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RESUMO

O controle da expressdo génica € tema de grande interesse da biologia molecular atual. O
entendimento dos processos envolvidos no principal ponto de regulagdo, a iniciagdo da
transcri¢do, deve fornecer nos proximos anos, ferramentas 1teis para o controle e tratamento de
doengas de carater genético bem como a manipulagdo da expressdo de genes visando a produgéo
de proteinas de interesse farmacéutico, alimentar e bioquimico industrial em microrganismos,
animais e plantas.

Um dos sistemas de regulagdo génica mais bem estudos € o da regulagdo catabdlica
(regulagdo por glicose). Este se caracteriza pela repressdo de transcrigdo de genes envolvidos na
degradagdo de fontes alternativas de carbono quando a glicose esta presente no meio. Um
interessante modelo para o estudo de regulagdo por glicose e encontrado em um pequeno grupo
de leveduras todos pertencentes aos géneros Candida, Pichia, Hansenula e Torulopsis, capazes de
degradar metanol como tnica fonte de carbono, dentre elas a levedura Hansenula polymorpha.

A primeira reagdo bioquimica necessaria pela degradagdo do metanol em H. polymorpha ocorre
nos peroxissomos, sendo catalisada pela enzima Metanol Oxidase (Moxp).

O gene responsavel pela produgdo da enzima (Mox) ¢ fortemente regulado em nivel
transcricional. Quando esta levedura cresce em meio fermentativo, como glicose ou etanol, nédo ¢
detectado nenhum transcrito de Mox, entretanto quando esta levedura cresce em meio contendo
metanol como unica fonte de carbono a transcrigdo é fortemente ativada e seu produto (Moxp)
pode representar até 30% de todas as proteinas solaveis da célula. Gragas a estas caracteristicas o
promotor MOX ¢é largamente utilizado para a produg@o de proteinas heterdlogas de grande
importincia na inddstria farmacéutica. Entretanto, apesar de sua grande importincia, nenhum
fator responsavel pelo controle de sua expressdo se encontra identificado.

Em Saccharomyces cerevisiae, organismo modelo para estudos genéticos € bioquimicos,
diversos fatores que controlam a transcrigdo de genes reprimidos por glicose, de forma direta ou
indireta, j4 se encontram caracterizados. Alguns destes fatores agem de forma pontual sobre
determinados genes de uma via catabdlica, enquanto outros agem de forma global e sdo altamente
conservados desde eucariotos inferiores até os superiores como plantas e mamiferos. Dentre os
elementos descritos mais importantes, podemos destacar: os complexos SWI/SNF e SNF1 os
quais respondem por eventos de ativagdo de transcrigdo e o complexo formado por
Mig 1p/Ssnép/Tuplp, o qual € responsavel pela repressio da transcrigdo de diversos genes sujeitos

a repressdo catabolica.
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Neste trabalho foi possivel identificar em H. polymorpha fatores homoélogos a Swi2, Tupl
e Snfl descritos em S. cerevisiae e avaliar o envolvimento destes fatores no metabolismo de
fontes alternativas de carbono, em especial o metanol o qual investigamos a transcrigdo de Mox ¢
genes corregulados através de disrupgdo génica. A disrupgdo do gene Tupl ndo alterou as
caracteristicas de utilizagdo das fontes de carbonos testadas. A disrupgdo de Snfl, levou a uma
queda nos transcritos de Mox e Das. Ao passo que a disrup¢do Swi2 ou Swi3 levou a diminuigdo
na utilizacdo das diversas fontes de carbono testadas, bem como um efeito inesperado: a
restauragdo da via uma via catabolica quiescente.

Também foi objetivo deste trabalho a criagdo de banco de dados genéticos bem como de
ferramentas de bioinformatica para a analise gendmica o qual foi utilizado para a analise de RSTs
(Random Sequence Tags) de H. polymorpha.com a finalidade de identificar fatores adicionais que
podem influenciar na expressdo de Mox e biosintese de peroxissomos, bem como elementos
adicionais relevantes presentes no genoma desta levedura. Para tanto foi realizado um projeto de
seqiiénciamento de RSTs que gerou 5.784 “reads” os quais se encontram processados, anotados e

categorizados em banco de dados de nosso laboratério.
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SUMMARY

The control of the gene expression is subject of great interest of current molecular
biology. The understanding of the involved processes in the main point of regulation, the
transcription initiation, must supply, in the next years, useful tools for the control and treatment of
illnesses of genetic character as well as the manipulation of the expression of genes, aiming for
the production of important proteins in microorganisms, animals and plants, used in the
pharmaceutical, food and biochemical industries.

One of the most studied systems of genic regulation is the catabolic regulation (glucose
regulation). This is characterized by the transcription repression of genes involved in the
degradation of alternative carbon sources when the glucose is present in the environment. An
interesting model for the study of glucose regulation is found in a small group of yeasts, all
belonging to the genera Candida, Pichia, Hansenula and Torulopsis, capable of degrading
methanol as the only carbon source, amongst them Hansenula polymorpha. The first biochemical
reaction required for the methanol degradation in H. polymorpha occurs in the peroxisomes,
being catalyzed by the enzyme Methanol Oxidase (Moxp).

The responsible gene for the production of the enzyme (Mox) is strongly regulated at the
transcriptional level. When this yeast grows in fermentative medium, as glucose or ethanol, no
Mox transcript is detected. However, when H. polymorpha grows in methanol-supplied medium
as the only carbon source, the transcription is strongly activated and its product (Moxp) can
represent up to 30% of all soluble proteins of the cell. Due to these characteristics the Mox
promoter is widely used for the heterologous proteins production, which are very important for
the pharmaceutical industry. However, despite its great importance, no responsible factor for the
control of its expression has been identified.

In Saccharomyces cerevisiae, a model organism for genetic and biochemical studies,
several factors that control the transcription of genes repressed by glucose, directly or indirectly,
are characterized. Some of these factors act punctually on specific genes of a catabolic pathway,
whereas others act globally in the transcription of several genes, and are highly conserved, from
lower eukaryotes to higher ones, as plants and mammals. Amongst the most important elements
described, we can highlight: SWI/SNF and SNF1 complexes, which respond for events of
transcription activation and the complex formed by Miglp/Ssn6p/Tuplp, responsible for the
transcription repression of several genes subjected to the catabolic repression.

In this work we have identified in H. polymorpha homologous factors to Swi2, Tupl and

Snf1 described in S. cerevisiae and evaluated the involvement of these factors in the metabolism



of alternative carbon sources, specially methanol, where we investigate the transcription of MOX
and genes co-regulated through gene disruption. The Tup! gene disruption did not modify the
characteristics in the use of the carbon sources tested. The Snfl disruption led to a decrease in
MOX and DAS transcripts. The Swi2 or Swi3 disruptions led to the reduction in the utilization of
several carbon sources, as well as an unexpected effect: the restoration of quiescent pathway.

The creation of genetic database of H. polymorpha was also the objective of this work
with the purpose to identify additional targets that can influence in the MOX gene expression and
peroxisomes biosynthesis, as well as relevant additional elements present in the genome of this
yeast. To achieve this goal a sequencing project of RSTs (Random Sequence Tags) was
performed, generating 5,784 reads which have been processed, annotated and categorized in our

laboratory database.
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1. REVISAO DA LITERATURA

1.1 Transcri¢do em eucariotos

A regulagdo génica foi, em ultima instincia, o que possibilitou o surgimento e
manutengdo da vida. As complexas interages bioquimicas que regem a regulagdo podem se dar
desde a transcrigio e tradugdo ou até mesmo por meio de mecanismos pods-traducionais.
Entretanto, o ponto crucial de regulagdo € o de iniciagdo da transcrigédo.

