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RESUMO

A uridina fosforilase (UP) é uma enzima chave na rota de salvamento das
pirimidinas, catalisando a fosforélise reversivel de uridina a uracil e ribose-1-
fosfato (R1P). A UP humana do tipo 1 (hUP1) é um alvo molecular para o
desenho de inibidores com a finalidade de aumentar os niveis enddégenos
de uridina para “resgatar’ os tecidos normais da toxicidade produzida pelo
uso de agentes quimioterapicos analogos de pirimidinas, como o 5-
fluorouracil e a capecitabina. Neste trabalho, descrevemos o método de
obtencgao da proteina recombinante homogénea hUP1, dados de velocidade
inicial, inibicdo pelo produto e ensaios de ligagdo em equilibrio. Esses
resultados sugerem que a hUP1 catalisa a fosforélise de uridina por um
mecanismo cinético bi bi ordenado, no qual o fosfato inorganico se liga
primeiro seguido pela ligagdo da uridina, e o uracil de dissocia primeiro,
seguido pela dissociagdo da R1P. Os ensaios de ligagao por fluorescéncia
em equilibrio mostraram uma ligacéo cooperativa tanto do Pl como da R1P.
Os residuos de aminoacidos envolvidos tanto na catélise como na ligacao

foram propostos pelo perfil de pH.

Palavras chave: Quimioterapia do cancer, velocidade inicial, inibigdo pelo

produto, fluorimetria, perfil de pH, mecanismo cinético da uridina fosforilase.
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ABSTRACT

Uridine phosphorylase (UP) is a key enzyme in the pyrimidine salvage pathway,
catalyzing the reversible phosphorolysis of uridine to uracil and ribose-1-
phosphate (R1P). The human UP type 1 (hUP1) is a molecular target for the
design of inhibitors intended to boost endogenous uridine levels to rescue
normal tissues from the toxicity of fluoropyrimidine nucleoside
chemotherapeutic agents, such as capecitabine and 5-fluorouracil. Here, we
describe a method to obtain homogeneous recombinant hUP1, and present
initial velocity, product inhibition, and equilibrium binding data. These results
suggest that hUP1 catalyzes uridine phosphorolysis by a steady-state ordered
bi bi kinetic mechanism, in which inorganic phosphate binds first followed by the
binding of uridine, and uracil dissociates first, followed by R1P release.
Fluorescence titration at equilibrium showed cooperative binding of either P; or
R1P binding to hUP1. Amino acid residues involved in either catalysis or

substrate binding were proposed based on pH-rate profiles.

Keywords: Cancer chemotherapy; Initial velocity; Product inhibition;
Fluorescence spectroscopy; pH-rate profiles; Uridine phosphorylase kinetic

mechanism



1. INTRODUCAO

1.1 A Visao Geral das Estimativas do Cancer

O céncer é uma das doengas que mais atinge a populagcdo mundial e
que esta, a cada ano, fazendo mais vitimas. Segundo o relatoério da Agéncia
Internacional para Pesquisa em Cancer (IARC)/Organizagdo Mundial da Saude
(OMS) [World Cancer Report 2008], o impacto global que o cancer gera dobrou
nos ultimos 30 anos, e de 2000 a 2020 esse impacto dobrara novamente. Em
2008, a IARC/OMS estimou que ocorressem 12,4 milhdes de novos casos e
7,6 milhdes de bbitos por cancer no mundo. Destes, os mais incidentes foram o
cancer de pulmao (1,52 milhdes de novos casos), cancer de mama (1,29
milhdes) e cancer de célon e reto (1,15 milhdes).

Para América do Sul e Central, em 2008, foram cerca de 1 milhdo de
novos casos de cancer e 589 mil ébitos. Em homens, o cancer que teve maior
prevaléncia foi o cancer de prostata, seguido por pulméao, estdmago e célon e
reto. No sexo feminino, o mais frequente foi o cancer de mama, seguido do
colo do utero, célon e reto, estbmago e pulmao.

A distribuicdo dos novos casos de cancer segundo localizagdo primaria
mostra-se heterogénea entre estados e capitais do Brasil; o que fica em
evidéncia ao observarem-se as diferentes taxas brutas de incidéncia, como
ilustrado nas tabelas apresentadas a seguir. As regides Sul e Sudeste, de
maneira geral, apresentam as maiores taxas, enquanto que as regides Norte e

Nordeste mostram as menores taxas. As taxas da regido Centro-Oeste



apresentam um padrao intermediario [INCA: Estimativa 2010: Incidéncia de

Cancer no Brasil].

Estimativa dos Casos Novos
Localizacio Primaria :
Neoplasia maligna

Todisas Neoplasias ____

Estimativas para o ano 2010 das taxas brutas de incidéncia por 100.000 e de
numero de casos novos por cancer, em homens, segundo localizag&o primaria.
Adaptado: INCA.

Mama Feminina 48,240 4027 17.540 74,56
Colo do Utero 18.430 1847 5280 22,50
Clon e Reto 14.800 14,80 5530 23,54
Traquéia, Bronguio & Pulméo 9.830 9,82 3130 13,37
Estimago 7.680 7,70 2,340 9,94
Leucemias 4,340 4,33 1.330 552
Cavidade Oral 3790 376 1.090 4,48
Pele Melanoma 2970 292 860 3,38
Esdfago 2740 2,69 660 2,55
Qufras Localizagdes 78.770 78,83 28.510 121,33
sl mse mm w®m me
Pele ndo Melanoma £0.440 60,51 12.800 54,45
Tofssasheoplasas  mM mB B0 38

Estimativas para o ano 2010 das taxas brutas de incidéncia por 100.000 e de
namero de casos novos por cancer, em mulheres, segundo localizagao
primaria. Adaptado: INCA.



1.1.2 Cancer de Mama e Colorretal

O cancer de mama, o segundo tipo mais freqiente de cancer no mundo,
€ 0 mais comum entre as mulheres, respondendo por 22% dos casos novos a
cada ano. No Brasil, as taxas de mortalidade por cancer de mama continuam
elevadas, provavelmente porque a doenca ainda é diagnosticada tardiamente,
gerando, apenas em 2007, um valor de 11.194 mil mortes. Na populacao
mundial, a sobrevida média ap6s cinco anos € de 61%. O cancer de mama é
relativamente raro antes dos 35 anos, acima desta faixa etaria sua incidéncia
cresce rapida e progressivamente. Estatisticas indicam aumento de sua
incidéncia tanto nos paises desenvolvidos quanto nos em desenvolvimento,
segundo a OMS. As estimativas para 2010 no Brasil geram um valor de 49.240
mil novos casos.

Com uma incidéncia um pouco menor, mas também preocupante, os
tumores malignos que acometem o intestino grosso (célon) e o reto ocupam o
quarto lugar como o cancer mais comum no mundo e a segunda em paises
desenvolvidos. Grande parte desses tumores se inicia a partir de polipos,
lesdes benignas que podem crescer na parede interna do intestino grosso.
Uma maneira de prevenir o aparecimento dos tumores seria a detecgao e a
remocéao dos polipos antes de eles se tornarem malignos [Santos et al, 2005].
Segundo dados do Instituto Nacional de Cancer (INCA), o niumero de novos
casos de cancer de colon e reto estimados para o Brasil em 2010 é de 28.110
mil casos, sendo destes 13.310 em homens e 14.800 em mulheres. As mortes
totalizadas por este tipo de cancer atingiram, em 2007, 11.322 mil pessoas,

sendo destes 5.305 homens e 6.017 mulheres [www.inca.gov.br].




Dentro do panorama destes dois principais tipos de cancer, a cirurgia € o
posterior tratamento com quimioterapicos sdo as escolhas de primeira linha.
Dentre os quimioterapicos, um dos mais utilizados € o 5-Fluorouracil (5-FU),
introduzido no mercado ha mais de 40 anos e sera discutido mais
detalhadamente a seguir. Neste cenario, necessita-se de avangos aplicados ao
tratamento e a prevencéo, tornando-se fundamental que os recursos e esforgos
sejam direcionados para a busca de novos medicamentos de combate ao
cancer assim como medicamentos que aumentem a qualidade de vida dos
pacientes durante os longos e desgastantes tratamentos quimioterapicos.

A efetividade clinica do 5-FU é limitada por seus severos efeitos
adversos como mielossupresséo, trombocitopenia e lesdes gastrointestinais e
nas mucosas, entre outras. A uridina tem sido utilizada para reduzir esses
efeitos adversos severos levando também a um aumento do indice terapéutico
[Cao et al, 2002], no qual a disponibilidade e a concentragédo séo reguladas
pela uridina fosforilase (UP). Porém, o uso clinico desse “resgate da uridina” é
dificultado pela sua rapida degradacao, iniciada pela UP no figado e pela
toxicidade dose-limitante resultando na necessidade do uso de altas
concentragcbes para obter a dose desejada a protecado dos tecidos. BAU, um
inibidor da UP, tem sido capaz de aumentar a concentragdo enddgena de

uridina levando a uma prote¢ao similar aos tecidos normais [Cao et al, 2002].

