

=Sk (S223)

MSoiumR:6, - 2 MS

The second case study is undertaken for the superstatelP1:G. (Figure S2);
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PIIUMPL:G; |

_____

Figure SZ Metastate®\, B and C of thesuperstat®lUMP1:Gs.
In this casemetastateé and B have one uridylylatable subunit, whiketastate€C has
two. As shown by Mallmanet al (2015), theKs for a PIl trimer with two uridylylatable
subunits is half ofKis . This means that fdllUMP1:G2 Equation(S217) can be written as

[P UMPl:Gz]:[A] JE] ﬁ (S224)
KiS* K 1

I
) S E KiS*

ISpiump G,

Since the concentration of eactetastates equal to a third of the concentration of the

superstatgit is possible to write:

1 1 1
“mUM&GJzéﬁmUMHGJ_EUWUM&GJ éﬁmumaej

- ; (S225)

iSpiumpG, Kis KiS 1 N

2 iS

The last term on the right hand side is reorganized to give:
1 PIIUMP:G 1 PIIUMP: G 2 PIIUMP: G
[PIUMP;G,] 3l Y | ¥, ;G

= - + - . . (S226)

ISpiumAG; KiS K is K is

Adding the terms on the terms on the righnhd side of the equation results in:

4
[PIUMP;G,] _3lPIUMRG,]
B KiS*

(S227)

iSpiump,

Both the numeratcand denominator of the rightand term are multiplied by 3giving:

[PIUMP,:G,| _[PIIUMP:G,]
3

iSpiumpic, —

4 iS*

(S228)





