Enquanto que em organismos procariotos a selegdo da transcri¢io € determinada pelo
fator o, nos eucariotos a distingdo do gene que necessita ser transcrito € muito mais complexa. Os
genes eucaridticos sdo transcritos por trés RNA polimerases distintas: RNA polimerase I
(RNApol I) que responde pela transcrigdo dos RNAs ribossomais; a RNA polimerase III
(RNApol IIT) a qual transcreve os genes de RNAs transportadores e outras pequenas particulas de
RNA ¢ a RNA polimerase II ( RNApol II) responsavel pela transcri¢do dos genes que codificam
os RNAs mensageiros, que por sua vez irdo dar origem as proteinas [1-3].

Para que a RNA pol II transcreva os genes de forma adequada € necessério que ela forme
um complexo com mais de 30 proteinas distintas, os Fatores Gerais de Transcri¢do (GTFs), na
regidio regulatoria (promotora) dos genes que transcreve. Este complexo ¢ denominado Complexo
de Pré-Iniciagdo (PIC), o qual € responsavel pela sustentagdo de um nivel basal de transcri¢io,
que pode ser modulada de forma positiva ou negativa por meio de ativadores ou repressores

transcricionais, que podem ser globais ou gene/classe especificos [2, 4, 5].

1.1.2 RNA polimerase I

Em procariotos o cerne da RNApol € um tetrdmero formado pelas proteinas £ £’ e a2, ao
passo que nos eucariotos ela ¢ formada por 1012 proteinas. A RNApol II mais bem caracterizada
¢ a de Saccharomyces cerevisiae [6,7]. E um complexo formado por 12 polipeptideos (Rpb1-
Rpb12) e possui uma massa de aproximadamente 500 KD. Esta enzima apresenta um grau de
conservagdo notavel entre os organismos. Por exemplo, as seqgiiéncias de todos os genes
constituintes da RNA pol II humana possuem elevada similaridade com seus equivalentes de S.
cerevisiae, ainda, pelo menos 10 Rpbs podem ser substituidas pelos seus correspondentes em
levedura [6,7].

As proteinas da RNA pol II eucaridticas também apresentam grande similaridade com

seus representantes de procariotos. As subunidades Rpbl ¢ Rbp2, respectivamente, apresentam



grande similaridade com a as subunidades £ e B’ bacterianas, e as subunidades Rpb3 e Rpbl1l
compartilham uma baixa homologia com a subunidade & procariotica [6].

A estrutura da RNA Pol II de S. cerevisiae, foi recentemente resolvida por Cramer ¢
colaboradores (2001) através de cristalografia de raios-X em conjunto com Ressonincia
Magnética Nuclear (RMN) e os resultados sdo altamente relevantes para o entendimento da
fung¢éo de cada subunidade. As duas maiores subunidades do complexo Rpbl ¢ Rbp2 formam
uma fenda rica em poli-alanina que contém o sitio ativo, identificado através de substituigdo de
jons Mg®* por Zn**, Mn®* ou Pb**. A regifio inferior da fenda constituida por Rpb1-Rpb2 contém
dois poros que podem estar relacionados com canais para a entrada de nucleotideos ou saida da
cadeia nascente de RNA e fatores que afetam na clivagem da cadeia de RNA [7, 8].

A subunidade RpbS juntamente com Rpbl e Rpb9 constituem uma estrutura em forma de
“mandibula” que devem auxiliar no posicionamento do complexo proteico na fita de DNA. Rpbl-
Rpb2 juntamente com RpbS formam uma estrutura em forma de grampo que, aparentemente,
possuem a funcdo de se ligar ao DNA e estabilizar o complexo DNA-proteina. Rpb3 e Rpbl1l
apresentam uma estrutura similar a0 o dimero bacteriano e sdo parte de um subcomplexo
juntamente com Rpb10 e Rpb12 [8].

As subunidades Rpb4 e¢ Rbp7 formam um subcomplexo, que pode se dissociar do
complexo principal, e esta associado com resposta a estresse e iniciagdo de transcrigdo [9, 10].
Quando S. cerevisiae esta em fase logaritmica de crescimento, os montantes de Rpb4 € Rpb7 sdo
encontradas em quantidades subestequiométricas em relagdo as demais Rpbs. Ao passo que na
fase estacionaria, Rpb4 e Rpb7 sfo encontradas em quantidades equivalentes as demais
subunidades [10].

A subunidade Rpbl possui um dominio carboxiterminal essencial na regulagdo da
atividade enzimatica da RNApol II, a cauda CTD (Carboxi Terminal Domain). Este dominio €
constituido por repetigbes adjacentes (in fandem) do heptapeptideo Y-S-P-T-S-P-S, sendo
altamente conservado entre os eucariotos. O nimero de repetigdes pode variar de 26 em S.
cerevisiae até 52 em H. sapiens. A cauda CTD existe em pelo menos dois estados de fosforilagdo
os quais variam de acordo com 0 momento no processo de transcrigdo (iniciagdo ou elongagdo)
[11]. Por exemplo, a RNApol II encontrada em complexos de iniciagdo de transcrigdo apresenta a
CTD defosforilada, enquanto que as presentes na etapa de elongagdo possuem a cauda altamente
fosforilada [6]. Os elementos que promovem a fosforilagdo pertencem a outras classes de fatores

(GTFs e complexo Mediador) e serdo apresentados a seguir.



1.1.3 Fatores Gerais de Transcricdo (GTFs)

Para que a RNApol II promova a transcri¢do € necessario que ela forme o complexo de
pré-iniciagdo de transcrigdo com os GTFs. Seis fatores gerais de transcrigdo se encontram bem
caracterizados: TFIID, TFIIA, TFIIB, TFIIF, TFIIH e TFIIE, cada um com fun¢des especificas
nos eventos de transcrigao [1, 6, 11].

TFIID: E composto pela TBP (Tata Binding Protein), TFAs (TBP Associated Factors) e
TICs (TAF/Iniciator dependent cofactors). A TBP € responsavel pelo recomhecimento do
elemento “TATA-BOX™ (seqiiéncia de DNA rica em AT com capacidade de interagir com
proteinas regulatdrias), presente na maioria dos promotores eucariotos € passo inicial para a
montagem do complexo basal de transcrigdo. A TBP ¢ suficiente para direcionar sozinha o
restante da maquinaria basal de transcrigdo para promotores que possuem TATA-BOX. Em
promotores que ndo possuem TATA-BOX (TATA-Less promotor) os TAFs sfo essenciais. Em
alguns promotores que contém o elemento Inr (Iniciator) sdo necessarios também os TICs (TAF
Iniciator dependent Cofactors). Em promotores que possuem tanto 0 TATA-BOX quanto o Inr
estas proteinas agem de forma sinérgica podendo tanto inibir quanto aumentar a seletividade
pelos promotores.

TFIIA: Inicialmente creditava-se a0 TFIIA somente a capacidade de se ligar ao TFIID e
estabilizar o complexo formado entre ele € a cadeia de DNA. Entretanto, foi constado que o
TFIA age também como um modulador positivo de transcrigdo pois € alvo de diversos ativadores
de transcrigéo.

TFIIB: Esta envolvido com a sele¢do do ponto de iniciagdo de transcrigdo (TSP-
Transcription Starting Point) possivelmente regulando a distincia entre os promotores e os TSPs.
Mutagdes no TFIIB causa mudanga no ponto de iniciagdo de tramscrigdo e perda da interagdo
entre TFIIB e a RNApol II. Estudos estruturais indicam que a distancia entre o TFIIB e o sitio
catalitico da RNApol II € de aproximadamente 32 bases, a mesma distincia encontrada entre o
TATA-BOX e o TSP. O TDFIIB também ¢ alvo de um grande nimero de ativadores de
transcrigdo.

TFIF: E responsavel pela estabilizagio do complexo de pré iniciagio de transcrigio, bem
como, supressdo de ligagGes ndo especificas a fita de DNA. Possui também atividade quinase que
pode estar envolvida em eventos de fosforilagdo da cauda CTD de forma direta ou indireta.