1.2 Metabolismo de nucleotideos pirimidicos

Os nucleotideos sdo compostos que fazem parte de um grande numero

de processos bioquimicos nas diferentes formas de vida e sdo classificados em



purinicos e pirimidicos. A importancia desses nucleotideos no metabolismo
celular é suportada pelo fato de que quase todas as células podem sintetiza-los
tanto de novo como a partir dos produtos de degradacao dos acidos nucléicos,
denominando-se salvamento ou recuperagdo [Voet e Voet, 2006]. Os
nucleotideos purinicos e pirimidicos sdo encontrados em todos os organismos
vivos onde suas fungbes estdo relacionadas principalmente com a estrutura
dos acidos nucléicos (DNA e RNA), atuando como fonte de energia em muitos
sistemas, na sinalizag&o celular, na regulagdo de rotas de biossintese, entre
outras [Shambaugh, 1979].

Existem separadas vias enzimaticas para a producédo destes
nucleotideos como mencionado acima, ocorrendo ou através da via de novo, a
partir de precursores simples e com uma demanda maior de energia, ou
através da via de salvamento (Salvage Pathway) (Figura 1), a partir de
nucleosideos e bases livres pré-formadas e com um gasto menor de energia
devido a este processo de reciclagem [Shambaugh, 1976; Connolly e Duley,
1999]. As duas rotas, através de multiplos passos enzimaticos envolvendo
fosforilases e quinases, produzem um produto comum, uridina 5’'monofosfato
(UMP), o ponto no qual as duas rotas se encontram (Figura 2) [Connolly e
Duley, 1999].

As fosforilases de nucleosideos pirimidicos (PyNP) sdo enzimas chave
na rota de salvamento destes nucleotideos. Ha dois tipos de PyNP na maioria
dos organismos: a Uridina Fosforilase (UP) e a Timidina Fosforilase (TP), as
quais catalisam a fosforolise reversivel de uridina (Urd) e timidina ou
desoxiuridina, respectivamente, para suas bases livres e ribose-1-fosfato (R1P)

ou desoxiribose-1-fosfato [Watanabe e Uchida, 1995; Pizzorno et al, 2002;



Johansson, 2003]. Esses produtos de degradac&o s&o, ent&o, utilizados ou
como fontes de carbono e origem de energia ou para o resgate de bases

pirimidicas para a sintese de nucleotideos [Watanabe et al, 1995].
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Figura 1. Catabolismo dos nucleotideos pirimidicos.
Adaptado: Voet e Voet, 2006.



Além de seus substratos naturais citados acima, as PyNP possuem um
papel importante na ativagcdo e no metabolismo de alguns analogos de
nucleosideos e bases utilizados na quimioterapia do cancer, como o 5-FU [Liu
et al, 1998; Cao et al, 2002]. Os altos niveis de expressao e atividade destas
enzimas em células tumorais, em comparagdo aos seus equivalentes normais
€, provavelmente, um dos mecanismos que resulta na alta sensibilidade das
células cancerosas a estes analogos citotdxicos, possuindo assim, bons
indices terapéuticos [Watanabe et al, 1995; Johansson, 2003] e, desta maneira,

corroborando com crescente interesse por essas enzimas.

proteindl - < - UDP—sugars
Iycosylation
glycosy T-a— sugars
«— UTP—> = - — — | BNA | -----
4 U]I‘-IF’ aire DA
et —_— — —3 — —3
lipids CTP T et
Yy ¥
N ¥
CDP-lipids t ®_ [ denovo veine
uridine synthesis ay
v Yo
+ ".: L
celld uracil salvage
membranes
¥
B-alanine
{
é

Figura 2. Metabolismo da uridina e alguns dos seus derivados.
UMP é sintetizado ou a partir da via de novo ou a partir da
fosforilagdo da uridina pela uridina quinase. Adaptado de
Connolly e Duley, 1999.



1.3 A uridina e seu papel protetor no uso do 5-FU

A Urd, um nucleosideo pirimidico, € um importante precursor da rota de
salvamento das pirimidinas [Balestri et al, 2007; Cao et al, 2005]. Além de a
Urd ser essencial para a sintese de RNA e de biomembranas, através da
formagdo de conjugados pirimidina-lipideo e pirimidina-agucar [Connolly e
Duley, 1999], ha também evidéncias experimentais e clinicas que sugerem que
ela € um elemento crucial na regulagédo de processos fisiolégicos normais
[Connolly e Duley, 1999; Cansey, 2006], especialmente no sistema nervoso
central [Cansey, 2006], e em alguns estados patoldgicos [Connolly e Duley,
1999].

Farmacologicamente, a Urd tem sido utilizada para proteger os tecidos
normais dos efeitos colaterais toxicos da quimioterapia anti cancer (baseada
em pirimidinas), principalmente como uma terapia de “resgate” para a
toxicidade produzida pelo 5-FU justamente por ela ser um competidor natural
[Krenitsky et al, 1965; Martin et al, 1982; Leyva et al, 1984; Pizzorno et al,
1998; Cao et al, 1999; el Kouni et al, 2000; Zhang et al, 2001; Pizzorno et al,
2002].

O 5-FU consiste em um analogo da base uracil possuindo como
diferenca um atomo de fluor no carbono 5 no lugar de um hidrogénio e teve sua
introdug&o na clinica ha mais de 40 anos. Ele rapidamente entra nas células
através de difuséo facilitada e € convertido aos seus metabdlitos ativos. O 5-FU
€ uma droga que interfere na duplicacao e transcricdo do DNA [Pandolfo et al,

2005] e ainda representa um dos agentes mais ativos no tratamento de



tumores solidos como mama, colon e cancer de cabega e pescogo, entre
outros [Cao et al, 2002].

Dois mecanismos de ag¢ao contribuem para o efeito citotdéxico do 5-FU:
a) toxicidade direta ao DNA, onde o 5-FluorodesoxiUMP (5-FAUMP) se liga
fortemente a Timidilato Sintase (TS), resultando na inibicao da sintese de DNA
e no crescimento celular e com menor freqiéncia a incorporacdo de
fluorodesoxinucleotideos no DNA levando a sua fragmentagédo e morte celular;
b) citotoxicidade direta ao RNA com incorporagado do FUTP em varias espécies
de RNA, incluindo RNA polissomal, RNA nuclear e RNA mensageiro, por meio
disso interrompendo a maturagéo e algumas fun¢des do RNA [Cao et al, 2002]
(Figura 3). Ha hipoteses de que a atividade antitumoral do 5-FU consiste na
inibicdo da TS enquanto que a sua toxicidade se da pela incorporacédo do
nucleotideo fluorado, gerado a partir da ativagao do 5-FU, no RNA.

Se altas doses exdgenas de Urd forem administradas algumas horas
apo6s o medicamento, a ligacdo do FAUMP a TS nao sera afetada, mas o UTP
substituira o FUTP no RNA [Pinedo e Peters, 1988], revelando que a atividade
antitumoral do medicamento ndo € afetada, porém seus efeitos adversos
diminuem. Entretanto, esses elevados niveis exdégenos de Urd ndo sdo bem
tolerados em humanos [Pizzorno et al, 1998], causando mais efeitos adversos
ao paciente além daqueles ja produzidos pela medicacao [Cao et al, 1999];
porém esses altos niveis sdo essenciais para que ocorra o efeito de protecao
desejado devido a meia vida curta [Leyva et al, 1984; Miyashita et al, 2002] da
Urd no organismo (10-15 minutos) [Miyashita et al, 2002].

Por esta razdo, uma das enzimas que metaboliza o farmaco em tecidos

normais e tumorais e ainda regula a concentracdo homeostatica da Urd tem



sido extensivamente investigadas, a UP. Além disso, a atividade da UP
geralmente é bastante elevada na maioria dos tecidos tumorais, e essa inducao
aparenta conferir uma vantagem terapéutica do 5-FU aos pacientes com

cancer [Cao et al, 2004].

| POy
@D
mc-:c_x:-:o
L | : .
@) «{0F0}- € <P~
e

@l@ @D

Figura 3. Metabolismo do 5-FU. Adaptado
de Longley et al, 2003.

1.4 Uridina fosforilase humana

Como mencionado anteriormente, no metabolismo das pirimidinas duas
PyNP foram identificadas em células eucari6ticas: a UP (EC 2.4.2.3) e a TP
(EC 2.4.2.4) [Pizzorno et al, 2002; Johansson, 2003]. A atividade fosforolitica
da UP, que regula os niveis extracelulares e intracelulares da Urd, revela o seu

papel critico na modulag&o da rota de salvamento das pirimidinas [Zhang et al,

10



2001]. A enzima esta distribuida em procariotos, leveduras e organismos
superiores e a sua seqUéncia de aminoacidos € altamente conservada entre
enzimas bacterianas, humana e de camundongos [el Kouni et al, 2000]. A
atividade fosforolitica basica é conservada ao longo de toda a hierarquia
evolucionaria, de bactérias a humanos, embora a estrutura génica e protéica e
o tamanho da proteina variem, se apresentando, por exemplo, como um
hexdmero em Escherichia coli [Caradoc-Davies et al, 2004] e Salmonella
typhimurium [Lashkov et al, 2009] enquanto que em humanos uma das
isoformas, como discutido mais adiante, tem a sua estrutura arranjada como

um dimero (Figura 4) [Roosild et al, 2009].

Figura 4. Estrutura cristalografica da uridina
fosforilase 1 humana. Adaptado de Roosild et al,
20009.

A UP é uma enzima chave responsavel pela fosforolise reversivel de Urd
a uracil [Darnowski e Handschumacher, 1985; Watanabe et al, 1995; Watanabe

e Uchida, 1995; Liu et al, 1998; Zhang et al, 2001; Pizzorno et al, 2002; Cao et

11



al, 2005] e, na presenca de R1P, ela pode também catalisar a reagao reversa,
formando o nucleosideo a partir da base livre (Figura 5) [Grem, 2000; Cao et al,

2002; Pizzorno et al, 2002].

o
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N o + -o—ﬂ—ou —_—— N/& -+ H H |
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H H phosphate uracil ©

H H ribose 1-phosphate

Figura 5. Reacao catalisada pela UP.

Altos niveis de atividade da UP sdo encontrados em diversas espécies
de tumores solidos e o nivel de expressao dela pode estar correlacionado com
a progressao da doenca [Miyashita et al, 2002; Johansson, 2003]. Zhang e
colaboradores [Zhang et al, 2001] clonaram e caracterizaram parcialmente a
regiao promotora da UP e verificaram que ela apresenta supostos elementos
regulatorios para alguns fatores oncogénicos e genes supressores de tumor,
incluindo a p53, como descrito a seguir.

Deste modo, o entendimento da regulagdo do gene UP, afetando tanto
a atividade catalitica como a expressao, tornou-se critico para a elucidacédo do
seu potencial papel na tumorigénese e para a modulacdo do tratamento de

cancer.
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1.4.1 A Uridina Fosforilase é regulada pela p53

O supressor tumoral p53, possui um papel crucial no controle do
crescimento celular, no reparo do DNA danificado e na regulagdo da apoptose
[Ko e Prives, 1996]. A regulacao supressora da p53 sobre o gene UP indica a
presenca de um controle negativo na rota de salvamento de pirimidinas,
provavelmente como um mecanismo celular de auto-protegcdo em caso de
deplecéo de ribonucleotideos [Zhang et al, 2001; Pizzorno et al, 2002] (Figura
6). Um dano celular causando uma perda ou um desequilibrio no “pool” desses
nucleotideos pode causar a ativagéo da p53, conduzindo a uma supressao da
expresséo da UP e a ativagdo da rota de salvamento de pirimidinas para
reabastecer o “pool” de nucleotideos de pirimidinas afetado [Pizzorno et al,
2002].

O esclarecimento da regulagdo do controle negativo da p53 sobre o
gene promotor da UP e a sua expressao podem ter uma implicacao
consideravel a niveis clinicos, desde no presente promotor do DNA da UP até
no resultado terapéutico em tumores com mutacéo especifica em p53, quando
submetido a terapias anti-cancer baseadas em anti metabdlitos [Zhang et al,

2001].
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Figura 6. Controle dependente de p53 da
expressdao da UP e a regulagdo da rota de
salvamento das pirimidinas. Adaptado de Pizzorno
et al, 2002.

1.4.2 As duas isoformas de UP em mamiferos: UP1 e UP2

Liu e colaboradores [Liu et al, 1998] clonaram o cDNA da UP humana e
também purificaram a proteina de tecido humano normal e tumoral. A
seqlUéncia de aminoacidos expressa foi comparada com seqiéncias protéicas
pré-estabelecidas tanto de TP como UP, e um cDNA codificante de uma nova
proteina humana similar, porém nao idéntica a UP humana ja descrita, foi
identificado [Johansson, 2003]. Entretanto, Krenisty e colaboradores [Krenitsky
et al, 1965] ja haviam relatado a existéncia de dois tipos de UP e o motivo que
as diferenciava era a faixa de pH 6timo de cada uma delas e que, devido a isto,
uma ficaria no citoplasma enquanto a outra se localizaria no nucleo.

O alinhamento da seqiiéncia de aminoacidos preditos da nova enzima
com a UP humana mostrou que a mesma possui uma identidade de

aproximadamente 60% com a seqUéncia de aminoacidos ja descrita, assim
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como as enzimas de camundongo, também possui uma elevada similaridade
com as duas isoformas humanas [Johansson, 2003] (Figura 7).

Baseado nos altos niveis de similaridade da seqiéncia, a nova enzima
foi nomeada Uridina Fosforilase-2 (UP2) enquanto que a Uridina Fosforilase
humana previamente caracterizada parcialmente foi nomeada UP1 [Johansson,
2003]. Assim, houve a identificacdo da terceira fosforilase de nucleosideos

pirimidicos, presente em células de mamiferos, além da UP1 e TP.
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Figura 7. Alinhamento da sequéncia de aminoacidos preditos da UP-2
humana (H. UPase-2) e de camundongo (M. UPase-2) com a UP-1
humana (H. UPase-1) e de camundongo (M. UPase-1),
respectivamente. As porcdes destacadas em preto indicam os residuos
de aminoacidos idénticos, conservados em comparacao a sequéncia da
UP-1 humana. Adaptado de Johansson et al, 2003.

Em humanos, as duas enzimas se encontram em genes e cromossomos
distintos e o local de maior expressao também difere entre as duas isoformas.
Enquanto que a UP2 é predominantemente expressa no rim, a UP1 encontra-

se distribuida de uma maneira mais generalizada no organismo. Esta
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expressado diferenciada entre as duas isoformas ainda ndo estd bem
esclarecida, ndo se sabendo ao certo o motivo pelo qual ocorre no organismo
visto que as duas realizam a mesma funcgéo [Cao et al, 2005].

Assim, a caracterizacdo da UP1 humana podera contribuir para o

desenvolvimento de inibidores seletivos e para a quimioterapia do cancer.
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2. OBJETIVOS

2.1 Obejtivo Geral

Este trabalho tem por objetivo geral a expresséo, a purificacédo e a
caracterizagdo da enzima Uridina Fosforilase-1 humana realizados no Instituto
Nacional de Ciéncia e Tecnologia em Tubérculos (INCT-TB) - Centro de
Pesquisas em Biologia Molecular e Funcional da PUCRS (CP-BMF). Tais
experimentos fazem parte de um projeto maior existente no laboratério que visa
a caracterizagdo de enzimas (humanas e de M. tuberculosis) da via de
salvamento de purinas e pirimidinas para o desenvolvimento racional de

possiveis inibidores.

2.2 Objetivos Especificos

- A amplificacdo do gene UPP1 através da reagdo em cadeia da
polimerase (PCR) utilizando oligonucleotideos iniciadores;

- Clonagem do amplicon em vetor de clonagem e posteriormente em
vetor de expressao;

- Estabelecimento de um protocolo de expressao e de purificagdo da
proteina UP1 por meio de Cromatografia Liquida de Rapida Performance
(FPLC);

- Analise por espectrometria de massas e pelo método de Degradagao
de Edman para a determinagéo da identidade da proteina homogénea;

- Teste de atividade e caracterizagdo da enzima através de cinética

enzimatica;
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Abstract

Uridine phosphorylase (UP) is a key enzyme in the pyrimidine salvage pathway,
catalyzing the reversible phosphorolysis of uridine to uracil and ribose-1-phosphate
(R1P). The human UP type 1 (hUP1) is a molecular target for the design of inhibitors
intended to boost endogenous uridine levels to rescue normal tissues from the toxicity
of fluoropyrimidine nucleoside chemotherapeutic agents, such as capecitabine and 5-
fluorouracil. Here, we describe a method to obtain homogeneous recombinant hUP1,
and present initial velocity, product inhibition, and equilibrium binding data. These
results suggest that hUP1 catalyzes uridine phosphorolysis by a steady-state ordered bi
bi kinetic mechanism, in which inorganic phosphate binds first followed by the binding
of uridine, and uracil dissociates first, followed by R1P release. Fluorescence titration at
equilibrium showed cooperative binding of either P; or R1P binding to hUP1. Amino
acid residues involved in either catalysis or substrate binding were proposed based on

pH-rate profiles.

Keywords: Cancer chemotherapy; Initial velocity; Product inhibition; Fluorescence

spectroscopy; pH-rate profiles; Uridine phosphorylase kinetic mechanism
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Pyrimidine nucleoside phosphorylases are key enzymes in the pyrimidine
salvage pathway. Two types of enzymes have been identified in human cells: uridine
phosphorylase (UP'; EC 2.4.2.3) and thymidine phosphorylase (EC 2.4.2.4) [1,2,3]. UP
belongs to the nucleoside phosphorylase (NP) super-family of proteins, in the NP-1
subset [4], and plays an important role in nucleoside metabolism, catalyzing the
phosphorolysis of uridine (Urd) to uracil and ribose-1-phosphate (R1P) (Fig. 1). These
products can be further utilized for nucleoside synthesis [5,6]. In humans, there are two
isoforms of UP, hUP1 [3] and hUP2 [2], which are encoded by two different genes in
distinct chromosomes. The alignment of the isoforms showed that they share
approximately 60% amino acid sequence identity [2]. The hUP1 cDNA contains an
open reading frame coding for a sequence of 310 amino acid residues corresponding to
a protein with a subunit molecular mass of 33.9 kDa that is dimeric in solution [3,7],
which is in contrast to the hexameric Escherichia coli enzyme [8,9].