TFIE: O fator TFIIE tem atividade quinase e também fosforila a cauda CTD da RNAPol
I, adicionalmente também possui a habilidade de manter as fitas de DNA separadas. Foi
constatado que TFIIE possui um motivo do tipo “zinc ribbon” que deve estar relacionado com a

separagdo e/ou manutengdo da abertura das fitas de DNA na regido promotora.



TFIIH: Age como helicase que possibilita a abertura das fitas de DNA na regidio
promotora, essencial para o inicio da transcri¢do. Possui uma subunidade a qual apresenta
atividade de ciclina quinase e fosforila residuos de serinas da cauda CTD da RNApol II. O TFIIH
pode ser separado em dois subcomplexos, um com atividade de helicase, denominado de cerne
TFIIH e o segundo subcomplexo com atividade ciclina quinase. O cerne TFIIH também é
encontrado no complexo de reparo de excisdo de nucleotideos. Mutagdes nas helicases destes
complexos levam a doengas genéticas humanas como sindrome de Cocayne e xeroderma

pigmentosum.

1.1.4 Complexo de Pré-Iniciacio (CPI)

A RNApol II associada com os GTFs compreende o Complexo de Pré-Iniciagéo (CPI), o
qual é capaz de sustentar uma transcricio denominada basal. Existem duas vertentes que
explicam a ligacdo do complexo basal de transcricdo a regido promotora [1, 12] Na primeira o
complexo € formado de maneira ordenada e seqiiencial. Inicialmente o TFIID se liga a regido
promotora seguido pela ligagdo do TFIIA que estabiliza este complexo. ApoOs estes eventos a
RNApol II ¢ recrutada. O proximo fator a se ligar é o TFIIB, o qual interage com seqiiéncias
localizadas acima e abaixo ao TATA Box regulando a distincia entre o complexo € o ponto de
iniciag@o de transcrigdo. A este complexo se associa, entdo, o TFIIF seguida da associagdo, em
seqiiéncia, dos fatores TFIIE e TFIIH [1]. A segunda hipétese postula a existéncia de um
complexo multiproteico, previamente estabelecido, denominado de holoenzima RNApol II, o qual
se caracteriza por estar associada com diversos fatores gerais de transcrigdo (GTFs) bem como
outras proteinas de carater regulatorio independente de sua associagdo com as regides promotoras
dos genes a qual transcreve [12]. Existem grandes divergéncias quanto a composi¢do protéica da
holoenzima RNApol 1I 5, 10, 12-14].

1.2 Elementos Globais Envolvidos em Ativacdo/Repressdo de Transcriciio

1.2.1 Complexo Srb (Mediador)

Na tentativa de se purificar um grupo de proteinas, denominadas SRBs (Supressor of
RNA polymerase B), que tinham a capacidade de suprimir mutagdes na cauda CTD da RNApol
II, foi isolado um grande complexo proteico que possuia a RNA pol I € os GTFs. O complexo
holoenzimatico purificado tinha a capacidade de iniciar a transcri¢do e responder a estimulos de
ativadores de transcrigdo. Em contraste, frages altamente purificadas de RNApol II ¢ GTFs ndo

respondiam aos ativadores. Posteriormente, em um experimento onde a holoenzima foi separada
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em seus trés constituintes (RNApol II, GTFs e complexo SRB) com um anticorpo anti-CTD, foi
demonstrado que a adi¢do do complexo SRB em fragdes purificadas de RNApol II e GTFs,
conferia a0 complexo a capacidade de responder a ativadores de transcrigdo. Este complexo foi
denominado de mediador de ativagdo ou complexo mediador [6, 14].

Muitos componentes do complexo mediador sfio essenciais para transcri¢do de diversos
genes, provavelmente por fornecer alvos para ativadores de transcrigdo e neste processo fornecer
sinais regulatorios para a RNA pol II e outros fatores envolvidos nos eventos de iniciagdo de
transcrigdo. O complexo mediador € composto por até 26 proteinas dentre elas: Srb2, Srb4, Srb7,
Srb9, Srb10, Srbl1, Medl, Med2, Med4, Med6, Med7, Med11, Cse2, Galll, Pgdl, Rgrl, Rox3 e
Sin4. Estas proteinas sdo capazes de formar subcomplexos os quais modulam a transcrigdo de
forma positiva (subcomplexo Srb2, Srb4, SrbS, Srb6, Med6 e Rox3) ou negativa (subcomplexo
Srb8, Srb9, Srb10 e Srbl1) [12].

1.2.2 Cromatina: elemento regulador global da atividade génica

Em eucariotos a cromatina, o empacotamento fisiolégico de DNA e histonas, é elemento
de fundamental importincia em eventos de ativagdo e repressio de transcrigdo. Ja foi observado
que promotores de genes induziveis se encontram em regides com alta densidade de
nucleossomos, enquanto que promotores de genes constitutivos possuem um namero reduzido de
nucleossomos [15]. Ainda, delegdes nas unidades nucleossomais levam a uma expressdo
constitutiva de genes fortemente regulados [16, 17]. Apesar das evidéncias descritas acima,
somente estudos cristalograficos recentes da cromatina, permitiram um maior entendimento dos
mecanismos de regulagdo. A unidade nucleossomal é um heteroctdmero composto por um
tetrdimero H3/H4 e dois dimeros H2A-H2B envoltos por 146 nucleotideos [18]. Estas proteinas
formam uma estrutura cilindrica composta de dois heterodimeros das histonas H3 e H4
flanqueados por dois dimeros das histonas H2A e H2B [19,20].

Os resultados cristalograficos permitiram o entendimento da organizagdo dindmica entre
as histonas ¢ 0 DNA, a qual esta relacionada com a fun¢io bioldgica da cromatina. Primeiro, o
DNA se enovela fortemente em torno do heteroctdmero por meio de multiplas interagbes entre as
moléculas de fosfato e as histonas. A organizagio do DNA em volta do octidmero é flexivel e
permite interagSes entre as caudas N-terminais das histonas e a unidade nucleossomal como
também de nucleossomos adjacentes 0 que permite uma flexibilidade no arranjo da cromatina e

esta maleabilidade esta diretamente envolvida em eventos de expressdo génica [21-24].



As caudas N-terminais das histonas sdo alvos altamente acessiveis no ambiente nuclear e
podem ser atrativos para enzimas envolvidas na transdugdo de sinal. A estrutura dos
nucleossomos pode ser modula por diversas modificagbes covalentes como: metilagdo,
fosforilagdo, acetilagdo, ubiquitinagdo e adenilagdo, sendo que as trés principais modificagdes
covalentes das histonas, relacionadas com regulagdo génica, sdo a metilagdo, a fosforilagdo e a
acetilagdo [25-27]. Além das modificagdes covalentes descritas acima existem também as
modificagdes ndo-covalentes, realizadas por complexos denominados “remodeladores de
cromatina”, os quais possuem a capacidade de remodelar a estrutura do nucleossomo as custas de
ATP [28-32]. Esta modificagdo da particula nucleossomal permite a interagdo de fatores de
transcrigdo ao DNA, modulando assim, a atividade transcricional. Os principais elementos dos

processos descritos acima s3o apresentados a seguir.

1.2.3 Modificacdes covalentes

Metilacdo de Histonas

A metilagdo de histonas leva, geralmente, a repressdo de transcrigdo. Recentemente, foi
demonstrado que a metilagdo da histona H3 leva a eventos de repressdo da transcrigdo [27].
Apesar de ja terem sido identificados um grande namero de proteinas envolvidas nos processos
de acetilag@io e fosforilagdo de histonas (eventos que levam ativagdo de transcrigdo), pouco se
sabe sobre os fatores envolvidos na metilagdo de histonas. As primeiras histona metil transferases
(HMT) foram descritas em triagens genéticas de D. melanogaster (Su(var)3-9) [33] e atualmente
Jja foram identificados homélogos funcionais em Schizosaccharomyces pombe (cir4), ratos
(SUV39h1 e SUV39h2) e humanos (SUV39H]I) [33,34].