Although UP is present in most normal and tumoral tissues, its activity as well as
its expression is elevated in certain tumors, a feature that may contribute to selectivity
of chemotherapeutic agents [3,10,11,12]. Studies have shown that this expression can be
up-regulated by treating tumor cells with cytokines such as interferon-a, interferon-y,
tumor necrosis factor-o, and interleukin-1a [3,13]. RT-PCR analysis demonstrated that
basic fibroblast growth factor (bFGF) increases the expression level of mouse UP1 in

osteolineage cell lines; the induction by bFGF is dependent of NF«B activity [14]. In

'Abbreviations used: Arg, arginine; BAU, 5-benzylacyclouridine; CV, column volume; bFGF, basic
fibroblast growth factor; ESI-MS, electrospray ionization mass spectrometry; EWS, Ewing’s sarcomas; 5-
FU, 5-fluorouracil; FUrd, fluorouridine; FUMP, fluorouridine monophosphate; FUDP, fluorouridine
diphosphate; FUTP, fluorouridine triphosphate; FdUrd, fluorodeoxyuridine; FAUMP, fluorodeoxyuridine
monophosphate; FAUDP, fluorodeoxyuridine diphosphate; FAUTP, fluorodeoxyuridine triphosphate;
Hepes, N-2-hydroxyethylpiperazyne-N -2-ethanesulfonic acid; His, histidine; hUP1, human uridine
phosphorylase 1; IPTG, isopropyl-B-D-thiogalactopyranoside; LB, Luria-Bertani; NP, nucleoside
phosphorylase; OPRT, orotate phosphoribosyltransferase; P;, inorganic phosphate; PNP, purine
nucleoside phosphorylase; R1P, ribose-1-phosphate; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide
gel eletrophoresis; TB, Terrific Broth; TK, thymidine kinase; TP, thymidine phosphorylase; Tris,
tris(Hydroxymethyl)aminomethane; Urd, uridine; UK, uridine kinase; UP, uridine phosphorylase.
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addition, it has been shown that tumor-associated chromosomal translocation in
Ewing’s family tumors, where the N-terminus of Ewing’s sarcoma (EWS) gene fuses
with the C-terminus of some ETS transcription factors, up-regulates UP promoter in
vivo, suggesting that UP could be a direct target of EWS/ETS fusion proteins [15,16]. In
contrast, the activity and gene promoter levels of UP have been shown to be down-
regulated by wild-type p53, a tumor suppressor gene that plays a key role in cell growth
control, DNA damage repair, and apoptosis [1,17].

UP plays an important role in the homeostatic regulation of Urd concentration in
plasma (1 - 5 uM) and tissues, and affects activation and catabolism of several
nucleoside analogues used in cancer chemotherapy [2]. These analogues include
fluoropyrimidines, such as 5-fluorouracil (5-FU) [1,8], which is a uracil analogue with a
fluorine atom at the C-5 position. This compound was developed in 1957 [18] after the
observation that rat tumoral tissues use uracil more rapidly than normal tissues, which
indicated that uracil metabolism is a potential target for chemotherapy [8]. Since then,
5-FU has been used in clinical practice against many types of solid tumors; yet, most of
its use is related to colorectal cancer [8,19]. 5-FU is converted to fluorodeoxyuridine
monophosphate (FAUMP), fluorodeoxyuridine triphosphate (FAUTP) and fluorouridine
triphosphate (FUTP), the three main active metabolites. The main mechanism of 5-FU
activation is either directly by orotate phosphoribosyltransferase (OPRT), or indirectly
by the sequential action of UP converting 5-FU to fluorouridine (FUrd) which, in turn,
is converted to fluorouridine monophosphate (FUMP) by uridine kinase (UK) [8,14].
FUMP is phosphorylated to fluorouridine diphosphate (FUDP), which can be either
phosphorylated to FUTP or converted by ribonucleotide reductase into
fluorodeoxyuridine diphosphate (FAUDP) [8]. The latter, in turn, can either be

phosphorylated to FAUTP or dephosphorylated to FAUMP, both of which are active
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metabolites. There is also an alternative pathway that involves conversion of 5-FU to
fluorodeoxyuridine (FdUrd) by thymidine phosphorylase (TP), and conversion of
FdUrd to FAUMP by thymidine kinase (TK). The main metabolites of 5-FU exert their
anti-cancer activity either by disrupting RNA synthesis (FUTP), or inhibiting
thymidylate synthase (TS) enzyme activity (FAUMP) that converts dUMP to
deoxythymidine monophosphate ({TMP), which is needed for DNA synthesis and
repair. In addition, inhibition of TS by FAUMP results in accumulation of dUMP
leading to increased levels of dUTP. The latter and the 5-FU metabolite FAUMP can be
misincorporated into DNA. Clinical evidences have demonstrated the ability of Urd to
reduce bone marrow and gastrointestinal toxicity induced by 5-FU, called “rescue of 5-
FU toxicity” [2,6,10,20]. High doses of uridine are required to produce the “rescue”
effect due to the short half-life of plasma uridine of only two minutes and the regulation
of plasma uridine homeostasis at the 2-4 uM level by the activity of hepatic UP [6,10].
However, these high doses needed to produce this effect are not well tolerated and
produce dose-limiting effect in humans. It is thus necessary to develop a drug capable of
maintaining elevated endogenous levels of Urd [6,7,10] to protect the normal tissues
through Urd rescue effect. Accordingly, inhibition of UP activity appears an attractive
therapeutic strategy to rescue 5-FU toxicity. Acyclouridine analogues, including 5-
benzylacyclouridine (BAU), have been designed as hUP1 inhibitors, and BAU has been
shown in clinical trials to be capable of increasing plasma Urd concentration, thereby
increasing the therapeutic index of 5-FU [7].

Enzyme inhibitors make up roughly 25 % of the drugs marketed in United States
[21]. Enzymes catalyze multistep chemical reactions to achieve rate accelerations by
stabilization of the transition state structure [22]. Accordingly, mechanistic analysis

(kinetic, chemical, and catalytic mechanisms) should always be a top priority for
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enzyme-targeted drug programs aiming at the rational design of potent enzyme
inhibitors. Here we describe amplification, cloning, and sequencing of the recombinant
hUP1 coding gene. We also present heterologous protein expression in Escherichia coli,
purification to homogeneity, N-terminal amino acid sequencing, electrospray ionization
mass spectrometry analysis, determination of true steady-state kinetic parameters,
product inhibition, equilibrium fluorescence of substrate/product binding, and pH-rate
profiles of functional recombinant hUP1 enzyme. These results provide a solid
foundation on which to base function-guided hUP1 enzyme inhibitors with potential

anti-cancer activity.

Materials and methods

Amplification and cloning of the human UPP1 gene

The human UPP1 coding sequence was searched on the GeneBank (BC007348)
of the National Institute for Biotechnology Information (http://www.ncbi.nlm.nhi.gov).

The cDNA of UPP1 was obtained by RT-PCR amplification of colorectal RNA
(from Ambion; Austin, TX, USA). The oligonucleotide primers used (forward primer,
5’-CAGTTGGCCATATGGCGGCCACGGGAGC-3’; and reverse primer, 5°-
GCGGAGAAGCTTGGCAGCGCTCAGGCC-3’) contained, respectively, Ndel and
HindIII (New England Biolabs) restriction sites (underlined). The PCR product was
analyzed on 1% agarose gel, and a 930-bp band was detected and purified. The DNA
fragment was cloned into pCR-Blunt cloning vector (Invitrogen), cleaved with Ndel and
HindlIll restriction enzymes, and subcloned into the pET-23a(+) expression vector

(Novagen). The complete UPP1 gene sequence was determined by automated DNA-
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sequencing to confirm sequence integrity and the absence of mutations in the cloned

fragment.

Expression and purification of recombinant hUP1

The pET-23a(+)::UPP1 recombinant plasmid was transformed into Escherichia
coli Rosetta (DE3) competent cells (Novagen) and selected on Luria-Bertani (LB) agar
plates containing 50 ug mL™ ampicillin and 34 pg mL™' cloranfenicol. A single colony
was grown overnight in LB medium pH 7.2 (60 mL) containing the same antibiotics, at
37°C. An aliquot of this culture (10 mL) was used to inoculate Terrific Broth (TB)
medium (2.5 L, with the same antibiotics) and grown for 36 h at 30°C after reaching an
ODgoo nm 0f 0.4 - 0.6, without isopropyl-B-D-thiogalactopyranoside (IPTG) induction.
The same procedure was employed for E. coli Rosetta (DE3) cells transformed with
pET-23a(+) (control). The cells (40 g) were harvested by centrifugation at 11,800g for
30 min at 4°C and stored at —20°C. Soluble protein expression was analyzed by 12%
sodium dodecyl sulfate-polyacrylamide gel eletrophoresis (SDS-PAGE) stained with
Coomassie Brilliant Blue [23].

All purification steps were performed at 4°C and sample elution was monitored
by UV detection. Frozen cells (5 g) were suspended in 25 mL of 50 mM N-2-
hydroxyethylpiperazyne-N -2-ethanesulfonic acid (Hepes) pH 7.0 (buffer A) and
incubated with 0.2 mg mL™ lysozyme (Sigma) for 30 min. The cells were disrupted by
sonication (5 pulses of 10 sec) and the solution was cleared by centrifugation at 48,000g
for 30 min. The supernatant was treated with 1% (wt/vol) streptomycin sulfate (Sigma;
final concentration) for 30 min to precipitate the nucleic acids, and centrifuged (48,000g

for 30 min). The supernatant was dialyzed against buffer A (2 x 2 L, 3 h each). Residual
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precipitate was removed by centrifugation (48,000g for 30 min) and the supernatant was
loaded onto a SP Sepharose Fast Flow cation exchange column (GE Healthcare) pre-
equilibrated with buffer A. The column was washed with 5 column volumes (CV) of
buffer A and the adsorbed material was eluted with 15 CV linear gradient (0 - 100%) of
50 mM Hepes 200 mM NaCl pH 7.0 (buffer B) at a 1 mL min™' flow rate. The target
recombinant protein was eluted at approximately half of the gradient, where a single
SDS-PAGE band could be observed. The homogenous recombinant protein was
dialyzed against 100 mM tris(Hydroxymethyl)aminomethane (Tris) pH 7.4 3x2L,3 h
each), concentrated, and stored at —80°C. Protein concentration was determined with
Bradford Protein Assay Kit (Bio-Rad Laboratories) and bovine serum albumin was used
as standard [24]. All subsequent activity and binding assays were performed in 100 Tris

pH 7.4, unless stated otherwise.

Amino acid sequence and mass spectrometry analysis

The N-terminal amino acid sequence of homogeneous recombinant hUP1
protein was analyzed by automated Edman degradation sequencing using a gas-phase
sequencer PPSQ-21 A (Shimadzu) [25].

hUP1 was assessed by electrospray ionization mass spectrometry (ESI-MS)
according to Chassaigne and Lobinski, with some adaptations [26]. The sample was
analyzed on Quattro-II triple-quadrupole mass spectrometer (Micromass; Altrincham,
United Kingdom). During all experiments, the source temperature was maintained at —
80°C and the capillary voltage at 3.6 kV; a drying nitrogen gas flow (200 L h™) and a
nebulizer gas flow (20 L h™") were used. Intact horse heart myoglobin was used to

calibrate the mass spectrometer and its typical cone voltage-induced fragments. hUP1
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subunit molecular mass was determined by adjusting the mass spectrometer to yield a
peak with a half-height of 1 mass unit, and the sampling cone-to-skimmer lens voltage
controlling the transfer of ions to the mass analyzer was set to 38 V. Approximately 50
pmol of each sample were injected into the electrospray transport solvent. The ESI
spectrum was obtained in the multichannel acquisition mode, with scanning from 500 to
1,800 m/z at a scan time of 7 sec. The mass spectrometer is equipped with MassLynx

and Transform softwares for data acquisition and spectrum handling.

hUP1 enzymatic assay

Recombinant hUP1 enzyme activity was monitored in an UV-2550 UV/Visible
spectrophotometer (Shimadzu). All assays were performed under initial rate conditions
at 37°C and 100 mM Tris pH 7.4, in 500 pL total reaction volumes for 60 sec. This
assay was based on the maximum difference in absorbance at 280 nm between Urd and
uracil (AAM'1 cm'l -2100), in which a decrease in absorbance is observed upon

conversion of Urd to uracil [27].
Initial velocity measurements

Initial velocity studies were carried out to determine the true steady-state kinetic
parameters, in the forward direction. Saturation curves were performed varying
concentrations of Urd (20 - 500 uM) against several fixed-varying concentrations of

inorganic phosphate (P;) (1 - 10 mM).

Product inhibition patterns
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To provide an additional experimental approach to distinguish between the
possible kinetic mechanisms, product inhibition studies were carried out at varying
concentrations of one substrate, fixed concentrations of the co-substrate (in non-
saturating levels), and fixed-varying concentrations of products (either R1P or uracil).
The experimental conditions were as follows: varying Urd concentrations (20 - 500
uM), fixed P; concentration (2 mM), and fixed-varying concentrations of either uracil
(50 - 600 uM) or R1P (24 - 160 uM); varying P; concentrations (1 - 10 mM), fixed Urd
concentration (50 uM), and fixed-varying concentrations of either uracil (50 - 300 uM )

or R1P (80 - 320 uM).

Equilibrium binding by fluorescence spectroscopy

Fluorescence measurements were carried out in a RF-5301 PC
Spectrofluorophotometer (Shimadzu) at 25°C. Measurements of intrinsic hUP1 protein
fluorescence employed excitation wavelength at 280 nm in each binding experiment,
and the emission wavelength ranged from 285 to 350 nm. The slits for excitation and
emission were both 3 nm. Fluorescence titrations of binary complex formation were
carried out by making microliter additions of the following compounds to 2 mL
containing 10 uM hUP1: 40 mM P; stock solution (19.99 - 434.2 uM final
concentration); 5 mM Urd stock solution (2.498 - 97.92 uM final concentration); 10
mM uracil stock solution (4.997 - 123.3 uM final concentration); 4 mM R1P stock
solution (1.99 - 41.53 uM final concentration). Control experiments were employed to
both determine the maximum ligand concentrations to be used with no inner filter effect

and to account for any dilution effect on protein fluorescence.
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pH-rate profiles

To determine the dependence of the kinetic parameters on pH, initial velocities
were measured in the presence of varying concentrations of one substrate and a
saturating level of the other in a buffer mixture of 2-(N-morpholino)ethanesulfonic acid
/Hepes/2-(N-cyclohexylamino)ethanesulfonic acid over the following pH values: 5.0,
5.5,6.0,6.5,7.0,7.5, 8.0, 8.5 and 9.0 [28]. The data were plotted as pH values versus
either log kcat or log kca/ K. As the Ky values changed as a function of pH, different
concentration ranges of the variable substrate as well as the fixed substrate had to be
employed. For varying Urd concentrations the experimental conditions were: at pH 5.0:
Pi=20 mM, 200 uM < Urd <900 uM; at pH 5.5: P; =20 mM, 100 uM < Urd < 800
uM; at pH 6.0: Pi = 12 mM, 20 uM < Urd < 800 uM; at pH 6.5: Pi= 10 mM, 20 uM <
Urd <700 uM; at pH 7.0 and 7.5: Pi= 10 mM, 20 uM < Urd < 500 uM; at pH 8.0: P; =
10 mM, 20 uM < Urd < 700 uM; at pH 8.5: Pi = 10 mM, 20 uM < Urd < 600 uM; and
at pH 9.0: P;= 10 mM, 20 uM < Urd < 800 uM. For varying P; concentrations the
experimental ranges employed were as follows: at pH 5.0, Urd = 800 uM, 2 mM < P; <
20 mM; at pH 5.5, Urd = 700 uM, 2 mM < P; < 16 mM; at pH 6.0, Urd = 700 uM, 0.5
mM < P; <8 mM; at pH 6.5, Urd = 600 uM, 0.05 mM < P; <8 mM; at pH 7.0 and 7.5,
Urd =500 uM, 0.1 mM < P; <8 mM; at pH 8.0, Urd = 600 uM, 0.1 mM < P; < 8 mM;
at pH 8.5, Urd = 500 uM, 0.05 mM < P; <5 mM; and at pH 9.0, Urd = 700 uM, 0.05

mM < P; <5 mM.
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Results and discussion

Amplification, cloning, and DNA sequencing

The PCR amplification protocol yielded a product with an expected size
corresponding to the human UPP1 (930-bp) DNA coding sequence (data not shown).
The fragment was purified from the agarose gel and ligated into the pET-23a(+)
expression vector. Nucleotide sequence analysis confirmed both identity and integrity of

human UPP1 DNA coding sequence.

Expression of recombinant hUPI protein

The pET-23a(+)::UPP1 recombinant plasmid was transformed into E. coli
Rosetta (DE3) host cells by electroporation. Analysis by SDS-PAGE (Fig. 2) showed
that the cell extracts contained the recombinant protein, in the insoluble and soluble
fraction, with an apparent molecular mass of 33 kDa, in agreement with the expected
size of 33.934 kDa for hUP1. Among a number of protocols tested, the best
experimental condition for expression of recombinant hUP1 occurred with E. coli
Rosetta (DE3) cells grown for 36 h (after reaching an ODggg nm 0of 0.4 - 0.6, without
IPTG induction) at 30°C in TB medium. The pET expression vector system (Novagen)
has a strong IPTG-inducible bacteriophage T7 lacUV'5 late promoter that controls the
T7 RNA polymerase to transcribe cloned target genes [29]. It has been shown that /ac-
controlled systems could have high-levels of protein expression in the absence of
inducer [30,31]. It has been proposed that leaky protein expression is due to

derepression of the /ac-controlled system when cells approach stationary phase in
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complex medium and that cyclic AMP, acetate, and low pH are required to achieve
high-level expression in the absence of IPTG induction, which may be part of a general
cellular response to nutrition limitation [32]. However, more recently, it has been shown
that unintended induction in the pET system is due to the presence of as little as
0.0001% of lactose in the medium [33]. It is noteworthy that a large amount of
recombinant hUP1 protein remained in the insoluble fraction (Fig. 2, lane 3). Although
inclusion body formation can greatly simplify protein purification, there is no guarantee
that the in vitro refolding will yield large amounts of biologically active protein.
Moreover, inclusion body purification schemes present a number of problems such as:
use of denaturants that are expensive and can cause irreversible modifications of protein
structure that will elude all of the most sophisticated analytical tests, refolding usually
must be done in very dilute solution and the protein reconcentrated, and refolding
encourages protein isomerization leading to precipitation during storage [34]. Since we
aimed at determining the mode of action of recombinant hUP1 enzyme, we deemed

more appropriate to avoid solubilizing agents.

Purification of recombinant hUP1 protein

Recombinant hUP1 protein was efficiently purified to homogeneity (Fig. 3) by a
single-step purification protocol, using a cation exchange column. The target protein
eluted at approximately 50% of buffer B. The 3.8-fold purification protocol resulted in a
protein yield of 43% and 20.8 mg of active recombinant hUP1 protein from 5 g of cells
(Table 1). In contrast to Roosild and co-workers [7], we found no need to add potassium
salt in the purification buffers to prevent protein aggregation and precipitation. The

homogeneous protein was stored at —80°C, with no loss of activity.
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Mass spectrometry and N-terminal amino acid sequencing

The subunit molecular mass value for hUP1 was determined to be 33,934.00 Da
by electrospray ionization mass spectrometry (ESI-MS). Since the predicted molecular
mass is 33,934.00 Da, this result indicates removal of the N-terminal methionine
(predicted methionine molecular mass = 131.20 Da). These results provide evidence
that confirm the identity of recombinant hUP1.