Experimentos “in vitro” demonstram que a proteina Clrdp de S. pombe é capaz de metilar
especificamente o residuo 9 de serina nas histonas H3 e que a delecdo deste gene leva a um
padrdo anémalo da organizagdo da cromatina e defeitos de segregagdo na divisdo celular [27]. Em
ratos, a disrupgdo dos genes SUV39h] em somente um “Jocus” ndo impede sua viabilidade,
entretanto, a disrupgdo do gene em ambos os alelos leva ao nascimento de somente 20-25% da
prole e os individuos restantes apresentam um crescimento lento, demonstrando graves
anormalidades cromossémicas em células germinativas, indicando sua importincia também no
desenvolvimento [35]. Apesar de exaustivos estudos, ndo foram descritos fatores com capacidade
de histona demetilase (HDMase). Um possivel mecanismo apontado para a remogdo dos

grupamentos metil é a protedlise da cauda N-terminal. Ja foi demonstrado que a regido amino



terminal das histonas H3 ubiquitinadas sdo suscetiveis a protedlise e sdo removidas em

determinado momento do ciclo celular ou em estadios especificos do desenvolvimento [36,37].

Fosforilacdo de histonas

Um dos exemplos melhores caracterizados de fosforilagdo de histonas e ativagdo da
transcrigdo foi descrito em células de mamiferos expostos a agentes mitogénicos ou estresse. Sob
estas condigdes Mahadevan e colaboradores [38] demonstraram que a histona H3 ¢ rapidamente
fosforilada na serina 10 dos genes pp15 e pp16 (envolvidos na divisdo celular) e esta modificagédo
esta associada 3 uma elevada ativagdo da transcrigéo.

Posteriormente foi demonstrado que a fosforilagdo da histona H3 estd fortemente
relacionada com a cascata efetivada pelas ERKs. De forma simples, quando expostos a agentes de
crescimento as ERKs sfo ativadas (p42/ERK1 e P44/ERK2), através da via Ras/Raf, e induz
proliferagdo como resposta [39]. Recentemente foi visto que a rsk2 estd diretamente envolvida
com a fosforilagdo da serina 10 das histonas H3 “in vivo™. Células deficientes em rsk2 (Coffin-
lowry Sindrome-CLS) sdo incapazes de ativar o gene c-fos e fosforilar a histona H3. E
interessante frisar que a fosforilagdo ocorre normalmente durante a mitose, mesmo nas c€lulas
deficientes (CLS e rsk2) indicando que existem outras quinases envolvidas nas modificagdes
nucleossomais [25]. |

O mecanismo pelo qual a fosforilagdo de histonas influencia na ativagdo de transcrigdo
ainda nd3o € bem conhecido. Entretanto acredita-se que a adigdo de grupamentos fosfatos na
porgdo N-terminal das histonas possa disromper as interagbes eletrostaticas entre as caudas
basicas da H3 e o esqueleto de DNA. Outra explicagdo € que as modificagdes nas histonas servem
como sinal para o recrutamento de fatores de transcri¢io e complexos regulatorios [25].
Entretanto, nenhum fator nuclear identificado é capaz se ligar exclusivamente em moléculas de
H3 fosforiladas. Recentemente foi demonstrado em S. cerevisiae que durante mitose ocorre a
fosforilagdo da histona H3 no residuo de serina 10 e que esta modificagéo é efetuada pela quinase
Iplp, sendo que a defosforilagdo logo apds o processo mitdtico, é realizada pela fosfatase Glc7p
[40].

Até recentemente acreditava-se que a porgdo C terminal das histonas estava fortemente
associada com a manutengdo da estrutura dos nucleossomos. Entretanto, Rogakou e
colaboradores (1999), demonstraram que a fosforilagdo da serina 129, presente na regido C-
terminal da histona H2A de S. cerevisiae é um sinalizador de danos ao DNA {41]. Posteriormente
foi constatado que na variante humana H2A.X a fosforilagdo da serina 129 coincide com o inicio

da fragmentagdo do DNA [42]. Trabalhos recentes também correlacionam células humanas em



estado apoptotico e a fosforilagdo da porgdo C-terminal das histonas H2B, H3 e H1 [43,44],
contudo ainda ndo foram identificadas quinases responsaveis pela fosforilagdo das serinas C-
terminais destas histonas. A identificagdo destas quinases seria de grande valia nos estudos de

morte celular programada.

Acetilacdo de Histonas

Dentre os processos de modificagio da cromatina o mais estudado é o promovido pela
acetilagdo de histonas, o qual estd largamente envolvido na ativagdo génica. As caudas N-
terminais das histonas sdo ricas em residuos de lisinas e, de uma forma geral, diversos trabalhos
apontam que histonas hiperacetiladas estfo associadas com alta atividade transcricional, por outro
lado histonas hipoacetiladas sdo encontradas em regiées com diminutos niveis de transcrigdo [45].
E postulado que, assim como na fosforilagio de serinas, a acetilagio de lisinas pode levar a uma
diminui¢io da interag@o entre DNA e histonas e/ou agir como sinal para o recrutamento de fatores
de transcrigdo [46].

Pegas fundamentais no processo de acetilagdo sdo representadas por um grupo de
proteinas denominadas HATs (Histone Acetil Transferases). Dentre os diversos representantes
desta familia podemos destacar o fator GenSp de Saccharomyces cerevisiae [47,48]. Estudos “in
vitro” demonstram que GenSp € capaz de acetilar histonas, mas ndo nucleossomos. Para que
GenSp seja capaz de atuar sobre nucleossomos € necessario que ele forme um complexo,
juntamente com os fatores Spt (Spt3p, Spt7p, Spt8p e Spt20p) e Ada (Ada2p e Ada3p),
denominado SAGA (Spt, Ada e GcenS Acetiltransferases components). Atualmente ja foram
descritas proteinas de diversas espécies que guardam grande semelhanga com Gen5p e constituem
a superfamilia denominada de GNAT (Gcen5-related N AcetilTransferases) as quais se
caracterizam por transferir o grupo Acetil da coenzima-A para por¢des N-terminais de proteinas
[49]. Até o momento ja foram identificados seis complexos protéicos com esta caracteristica em
S. cerevisiae, os quais sdo agrupados em duas classes: Tipo A: HATs que se localizam no nicleo
e possuem afinidade por fatores nucleares (ADA, SAGA, NuA3 e NuA4); Tipo B: HATs
citoplasmaticas. Acredita-se que os membros dessa classe possuam como fungdo a acetilagdo de
histonas recém sintetizadas (Hatl e yTFIID). E importante salientar que cada complexo, mesmo
pertencendo ao mesmo tipo, possui caracteristicas peculiares quanto ao substrato. Por exemplo: o
complexo SAGA possui maior afinidade pelas histonas H2B e H3 ao passo que o complexo
NuA4 (Nucleosome Acetiltranferase 4) possui maior afinidade pelas histonas H2A e H4 [21].

A acetilagdo de lisinas é um processo reversivel e ja foram identificadas diversas
proteinas denominadas HDAC (Histone DeACetilases) que sdo capazes de realizar o processo
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inverso [6]. A primeira histona deacetilase identificada foi HDAC1 e por meio de fracionamento
de extratos proteicos de S. cerevisiae foi possivel identificar duas porgSes da HDAC1 com
atividades distintas de deacetilase: HAD e HDB. No qual a unidade catalitica de cada complexo
foi identificada como Hdalp (HAD) e Rpd3p (HDAB) [50]. Mutagdes nestas subunidades
resultam em hiperacetilagio dos residuos de lisina das histonas H3 e H4. Assim como as HATS,
as HDAC formam complexos multiproteicos, dentre eles Sin3 e NuRD [51]. Atualmente diversas
proteinas capazes de desacetilar a cauda das histonas ja foram identificadas. Recentemente
demonstrou-se a proteina Sir2p, largamente envolvida em processos de silenciamento de
transcricdo, ¢ uma deacetilase dependente de NAD, o que revela a existéncia de uma grande
variedade de histonas deacetilases como também liga os processos de silenciamento e
envelhecimento com a deacetilaggo [52].