The Edman degradation method identified the first 21 N-terminal amino acid
residues of the recombinant hUP1 as: AATGANAEKAESHNDCPVRLL. This result
unambiguously demonstrates that the purified protein is hUP1, and confirms the
removal of the N-terminal methionine. Protein N-terminal methionine excision is a
common type of post-translational modification process that occurs in the cytoplasm of
many organisms displaying protein synthesis. The cleavage of the initiator methionine
is usually directed by the penultimate amino acid residues with the smallest side chain
radii of gyration (Gly, Ala, Ser, Thr, Pro, Val, and Cys) [35], which is in agreement
with removal of the N-terminal methionine from hUP1 since alanine is the penultimate

N-terminal amino acid residue.

Initial velocity and steady-state kinetic parameters

The double-reciprocal plots for the forward reaction (phosphorolysis) showed a

family of lines intersecting to the left of the y-axis (Fig. 4 A and B), which is consistent

with ternary complex formation and a sequential mechanism [36]. Ping-pong and rapid

equilibrium ordered mechanisms could be ruled out, since these mechanisms display
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parallel lines and intersecting lines at the y-axis, respectively. The data were fitted to the
following equation: v = VAB/(K;.Ky + K,B + KvA + AB), yielding the following true
steady-state kinetic parameters: k.o = 7.5 (£ 0.2) s'l, Kua =51 (£4) uM, Kp;= 2462 (=
228) uM, kea/Kura = 14.7 (£ 1.2) x 10* M's™, and keo/Kpi = 3.05 (£ 0.28) x 10° M's™
These values are different from the apparent steady-state kinetic constants reported for
human liver UP1 [10]. Although it is not possible to offer a clear explanation for these
differences, here we present the true steady-state kinetic parameters whereas Liu and

co-workers [10] presented apparent steady-state kinetic parameters.

Product inhibition

The initial velocity results described above cannot distinguish between a steady-
state ordered bi bi mechanism and rapid equilibrium random bi bi system. Accordingly,
product (either R1P or uracil) inhibition measurements were carried out to determine the
order of substrate addition to the enzyme. The data were fitted to an equation for either
competitive or noncompetitive inhibition: v = VA/[K,(1 + I/Kis) + A] or v = VA/[K,(1 +
I/Kis) + A(1 + Kij)], respectively. The double-reciprocal plots revealed a pattern of three
noncompetitive and one competitive inhibition (Table 2). This pattern is in agreement
with a steady-state ordered bi bi kinetic mechanism [36], in which P; binds first to free
hUP1 enzyme followed by Urd binding to form the catalytically competent ternary
complex. This pattern also suggests that uracil is released first followed by R1P
dissociation from the R1P-hUP1 binary complex. In addition, a steady-state random bi
bi mechanism could be discarded because double reciprocal plots were linear in initial
velocity studies and the pattern of product inhibition would be noncompetitive for all

substrate-product pairs. The steady-state ordered bi bi kinetic mechanism for hUPI is in
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agreement with the cytoplasmic rat liver UP [19,37]. However, this mechanism is in
disagreement with the random order of substrate addition for UP from both E. coli
[38,39] and Lactobacillus casei [40], and in disagreement with the ordered mechanism

for UP from guinea pig, in which binding of uracil precedes that of P; [41].

Equilibrium binding of ligands to hUP1

Binding experiments were employed to confirm the order of substrate addition
proposed by product inhibition for hUP1, and to reinforce the proposal of the order of
product dissociation from the catalytically competent ternary complex. Intrinsic hUP1
fluorescence enhanced upon either P; or R1P binding to free hUP1. Plots of either P; or
R1P concentration versus relative protein fluorescence variation upon binary complex
formation (Fig. 5 A and B) were sigmoidal, and the data were fitted to the Hill equation
[42]: F/Fmax = A"/(K> + A"), yielding values of K> = 106 (= 56) mM and n=2.0 (£ 0.1)
for P;, and K> =297 (£ 102) uM and » = 2.0 (x 0.1) for R1P. K’ represents the mean
dissociation constant for hUP1:ligand binary complex formation, which is comprised of
interaction factors and the intrinsic dissociation constant, and » represents the total
number of binding sites [36]. The value of 2 for # is in agreement with the dimeric form
of hUPI in solution demonstrated by size-exclusion chromatography and multi-angle
static light scattering [7]. Positive cooperativity in the binding of P; or R1P to hUP1 was
supported by upward-curved double-reciprocal plots (insets in Fig 5 A and B,
respectively). No enhancement in intrinsic protein fluorescence could be detected upon
binding of either uridine or uracil to free hUP1, thereby lending support to the proposed
kinetic mechanism for hUP1. Interestingly, based on crystal structures of ternary

complexes of E. coli UP either with 5-FU and R1P or FUrd and P;, it has been proposed

35



that there appears to be a cooperative pattern of substrate binding [18]. Our results
demonstrate that there is indeed cooperativity that is brought about by P; or R1P binding
to hUP1.

The initial velocity, product inhibition, and equilibrium binding results are
consistent with a steady-state ordered bi bi kinetic mechanism, in which P; binds first to
the free enzyme, followed by the binding of Urd to form the catalytically competent
ternary complex, and uracil is the first product to dissociate from the complex, followed

by the release of R1P (Fig. 6).

pH-rate profiles

pH Dependence of the kinetic parameters was evaluated to probe acid-base
catalysis in hUP1 mode of action. The bell-shaped pH-rate profiles were fitted to the
following equation: log y = log/C/(1 + H/K, + Kv/H)]/, yielding K, and Ky, respectively,
the apparent acid and base dissociation constants for ionizing groups. In this equation, y
represents the apparent kinetic parameter (kca O kcar/Kn), C is the pH-independent
plateau value of y, and H is the proton concentration. The bell-shaped pH-rate profiles
showed values of 1 for the acidic limb and -1 for the basic limb, indicating participation
of a single ionizable group in each limb. The data from pH 5.0 - 6.0 for k../Kpi, and pH
5.0 for ke./Kura were not included in the analysis, since these saturation curves were
sigmoidal. It is interesting to note that, as has been pointed out in a recent review
showing a timeline of evolution of allostery as a concept [43], pH is now considered an
allosteric effector. At any rate, as the intracellular pH is near neutral, we deemed more
appropriate to consider only the pH values that yielded hyperbolic curves to allow a

more straightforward data analysis.
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The pH-rate profile for k., indicates that protonation of a group with pK, value
of 5.5 (£ 0.6) and deprotonation of another group with pK, value of 8.2 (= 0.9) play a
critical role in hUP1 enzyme catalysis (Fig. 7A). The amino acid side chain having a
pK, value of 5.5 that has to be deprotonated for efficient catalysis may tentatively be
ascribed to the conserved His36 residue showed by crystallography to interact with the
acyclic moiety of 5-benzylacyclouridine (BAU, an inhibitor of hUP1) [7]. In the usually
predominant nonionized tautomeric form of His36, the N-3 nitrogen (¢2) with the
hydrogen atom may act as an electrophile and H-bond donor, whereas N-1 nitrogen (51)
atom may act as a nucleophile and acceptor for H-bonding. However, the position of the
hydrogen atom can vary with conditions in the local environment of hUP1 active site.
The conserved Tyr35, Lys271, and Lys272 are candidates for the residue having a pK,
value of 8.2 that has to be protonated for efficient hUP1 catalysis to occur.

The pH dependence of k../Kpi (Fig. 7B) indicates that protonation of a group
and deprotonation of another group with an average pK, value of 7.7 (£ 0.8) abolish P;
binding. These data suggest that there is no pH plateau in which hUP1 would be fully in
its active form as regards P; binding. In other words, with increasing pH, before one
group has been fully deprotonated to give its active form, another group required in the
protonated form has started to lose its proton. Amino acid sequence comparison
demonstrates conservation of three arginine residues (Arg64, Arg94, and Argl38) in
hUP1. Although these residues are involved in P; binding, the crystal structure of hUP1
has shown that Arg64 is bent away from the P; anion in the active site, leaving two
guanidinium groups (Arg94 and Argl38), one from each subunit of the dimer, to bind
the substrate [7]. Based on this finding, the Arg64 residue has been suggested not to
participate in P; binding [7]. The pK, value of the 3-guanido group of arginine in

solution is usually about 12. How can one reconcile the pK, values of 7.7 for amino acid
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side chains involved in P; binding? It has been pointed out by Copeland [44] that in
some cases the pK, values that are measured cannot be correctly ascribed to a particular
amino acid, but rather reflect a specific set of residue interactions within an enzyme
molecule that create in situ a unique acid-base center. Moreover, the hydrophobic
interior of enzyme active sites that undergo domain closure can greatly perturb the pK,
values of amino acid side chains relative to their typical pK, values in aqueous solution.
At any rate, site-directed mutagenesis of Arg64, Arg94, and Argl38 residues of hUP1
and crystal structure determination of these mutants will have to be carried out to
ascertain the role, if any, of these residues in P; binding.