E importante salientar que estas modificagdes transcricionais agem em COncerto € servem
como base de uma nova hipétese denominada codigo histdnico [26]. Neste contexto as diferentes
combinagSes nas modificagdes das histonas levam 3 intricandos mecanismos de regulagio génica
e os diferentes estados podem levar a eventos interconectados para a modulagdo da atividade
celular. Estudos demonstram que a afinidade das HATSs e extremamente aumentada pelas histonas
H3 quando estas apresentam o residuo de serina 10 fosforilado. J4 foi constatado que a
fosforilagdo da serina 9 de H3 além de impedir a metilagio da lisina 9 de H4, facilita a acetilagdo
das lisinas 9 e/ou 14 de H4, o que indica que estes processos sdo cooperativos e que as diferentes
possibilidades de combinagées das modificagdes covalentes nas oito caudas terminais histonicas
presentes nas unidades nucleossomats levam a uma complexa modulagdo nos eventos de ativagdo

e repressdo génica [26, 53].

1.2.4 Modificacdes ndo-covalentes

Adicionalmente aos processos de modificagdes covalentes da cromatina, existe um
segundo grupo de complexos proteicos capazes de modificar a estrutura da cromatina de forma
ndo covalente. Estes possuem a capacidade de deslocar os nucleossomos de forma progressiva, as
custas de ATP, de modo a enfraquecer ou mesmo romper a interagéo entre DNA e histonas. Ja foi
demonstrado “in vitro” que estes complexos remodeladores de cromatina podem deslocar
octamero histénico para a mesma molécula de DNA (“cis™) ou até mesmo para outra molécula de
DNA adjacente (“trans™) [54].

O primeiro complexo remodelador identificado foi o SWISNF de S. cerevisiae,
inicialmente descrito em mutantes para troca de “mating type” e incapazes de metabolizar

sacarose (mating type SWIltching/ Sucrose Non Fermenting). E composto por 11 diferentes

11



fatores, incluindo Swil/Adr6, Snf2/Swi2, Swi3, Swi5, Swi6, Swill, Swp73/Snfl2 e
Tfe3/TAF30/Ancl [32, 55]. O complexo SWI/SNF age promovendo a disrupgdo da estrutura do
nucleossomo, na presenca de ATP, por meio da subunidade Swi2p/Snf2p, uma ATPase
estimulada por DNA [56, 57).

Ja foram descritos diversos complexos remodeladores de cromatina que podem ser
divididos em duas classes: ) Membros pertencentes a familia SWISNF dos quais podemos
destacar SWI/SNF e RSC de levedura, dSWI/SNF e¢ Complexo Brahma de Drosophila,
hSWI/SNF, hBrahma e NURD de Homo sapiens, os quais se caracterizam por possuir tanto
afinidade por DNA livre de nucleossomos (naked DNA) como por arranjos nucleossomais de
DNA. II) A familia ISWI (Imitation of SWI) onde se classificam os complexos ISWI e ISWI2 de
leveduras, os complexos NURF, ACF e CHRAC de Drosophila e o complexo RSF de humanos
que apresentam como propriedade a afinidade somente por DNA nucleossomal [24]. Com
excegdo do complexo NURD, o qual possui uma deacetilase e esta envolvido em eventos de
repressdo. De forma geral todos estes complexos s@o capazes de estimular a transcri¢ao.

Este processo torna acessiveis os elementos “cis” presentes nos promotores aos fatores de
transcrigdo, que podem agir ativando ou reprimindo a transcri¢do [54]. Foi demonstrado através
de experimentos de “DNA microarray”, contendo 5626 ORFs da levedura Saccharomyces
cerevisiae, que cerca de 126 genes sdo regulados de forma positiva por SWI/SNF ao passo que
203 sio regulados de forma negativa [58]. Apesar de agir modulando a transcri¢do de um
reduzido nimero de genes (menos de 10% das ORFs analisadas), possui um papel fundamental na
regulagdo da transcri¢do de genes sujeitos a repressdo catabolica visto que a sua disrupgdo leva a
diminuigdo da transcrigio de genes envolvidos na degradagdo de formas alternativas de carbono
como sacarose, rafinose ou galactose [58].

Através de comparagdes de similaridades entre seqiiéncias de DNA de diferentes
organismos presentes em bancos de dados genéticos, é possivel constatar a presenga de diversas
seqiiéncias que possuem alta similaridade com muitas proteinas do complexo SWI/SNF, sendo
hoje considerada uma superfamilia de complexos protéicos caracteristicos de eucariotos 0s quais
possuem como principal fun¢do remodelar a cromatina de forma permitir uma acurada regulagéo
da transcrigdo [32, 54, 57].

O direcionamento dos complexos remodeladores aos promotores ¢ alvo de intenso estudo.
Dois modelos, provavelmente complementares, mostram que o complexo SWI/SNF pode ser
recrutado as regides promotoras por dois mecanismos: a) por ativadores ou repressores
transcricionais que interagem com proteinas distintas do complexo SWI/SNF1 [59]; b) pelo
proprio estado de acetilagio da particula nucleossomal. J4 foi demonstrado que o complexo
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SWI/SNF possui grande afinidade por histonas acetiladas e que o elemento responsavel por este
reconhecimento € a proteina Snf2p por meio de uma regido denominada bromodominio [60]. Em
complementaridade com estas observagdes ja foi determinado que eventos de acetilagdo e
remodelamento parecem estar conectados, em alguns casos, sugerindo uma intima relagdo entre
os complexos acetiladores e remodeladores de cromatina [48, 60]. Uma observagdo importante
reside no fato de que algumas proteinas identificadas primeiramente como pertencentes ao
complexo SWI/SNF, sdo na realidade componentes de complexos acetiladores como ADA,
SAGA e GenS {61, 62]. Ainda, estudos demonstram que em diversas situagGes ambos os
complexos (acetiladores e remodeladores) estdo associado holoenzima RNApol II [14,63],
evidenciando uma ligagdo direta entre acetilagdo, remodelamento de cromatina e regulagdo da

transcrigdo [64].

1.2.5 Elementos modificadores agindo como ativadores e repressores de transcricdo
pontuais ou classe especificos

Além dos elementos descritos anteriormente existem fatores de transcri¢do que modulam
o processo transcricional de forma positiva ou negativa. Estes podem atuar somente em um
determinado gene ou mesmo sobre classes e familias génicas e s3o denominados de ativadores ou
repressores de transcrigdo. A forma de agdo destes reguladores de transcrigdo envolve uma
interagdo direta com elementos da maquinaria basal de transcrigdo (RNApol, GTFs), o complexo
mediador, complexos que alteram a estrutura da cromatina (SWI/SNF — STH1 e SAGA) ¢ a
propria cromatina. Alguns elementos serdo apresentados a seguir, tomando como exemplo um

dos sistemas de transcrigdo mais bem caracterizados: a regulagio por glicose.

1.3 Regulacéo por Glicose

Em leveduras diversos sistemas génicos sdo controlados em nivel de iniciagdo da
transcrigdo. Dentre eles a regulagdo por glicose ou catabdlica, ¢ um dos mais bem descritos
sistemas génicos controlados em nivel transcricional [65].

Em Saccharomyces cerevisiae, organismo modelo para estudos genéticos € bioquimicos,
diversos fatores que controlam a transcrigdo de genes reprimidos por glicose, de forma direta ou
indireta, ja4 se encontram caracterizados. Alguns destes fatores agem de forma pontual sobre
determinados genes de uma via catabolica, enquanto outros atuam de modo global sobre diversos
conjuntos de genes distintos. Ainda, diversos fatores sdo altamente conservados desde eucariotos

inferiores até os superiores, como plantas e mamiferos, o que evidencia uma notavel importincia
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biologica sobre determinadas vias de regulagio génica. Dentre os elementos descritos mais
importantes, podemos destacar os complexos SWI/SNF ¢ SNF1 os quais respondem por eventos
de ativagdo de transcrigdo e o complexo formado por Miglp/Ssn6p/Tuplp, o qual é responsavel
pela repressdo da transcrigdo de diversos genes sujeitos a repressdo cataboélica e serdo abordados a

seguir,

1.3.1 Complexo SNF1: Ativador de transcri¢do de genes controlados por glicose

O complexo protéico SNF1 de S. cerevisiae é considerado um regulador global do
metabolismo de carboidratos. Sua estrutura e mecanismo molecular de agdo sfo extremamente
conservados entre os eucariotos e ja foram descritos representantes homologos em diversos
organismos como fungos, plantas ¢ mamiferos [66,67] e atualmente estes elementos sdo
agrupados em uma familia de proteinas denominada Snfl-AMPK [68,69].

Os complexos enzimaticos SNF1-AMPK sfo heterotrimeros que compreendem uma
subunidade catalitica ., e duas subunidades regulatorias denominadas f3 € y. Em S. cerevisiae é
um heterotrimero sendo que a unidade catalitica € representada por Snflp (o), uma serina-
treonina quinase largamente conservada em eucariotos inferiores e superiores [66, 70], Snf4p que
representa a unidade y e se caracteriza por ser uma proteina que possui um dominio
carboxiterminal denominado ASC, o qual interage com diversos adaptadores que caracterizam as
subunidades B (Siplp, Sip2p ou Gal83p), e formam diferentes subcomplexos que modulam a
atividade e especificidade de SNF1 [6S5, 71-74]. O complexo SNF1 ¢ capaz de neutralizar a
repressio de varios “loci” controlados por glicose [75]. SNF1 € capaz de ativar a transcrigdo
génica de diversas formas: i) Através da ativagio de fatores de transcrigio por meio de
fosforilagdo, como é o exemplo de Sip4 e Cat8 os quais estdo envolvidos na utilizagdo de fontes
ndo fermentaveis de carbono [76-78]; ii) Interagindo com elementos do complexo mediador da
holoenzima RNApol II [79]; iii) Modificando a cromatina através de fosforilagdo da Serina 10 de
histonas H3 [80] iv): Fosforilando a proteina repressora Miglp em residuos de serina, o que anula
a afinidade pelos promotores aos quais se liga e desfaz o complexo Miglp-Ssn6p-Tuplp [65, 81,
82].

1.3.2 Complexo repressor Miglp-Tuplp-Ssnép

Um dos complexos protéicos de repressdo catabdlica mais bem caracterizados em

leveduras é o formado pelos fatores Miglp, Tuplp e Ssn6p. O primeiro elemento reconhecido foi

14



Migl em trabalhos visando reconhecer genes que controlassem a expressdo do gene Gall [71],
posteriormente foi também isolado como supressor de mutagdes dos genes snfl e snf4 [83, 84].
Migl

Em Saccharomyces cerevisiae o fator Miglp possui um papel fundamental na repressio
de genes por glicose como: Gall e Gal4 (galactose), Mell (melibiose); Suc2 (sacarose), Mal63
(maltose) e Car8 (ativagdo de enzimas gliconeogénicas) [65, 71, 85, 86]. Miglp age através de
interagdo direta com regides ricas em GC, dos promotores aos quais reprime, por meio de dois
motivos "zinc finger" do tipo C;H,, localizados préximos a porgdo N-terminal [87]. Entretanto a
afinidade de Miglp pelas regides “cis” atuantes dos promotores esta diretamente ligada ao estado
de fosforilagdo no qual se encontra. Ja foi demonstrado que em situagdes de repressdo, Miglp se
apresenta defosforilado e se localiza no micleo ao passo que em auséncia de glicose Miglp se
encontra fosforilado e sua localizagdo € citoplasmatica [88].

Estudos recentes indicam que Miglp € fosforilado por SNF1, em ao menos trés residuos
de serina (Ser-278, Ser-311 e Ser-381) o que leva a dois eventos simultaneos: perda da afinidade
de ligacdo ao DNA e mudanga de sua localizagdo celular do nucleo para o citoplasma [81]. Os
eventos existentes neste processo ndo estdo bem caracterizados, entretanto ha evidéncias que a
exportina MsnSp, esteja envolvida na translocagdo nicleo-citoplasma de Miglp [88]. Trabalhos
recentes demonstram que a proteina fosfatase 1 (PF1) a qual € composta por duas subunidades,
Reglp, a qual representa a unidade regulatéria, e Glc7p a unidade catalitica, como a responsavel
pela defosforilagéo e restabelecimento de suas fungdes como repressor [65, 79]. Genes similares a
Migl ja foram clonados nas leveduras K. lactis, K. marxianus, S. pombe e C. albicans [66, 89,

90].

Ssn6-Tupl
Para que haja a inibi¢do da transcrigfio, é necessario que Miglp recrute o subcomplexo

Ssn6p-Tuplp [72]. Neste contexto, Miglp € responsével pelo reconhecimento do sitio de ligagdo
com o DNA, a proteina Ssn6p desempenha o papel de adaptador entre Miglp e Tuplp, sendo
Tuplp responsavel pela interagdo de repressdo [91, 92]. E importante salientar que a proteina
Miglp esta intrinsecamente ligada com a repressdo catabdlica ao passo que o complexo
corepressor formado pelas proteinas Ssn6p-Tuplp esta relacionado com a repressdo de diversos
grupos genes que participam de numerosos processos celulares. Calcula-se que o subcomplexo
Ssn6-Tupl seja responsavel pela repressdo de até 3% dos genes de S. cerevisiae [84]. Gragas a
habilidade do sistema Tuplp-Ssnép de controlar a expressdo de varios genes, mutagdes nestes
fatores levam a efeitos pleiotropicos [84, 93-95]. Estudos estequiométricos demonstram que o

sub-complexo Ssn6p-Tuplp constitui um heteropentidmero formado por uma molécula de Ssn6p ¢
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quatro subunidades de Tuplp [96]. Este complexo apresenta diversos dominios proteicos
intrinsecamente ligados ao seu papel biologico [13, 97-99].

Ssn6p de Saccharomyces cerevisiae possui dez repetigdes adjacentes de um motivo
denominado de TPR (TetratricoPeptide Repeat) de trinta e quatro aminoacidos, rico em residuos
hidrofébicos, descrito primeiramente na proteina reguladora do ciclo celular Cdc23p e
posteriormente identificados em diversas proteinas [100, 101]. A fungio destas repetigdes esta
associada com interagbes proteina-proteina, sendo que a associagdo preferencial se da com
motivos do tipo WD. J4 foi demonstrado que as repeti¢des TPR1-3 sd0 essenciais para a interagio
entre Ssn6p e Tuplp [102], ao passo que combinagdes dos TPRs 4-10, mediam interagdes com
diferentes proteinas repressoras, especificas para cada familia génica regulada pelo complexo
Ssn6p-Tuplp [97].

A proteina Tuplp, pertence & uma familia de proteinas que se caracteriza por possuir
dominios denominados WD40, nome que reflete os aminoacidos comumente encontrados no
motivo ¢ o0 tamanho da unidade repetitiva [99]. Elementos semelhantes a Tupl de S. cerevisiae ja
foram descritos desde leveduras até humanos sendo que o nimero de unidades WD pode variar 5-
7 repeti¢des [103]. Ja foi demonstrado em S. cerevisiae que a integridade dos sete motivos WD é
necessaria para a manutengdo da atividade biologica de Tuplp e que a dele¢dio de qualquer uma
das repetigdes WD leva a disrupgdo da repressdo dos genes mediada pelo complexo Ssn6p-Tuplp
[92, 97].