The pH dependence of k../Kura (Fig. 7C) indicates that protonation of group
with pK, of 6.5 (£ 0.6) and deprotonation of another group with pK, of 8.4 (= 0.9)
abolish uridine binding. The side chains of His8 and GIlu198 have been shown to be
involved in E. coli UP ribose binding site [18], corresponding to His36 and Glu250 in
hUP1. The side chain of His36 is a more likely candidate for the group with pK, value
of 6.5 that has to be deprotonated to interact with the 5'-OH group of the ribose moiety
of Urd in hUP1. There are also H-bonds formed between the 2'-OH group of ribose and
the main-chain nitrogen of Met197 (Met249 in hUP1) and the side-chain of Arg91
(Argl138 in hUP1) [18]. As Argl38 has been shown to be involved in P; binding in
hUP1 [7], it is not likely that Arg138 represents the group with pK, of 8.4 whose
deprotonation abolishes Urd binding. The crystal structure of E. coli UP has also shown
that GIn166 and Argl68 are key residues in the uracil binding pocket and together with
a tightly bound water molecule are seen to be involved in the substrate specificity of UP
[18]. These residues correspond to GIn217 and Arg219 in human UP1 [7]. It is unlikely
that this role is played by GIn217 because its amine side chain does not ionize. On the

other hand, the 8-guanidinium group of the side chain of the conserved Argl68 amino
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acid in E. coli UP (Arg219 in hUP1) interacts with the O4 of the carbonyl group of
uracil, and it has been proposed to play a role in substrate selectivity via an electrostatic
effect [18]. It is thus tempting to assign to the guanidinium side chain of Arg219 residue
the pK, value of 8.4 that has to be protonated for Urd binding to occur.
Notwithstanding, site-directed mutagenesis will have to be carried out to assign any role

in substrate binding and catalysis to a particular amino acid residue in hUP1.

Summary

Here we describe an efficient method to obtain homogeneous recombinant
hUP1. We also present initial velocity, product inhibition, and equilibrium binding data
that show that hUP1 catalyzes the phosphorolysis of Urd by a steady-state ordered bi bi
kinetic mechanism, in which P; binds first to free enzyme, followed by the binding of
Urd to form the catalytically competent ternary complex, and uracil is the first product
to dissociate from the complex, followed by R1P release. Amino acid residues involved
in either catalysis or substrate binding were proposed based on pH-rate profiles. A
comparison between the crystal structure of free hUP1 and BAU-hUP1 binary complex
showed that there is a large inter-domain motion between monomers of dimeric hUP1
[7]. These findings prompted the authors to propose that the “open” conformation of
hUP1 provides an opportunity to develop a novel class of allosteric inhibitors of this
enzyme that lock the protein in a functionally disabled form [7]. However, there was no
experimental evidence showing that hUP1 exhibits allostery. Thermodynamic
dissociation constants were assessed by the enhancement of intrinsic protein
fluorescence upon P; or R1P binding to hUP1, and the results demonstrated that these

substrates exhibit cooperative binding to the enzyme. These results lend support to the
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proposal of designing allosteric inhibitors of hUP1 enzyme activity. It has been
proposed that the conservation of key residues and interactions with substrate in the
phosphate and ribose binding pockets would indicate that ribooxocarbenium ion
formation during catalysis of UP may be similar to that proposed for E. coli purine
nucleoside phosphorylase (PNP) [18]. Human PNP catalyzes the phosphorolysis of N-
ribosidic bonds of 6-oxy-purine nucleosides and deoxynucleosides to the corresponding
purine base and a-D-ribose 1-phosphate. Transition-state analogues that have picomolar
inhibition constants have been developed for human PNP based on the transition-state
structure for calf spleen PNP [45]. For instance, Immucillin-H possesses features of the
transition state the include an elevated pK, at the N7 position of the 9-
deazahypoxanthine ring, a positive charge in the protonated iminoribitol moiety to
mimic the ribooxocarbenium ion, and an enzymatically stable carbon-carbon ribosidic
bond [45]. Human PNP has a later transition state and DADMe-Immucillin-H has been
synthesized to be a mimicry of the proposed transition state. On the other hand, bovine
PNP has an earlier transition state and Immucillin-H has been synthesized to be a
mimicry of this transition state. It has been shown that DADMe-Immucillin-H binds
more tightly to human PNP than Immucillin-H, thereby showing that even though
bovine and human PNPs share 87% sequence identity and have totally conserved active
site residues, inhibitors with differential specificity can be designed [46]. The crystal
structure of human PNP in complex with Immucillin-H showing the amino acid
residues that interact with this transition-state analogue has been reported [47].
Accordingly, the transition state analogues of human PNP could serve as blueprints for
the design of inhibitors of hUP1 enzyme activity. As hUP1 is a molecular target for the
design of specific inhibitors intended to boost endogenous uridine levels for the purpose

of rescuing normal tissues from the toxicity of fluoropyrimidine nucleoside
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chemotherapeutic agents, the data here presented provide pivotal data for the design of
function-based inhibitors. Understanding the mode of action of hUP1 will inform us on
how to better design inhibitors targeting hUP1 with potential therapeutic application in

cancer chemotherapy.
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Figure legends

Fig. 1. Chemical reaction catalyzed by hUP1.

Fig. 2. 12% SDS-PAGE analysis of total insoluble and soluble proteins. Expression of
hUP1 after 36 h of cell growth after reaching an ODggp nm 0f 0.4 - 0.6 in TB medium
without addition of IPTG. Lane 1, Protein Molecular Weight Marker (Fermentas); lane
2, insoluble E. coli Rosetta (DE3) [pET-23a(+) (control)] extract; lane 3, insoluble E.
coli Rosetta (DE3) [pET-23a(+)::UPP1] extract; lane 4, soluble E. coli Rosetta (DE3)
[pET-23a(+) (control)] extract; lane 5, soluble E. coli Rosetta (DE3) [pET-

23a(+)::UPP1] extract.

Fig. 3. 12% SDS-PAGE analysis of pooled fractions from hUP1 purification steps. Lane
1, Protein Molecular Weight Marker (Fermentas); lane 2, crude extract; lane 3, SP

Sepharose Fast Flow cation exchange elution.

Fig. 4. Intersecting initial velocity patterns for hUP1 with either Urd (A) or P; (B) as the

variable substrate. Each curve represents fixed-varying levels of the co-substrate.

Fig. 5. Dissociation constant for hUP1 with P; (A) and with R1P (B) binary complex

formation monitoring changes in intrinsic protein fluorescence. Insets represent the fit

of double-reciprocal plots of the fluorescence data to an exponential growth equation.

Fig. 6. Proposed kinetic mechanism for hUP1.
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Fig. 7. pH dependence of hUP1 kinetic parameters. Plots: (A) log kcat, (B) log kca/ Kpi,

and (C) log kca/ Kurg.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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Table 1.

Purification of hUP1 from E. coli Rosetta (DE3). Typical purification protocol from 5 g

wet cell paste (300 mL of culture).

Total Specific

Purification = Total protein Purification  Yield
enzyme activity

step (mg) fold (%)
activity (U) (U mg™")

Crude extract 180.3 367.5 2.04 1.0 100

SP Sepharose

20.8 159.9 7.70 3.8 43
Fast Flow
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Table 2

Product inhibition patterns for hUP1.?

Variable substrate  Product inhibitor  Inhibition type”  Kis (uM)° Kii (pM)d
Uridine Uracil NC 50+7 618+119
Uridine R1P NC 34+7 2.16x 10°°

P; Uracil NC 137 £ 27 251 +£20
P; R1P C 494+ 61 -

*At 37°C and 100 mM Tris pH 7.4.

®NC = noncompetitive, C = competitive.

°Kjs is the slope inhibition constant.

dKii is the intercept inhibition constant.

¢ This value was poorly defined due to a large SE value
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4. CONSIDERAGOES FINAIS

A importancia da uridina fosforilase a quimioterapia do cancer advém do
fato dela ser uma das enzimas responsaveis pela ativacédo ou degradacéo de
alguns analogos quimioterapicos, como as 5-fluoropirimidinas.

A importancia da uridina fosforilase na quimioterapia do cancer tem
gerado um grande interesse no desenvolvimento de inibidores para essa
enzima. Desse modo, os inibidores podem aumentar a efetividade
quimioterapica dessas drogas pela prevengdo de sua degradacao e/ou
toxicidade ao hospedeiro [el Kouni et al, 2000], assim como podem atuar
separadamente inibindo parcialmente a via de salvamento de pirimidinas
através da nao reciclagem da base uracil.

Durante este trabalho foi possivel realizar a amplificagdo do gene UPP1,
a partir de cDNA obtido por RT-PCR de um RNA colorretal e a sua clonagem
em vetor de expressdo pET23a(+). Determinamos que a melhor condicdo de
expressao soluvel para a proteina humana UP1 foi com a cepa de E. coli
Rosetta(DE3), utilizando o meio Terrific Broth, a 30C° por 36h e sem indugao
com IPTG. A obtengao da proteina aparentemente homogénea foi através de
apenas uma etapa cromatografica utilizando uma coluna de troca catidnica, e
sua identidade e massa molecular também foram determinados. Com a
proteina homogénea, foi possivel fazer sua parcial caracterizacao através de
cinética enzimatica, revelando-nos um mecanismo enzimatico ordenado bi bi,
onde o fosfato inorgénico se liga primeiro seguido da uridina, para formar o
complexo ternario cataliticamente competente, com o uracil se dissociando

primeiro seguido pela liberacdo de ribose-1-fosfato. Também foi possivel a
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determinacdo das constantes cinéticas verdadeiras (Km, Kcat € Vmax) assim
como a influéncia do pH nesses parametros e os possiveis aminoacidos
envolvidos na catalise e na ligacdo aos substratos, como visualizado na figura

8.