O modo de agdio do complexo Ssn6p-Tuplp ja foi muito estudado e ja foram descritos
trés mecanismos distintos, ndo excludentes:

i) Interferéncia com ativadores de transcrigdo: O complexo Miglp-Ssn6p-Tuplp inibe a
ativagdo de transcrigdo dos genes necessarios para o metabolismo de galactose ocluindo regides
UAS reconhecidas pelo ativador Gal4p [104, 105].

i1) Interagdes diretas com a cromatina: J4 foi demonstrado que complexos repressores que
possuem Ssn6p-Tuplp promovem o remodelamento de cromatina na regido promotora de duas
classes de genes reprimidos por Ssn6p-Tuplp (reparo de DNA ¢ tipo sexual). Ainda,
experimentos “in vitro” apontam que Tuplp é capaz de interagir fisicamente com as caudas N-
terminais das histonas H3 e H4 e que delegdes ou mutagdes nestas regides, em alguns casos,
promovem a desrepressdo de genes sujeitos a agdo promovida por Ssn6p-Tuplp [22, 98, 105].

iii) Interagindo com componentes Holoenzima RNApol II: As evidéncias que suportam
esta linha mostram que mutagdes em subunidades do complexo mediador da holoenzima RNApol
II (Srb8, Srb9, Srbl0, Srbll, Sin4, Rgrl, Rox3 e Hrsl) enfraquecem o efeito do complexo
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repressor [13]. Experimentos “in vitro” apontam que Ssn6p-Tuplp, impede a ligagdo do TPB aos

promotores [79]. A figura 1 ilustra os processos citados acima.

A) ALTAS CONCENTRACOES DE GLICOSE

Promotor
NUCLEO

CITOPLASMA

B) BAIXAS CONCENTRACOES DE GLICOSE

0_0 Iransericac
NUCLEO s ':ﬁ

\ CITOPLASMA “
MSN5 L BE MSNS

;/

PF1 (Glc7+Regl ‘

~®— —= b -®

(1 Glicose)

Figura 1: Diagrama de regulagdo por glicose envolvendo os complexos Miglp-Ssn6p-Tuplp e SNF1. A)
Em altas concentra¢des de glicose a proteina “zinc finger” Migl se encontra defosforilada e complexada
com os fatores Tuplp-Ssn6p podendo agir de trés formas: ocluindo regides necessarias para o recrutamento
de ativadores de transcri¢do, interagindo com histonas H3 e H4 e com elementos da holoenzima RNA
polimerase. B) Em baixas concentragdes de glicose Miglp ¢ fosforilado por SNF1, levando a dissociagdo
do complexo Miglp-Tuplp-Ssnép o que permite o recrutamento de ativadores e da holoenzima RNA
polimerase & consequente ativagdo da transcrigio. O fator Miglp fosoffilado € transportado para o
citoplasma por MSN5 e quando a concentragdo de glicose se torna elevada Miglp é defosforilado pelo
complexo PF1 e retorna para o nucleo reestabelecendo a repressio.
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1.4 Sistemas de repressdo por glicose: elementos gerais, classe especificos € pontuais.

1.4.1 O sistema GAL

Dentre os modelos de regulagdo por glicose mais bem estudados encontramos o sistema
para degradacio de galactose denominado sistema GAL. Os genes GAL codificam enzimas
necessarias para o catabolismo da galactose, em S. cerevisiae ¢ representado por nove genes com
fungdes distintas (Tab. 1), os quais sdo reprimidos por glicose e induzidos por galactose. O gene
Gal2 codifica a proteina galactose permease responsavel pelo transporte de galactose para o meio
intracelular, os genes Gall, Gal5, Gal7 e Gall0 codificam as eniimas do ciclo de Leloir
responsaveis pela metabolizagdo de galactose em glicose-6-P (Fig2). (http://bip.cnrs-
mrs. fr/bip10/tibs2001 .htm).

Tabela 1: Genes envolvidos no metabolismo de galactose em S. cerevisige e seu respectivo produto e
fungdo (compilado de Cornish-Bowden e Cardefias, 2000) [106].

GENE  PRODUTO FUNCAO
"GALl Emzima  Galactoquinase .
GAL2 Transportador Transportador de galactose

GAL3 Regulador de transcrigdo  Anula o efeito de Gal80p

GAL4 Regulador de transcrigdo ~ Ativa a express@o dos genes GAL
GALS Enzima Fosfoglicomutase

GALG6 Regulador de transcrigdo ~ Age na via de resisténcia as drogas
GAL7  Enzima Gal1-P Glc1-P uridiltransferase
GAL10  Enzima UDP galactose epimerase

GAL80 Regulador de transcrigdo ~ Reprime o efeito de Galdp
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Figura 2: Metabolismo de galactose (ciclo de Leloir). As proteinas necessarias para a degradacio de
galactose sdo codificadas pelos genes Gall, Gal2, Gal5, Gal7 e Gall0.

Os genes que codificam as proteinas necessarias para a degradacdo de galactose estdo sob
controle de um rigido sistema de ativagio/repressdo da transcri¢do nos quais estdo envolvidos os
fatores de transcrigdo especificos para os genes GAL: Gal3p, Gald4p e Gal80p bem como os
complexos Miglp-Ssn6p-Tuplp e SNF1.

1.4.3 Controle da transcri¢do dos genes GAL

A transcrigdio dos genes GAL esta sujeito a um duplo controle de expressdo: sdo
reprimidos por glicose e induzidos por galactose [65]. O fator Gal4p é um ativador de transcrigdo
capaz de ativar a sua propria transcrigdo bem como de todos os genes GAL. Quando a glicose esta
presente no meio o complexo Miglp-Ssn6p-Tuplp se liga a uma regido URS de Gal4 diminuindo

sua transcri¢do, ao passo que em baixos niveis de glicose o complexo SNF1 fosforila a proteina
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Miglp, o que resulta na dissociagdo do complexo e elevada expressdo de Gal4p que por sua vez
ira ativar a transcri¢io dos genes (GGall, Gal2, Gals, Gal7 e Gall0 [107].

Intimamente relacionado com o sistema descrito de represséo por glicose temos o sistema
ativador dependente de galactose, dos quais participam Gal4p, Gal3p e Gal80p. Gal4p ¢ um
ativador de transcrigdo que possui um motivo do tipo “zinc finger” na sua por¢do N-terminal
responsavel pela interagdes com regides ricas em CG dos promotores com que interage. Na
auséncia de galactose a regido C-terminal de Gald4p esta associada ao repressor transcricional
Gal80p. Sob este contexto Gal4p é incapaz de recrutar a holoenzima RNApol II [108].

Na presenga de galactose o ativador transcricional Gal3p se liga ao complexo formado
por Gal4p-Gal80p, interagindo diretamente com Gal80p provocando uma mudanga na estrutura
deste complexo. Neste contexto, o complexo formado por Gald4p-Gal80p-Gal3p ¢ capaz de
recrutar a holoenzima RNApol Il ¢ ativar a expressao dos genes (74L em cerca de 1000 vezes [58,
65].

A) Alta concentragdo de Glicose

Transcrigiio

B) Baixa concentracgiio de Glicose

g T TTAATA ] [ ER— GAL4 .|

l Transcrigcfo

Transcrigiio

Figura 3: Regulagdo por glicose do gene Gal4. A) Na presenga de glicose o produto do gene Gal4 ¢é
transcrito em pequenas quantidades gragas a repressio efetuada pelo sistema Miglp-Tuplp-Ssn6p. B) Em
baixos niveis de glicose o complexo SNF1 fosforila Miglp o que leva a dissociagdo do complexo repressor
e conseqiiente transcrigio através do recrutamento da holoenzima RNApol II pelo ativador de transcrigdo
Gal4p.
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Figura 4: Indugdo de transcrigdo dos genes GAL por galactose. A) Na auséncia de galactose a atividade de
Gal4p € bloqueada pelo fator Gal80p. B) Em presen¢a de galactose o fator Gal3p se liga a Gal80p o que
leva a uma mudanga de estrutura do complexo Gal4p-Gal80p, permitindo o recrutamento da holoenzima

RNApol 11 e consequiente transcrigio.