T, ¢
o,
{“;_ -

Figura 8. llustragdo das duas subunidades do dimero, mostrando a sitio ativo
entre as duas subunidades. Ampliado estdo os possiveis residuos envolvidos
na ligagdo e/ou catélise, como descrito no manuscrito. Fonte: PDB, cddigo de
acesso 3EUF.

Apo6s uma analise mais acurada através de sua estrutura tridimensional,
foi verificado que os residuos de aminoacidos conservados no sitio ativo
(Lys271 e Lys272) sugeridos durante a realizacdo do manuscrito, na realidade

seriam os residuos Leu272 e Leu273. Deste modo, as Leu272 e Leu273 ndo
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podem ser os residuos candidatos ao pK, de 8.2, como sugerido no
manuscrito, pois estes residuos ndo podem sofrer protonagdo ou
deprotonacgdo. Sendo assim, como sugerido no manuscrito, apenas o residuo
de Tyr35 envolvido na catalise.

Neste sentido, a realizagdo deste projeto amplia o conhecimento da
uridina fosforilase 1 com a finalidade de, futuramente, identificar inibidores
naturais e/ou sintéticos, que permitam o posterior desenvolvimento de drogas
para o tratamento quimioterapico do cancer.

Como perspectivas, temos a finalizagdo de sua caracterizagéo cinética,
tentativas de cristalografia, virtual screening para a busca de inibidores e estes
serdo, entdo, analisados cineticamente e em células e animais. Serdo
igualmente realizadas as mesmas analises para a outra isoforma humana,
UP2, para determinar suas semelhancas e suas diferencas, que poderédo ser

uteis para o desenho de inibidores seletivos.
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ANEXO 1. TESTE DE PURIFICAGAO DA PROTEINA REOMBIANTE hUP1

Os testes de purificacdo foram realizados utilizando o sistema de
purificagdo de Cromatografia Liquida de Rapida Eficiéncia (FPLC) AKTA (GE
Healthcare) para o controle do fluxo, pressdao da coluna cromatografica,
deteccdo de varios comprimentos de onda, pH, temperatura, controle de
gradiente, aplicagdo e coleta de amostras. As células foram preparadas
conforme descrito no manuscrito e para a determinagédo do protocolo final de
purificagédo diversas colunas cromatograficas e perfis de corrida foram testados,
a fim de se obter o melhor rendimento e a otimizagéo do processo.

Para o teste inicial, com colunas de 1mL, foram utilizadas as colunas
cromatograficas de troca catibnica (HiTrap SPFF e HiTrap SPXL). As duas
trocas catibnicas apresentaram um padrdo semelhante, sendo muito eficientes
para separar a proteina alvo das proteinas “contaminantes” da propria E. coli. A
coluna escolhida para os préximos testes foi a SPFF de 58mL e para a
obtencgao da proteina recombinante aparentemente homogénea varios perfis de
corrida foram testados. Desta maneira, apenas uma coluna, a SPFF, foi
utilizada para obter a proteina aparentemente homogénea, como descrito no

manuscrito.
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ANEXO 2. TESTES DE CRISTALIZAGAO PARA DETERMINAGAO DA

ESTRUTURA TRIDIMENSIONAL DA PROTEINA RECOMBINANTE hUP1

As tentativas de cristalizagdo para determinacdo da estrutura
tridimensional foram feitas pelo método de difusdo de vapor por gota em
suspensao, sob uma temperatura controlada de 20°C. Os kits utilizados para o
screening inicial foram Hampton Crystal Screen e Crystal Screen 2 (Hampton
Research). As gotas em suspensao foram preparadas misturando 2uL de uma
solucao contendo 2mg/mL da proteina recombinante hUP1 em 50mM Tris-HCI
pH7.5 e 1L da soluc¢do do reservatorio.

Nao foi verificada a formacdo de nenhum cristal de proteina em
nenhuma das condi¢cbes testadas. Serdo realizadas algumas mudancas no
protocolo para a tentativa de obter os cristais, visto que ja existe a estrutura
tridimensional da hUP1 publicada [Roosild et al, 2009], porém com uma
sequéncia de aminoacidos a mais no N-terminal; o que justifica o nosso
interesse na obtencgao dos cristais.

Estes estudos de determinagédo da estrutura tridimensional da proteina
foram realizados no laboratério de Bioquimica LaBioQuest, na PUCRS,
laboratorio sob coordenagao do Prof. Dr. Walter Figueira de Azevedo Jr. da

PUCRS.
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ANEXO 3. EXPRESSAO DIFERENCIAL EM TECIDOS NEOPLASICOS

Para realizarmos estudos genéticos de expressao diferencial, optamos
pela técnica de PCR em Tempo Real. Para isso, utilizamos amostras normais e
tumorais de tecido colorretal que ja estavam disponiveis por terem sido
utilizadas em outro experimento pelo nosso grupo. Os tecidos obtidos ja
possuem aprovacdo do projeto pelo Comité de Etica em Pesquisa da PUCRS
(CEP N°: 797/09, documento anexado) e a autorizagéo por parte dos pacientes
ou responsaveis pela assinatura de termo de consentimento livre e esclarecido.
Essas amostras, depois de removidas dos pacientes, foram armazenadas em
solugéo para estabilizacdo de RNA (RNA later™ RNA Stabilization Reagent,
Ambion, Austin, TX, USA). Amostras pareadas de tecido normal e tumoral
foram obtidas de 10 pacientes e pesavam aproximadamente 30 mg. Elas foram
trituradas sob incubagdo em nitrogénio liquido e solubilizadas com tampao de
lise fornecido pelo fabricante (Qiagen, Valencia, CA, USA). O tecido lisado foi
transferido para colunas de afinidade cromatografica e processado de acordo
com o protocolo de isolamento do RNA fornecido. O RNA purificado foi eluido
em 30pl de agua livre de RNase e armazenado a -80°C.

A quantidade e a qualidade do RNA foram estimadas através de
espectrofotometria e gel de agarose desnaturante respectivamente. As
amostras que apresentaram uma OD igual ou maior que 1.6 e que
apresentavam seu RNA integro (inspecéo das bandas do RNA ribossomal 18s
e 28s, através de eletroforese em gel de formaldeido em condicbes de

desnaturamento corado com SYBRGold®) foram selecionadas.
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A partir desses RNA selecionados, foi feita a transcrigdo reversa
utilizando primers oligoméricos, dNTPs, MgCl, e a enzima derivada do virus da
leucemia mieldide aviaria em 20uL de reacdo. O cDNA sintetizado foi
armazenado a -20°C.

A técnica de PCR em Tempo Real foi utilizada para a quantificacao
relativa das enzimas UP1 e UP2 humanas em tecido tumoral e normal de c6lon
e reto a partir de material de arquivo mencionado anteriormente. O estudo foi
baseado na comparagao da expressdo dos genes de interesse em tecidos
tumorais em relagdo a tecidos normais (calibrador), utilizando o GAPDH como
controle endégeno da reacdo. Uma placa de 96 pocgos foi preparada para cada
gene de interesse, sendo que cada uma tinha 10 pares (Normal e Tumoral) de
amostras diferentes, para a amplificacdo do gene alvo e para a amplificagdo do
controle enddgeno. Para cada amostra analisada foram preparadas duplicatas
contendo 25ng de cDNA, produto resultante da transcricdo reversa e uma
mistura previamente preparada contendo tampao, dNTPs, MgCl, e enzima Taq
(Universal PCR Master Mix TagMan®, Applied Biosystems, Carlsbad, CA,
USA), primers e sondas com o marcador de fluorescéncia para UP1 e UP2
humana (TagMan® Gene Expression Assays, Assays-on-Demand, Applied
Biosystems, Foster City, CA, USA), incluindo também, primers e sondas para
GAPDH (controle enddgeno). O volume final da reacao para cada duplicata foi
de 25pl.

As condigbes de temperatura para a realizagdo da PCR em tempo real
foram divididas em quatro estagios: primeiramente as misturas contendo as
reacdes foram submetidas a uma temperatura de 30°C por 2 minutos, o

segundo estagio seguiu a 95°C por 10 minutos, o terceiro estagio com 50 ciclos
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a 95°C por 15segundos e 60°C por 1 minuto. A expresséo da UP1 e UP2 em
tecido tumoral foi fornecida através de quantificacdo relativa utilizando o
método AACt como anteriormente descrito por Livak [Livak e Schittgen, 2001].
A calibragem do sistema e eficiéncia das reagdes foram calculados a partir de
uma diluicdo seriada de cDNA tumoral e de tecido normal para UP1 e UP2 e
GAPDH, devendo o valor do coeficiente de determinacao (r?) ser igual ou maior
que 98% para ambos os alvos.

Os resultados obtidos por esses experimentos, tanto para UP1 como
para UP2, ndo apresentaram diferenca significativa de expresséo destas
enzimas entre as amostras normais e tumorais de colorretal. Esses
experimentos foram repetidos para a confirmagéo dos resultados encontrados.
O fato de nao haver diferenca de expressao génica entre as amostras normais
e tumorais né&o significa que nao ha diferenca quanto a atividade da enzima; o
que ja é descrito pela literatura como elevada nos tecidos tumorais. Ndo se
sabe ao certo quais os fatores que regulam a expressao da enzima e como
ocorre esse aumento da atividade sem haver necessariamente o aumento da
taxa de transcrigdo dessa proteina, poderia ser algum mecanismo de

reciclagem, mas essa informacao ainda nao € bem descrita.
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