Adicionalmente, j& foi demonstrado que quando Gal4p ativa a transcri¢do ele se encontra
fosforilado na serina 699 e que esta fosforilagdo é essencial para a completa indugdo dos genes
GAL pois estabiliza a conformagdo ativa do complexo Gal4p-Gal80p-Gal3p [109]. Estudos
realizados por Rohde e colaboradores [108] demonstraram que o fator que responde pela
fosforilagdo da serina 699 de Galdp é o componente do complexo mediador Srb10p, indicando

uma intima relagédo entre o ativador transcricional Gal4p e a holoenzima RNApol I1.
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1.5 Controle de transcricio do gene Mox de Hansenula polymorpha

Um interessante modelo para o estudo de regulagdo por glicose ¢ encontrado em um
pequeno grupo de leveduras, todos pertencentes ao géneros Candida, Pichia, Hansenula e
Torulopsis, capazes de degradar metanol como unica fonte de carbono, dentre elas a levedura
Hansenula polymorpha [110].

A primeira reagdo bioquimica necessaria para a degradagdo do metanol em H.
polymorpha ocorre nos peroxissomos, sendo catalisada pela enzima Metanol Oxidase (Moxp).
Em células crescendo em metanol ha tanto biosintese de peroxissomos quanto o aumento do
tamanho das organelas pré-existentes as quais podem ocupar ate 80% do volume celular. O
aumento destas organelas ¢ decorrente do grande acimulo de enzimas necessarias para a
degradagdo do metanol: Metanol oxidase (Moxp), Catalase (Catp) e Dihidroxiacetona sintetase
(Dasp) [110,111].

O gene responsavel pela produgdo da enzima (Mox) é fortemente regulado em nivel
transcricional. Quando esta levedura cresce em meio fermentativo, como glicose ou etanol, ndo €
detectado nenhum transcrito de Mox. Entretanto, quando esta levedura cresce em meio contendo
metanol como tnica fonte de carbono a transcri¢do é fortemente ativada e seu produto (Moxp)
pode representar até 30% de todas as proteinas soluveis da célula [110,112]. Outro aspecto
importante ¢ o fato da expressdo de Moxp ser co-regulada juntamente com a expressdo de outras
proteinas peroxissomais e também por apresentar uma intima relagdo com a biogénese de

peroxissomos [110].

M.C. Citosol

s (MOXp)  (CATp)
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Figura 5: Degradagio de metanol em polymorpha. O metanol é degradado pela enzima Moxp gerando

H,0,, o qual é degradado pela enzima Catp, e formaldeido que € condensado juntamente com D-xilulose5P
pela enzima Dasp gerando como produto GA3P e DHA que serfo metabolizados na glicolise,
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A estrutura da regido promotora responsavel pelo controle da transcrigdo de Mox foi
bastante estudada e importantes informagdes ja foram descritas [113, 114]. A regido promotora
Mox pode ser divida em trés partes funcionais (Mox 4, Mox B ¢ Mox () cada uma contendo
elementos cis essenciais para um acurado mecanismo de transcrigdo. Dentre os elementos
identificados podemos destacar: dois sitios de ligagdo para elementos envolvidos na repressdo de
transcrigdo (URS1, URS2); dois sitios de ativagdo da transcrigdo (UAS1 e UAS2) e dois pontos
de iniciagdo de transcrigdo (TSP1 e TSP2) (Fig. 6A). Um mecanismo de regulagdo de Mox ainda
pouco entendido concerne aos seus dois pontos de iniciagdo de transcricdo (TSPs). O primeiro
TSP se localiza —425, na regido Mox A, sendo transcrito em células crescendo em glicose e em
quantidades infimas. O segundo se localiza a —25 (Mox () sendo transcrito em altas quantidades

em células crescendo em metanol e ira dar origem a Moxp.
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Figura 6: Estrutura do promotor Mox. A) O promotor Mox: A regido que responde pelo controle da
transcri¢do do gene Mox compreende 1511 pb “upstream” ao ponto de iniciagdo de transcrigdo (TSP1) e
pode ser dividido em trés regides, as quais possuem elementos cis atuantes distintos. B) Posicionamento de
nucleossomos no promotor Mox: Em células crescendo em glicose o posicionamento de nucleossomos
oclui o sitio de ligagdo para o fator Adrlp /FB2 e o TSP2 e deixa exposto TSP1 podendo assim permitir a
transcrigéo de pré Mox,
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Este mecanismo foi analisado em detalhes e gerou as seguintes conclusdes: O transcrito
longo ndo ¢ traduzido e ndo possui fungdo aparente. A explicagdio para sua existéncia reside na
estrutura do promotor Mox. O TATA box que controla sua sintese se encontra em uma regido
livre de nucleossomos. Ao passo que o TSP2 gera um transcrito curto que por sua vez ira dar
origem a Moxp, se encontra em regifio onde ha posicionamento de nucleossomos (Fig.6B) [111,
115].

A andlise da estrutura da cromatina através de “footprinting in vivo” do promotor Mox
demonstrou que ha modificagdo no arranjo de nucleossomos quando este passa de um estado
reprimido para ativado {111, 115]. Ainda, experimentos de analise de expressdo do gene Mox por
“northern blotting” no qual as células foram induzidas em meios contendo DNP e antimicina A
(inibidores da cadeia respiratoria) demonstraram que nfo ha transcrigio de Mox [116]. Estes
dados sugerem que a ativagdo de Mox ¢ dependente de ATP e que sua transcrigio pode estar
sujeita a complexos remodeladores de cromatina dependentes de ATP.

Trabalhos realizados com a levedura ndo metilotrofica Saccharomyces cerevisiae
mostraram que o promotor Mox ¢ funcional nesta espécie, sendo sujeito a repressdo por glicose e
ativagdo pelo fator Adrlp [113]. Foi constatado que Adrlp é capaz de reconhecer um sitio de
ligagdo na regido promotora Mox B [113] entre as posigdes -361- e -112, e que este sitio € alvo de
um suposto fator de H. polymorpha, denominado FB2. Sendo este um forte candidato a ser um
homologo ao fator Adrlp. A proteina Adrlp ¢ um dos fatores de transcrigdo mais bem estudados
em levedura [117-119]. E uma proteina do tipo “zinc finger” e foi primeiramente descrita por
ativar a transcrigio do gene ADH2, que codifica a proteina citoplasmatica Alcool Desidrogenase
2, a qual ¢ regulada por glicose [118, 119]. Postula-se que a atuagdo de Adrlp seja através de
interagdes com diversos fatores de transcri¢do e elementos da CP1, incluindo o TFIIB E TFIID,
por meio de seus multiplos sitios de ativagdo e repressdo, o que conduz a um remodelamento da
cromatina e conseqiiente ativagdo da transcrigéo [120].

] Além de atuar na desrepressdo de ADH?2, o fator Adrlp esta envolvido na regulagfio da
expressdo de enzimas peroxissomais, na biogénese de peroxissomos e no metabolismo de glicerol
[119, 121]. Esses fatos levaram a sugestdo de que o fator Adrlp e sua fungdo no metabolismo

peroxissomal estejam conservados em outras espécies [113].
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Outro aspecto relevante é o fato do promotor Mox largamente utilizado para a produgio
de proteinas heterdlogas de interesse farmacoldogico e industrial [122-124] e informagSes sobre

fatores que controlam sua transcri¢édo podem auxiliar na otimizagdo dos processos de produgio.

25



2. OBJETIVOS

Identificagdio de possiveis fatores de transcrigdo envolvidos na ativagdo ou repressdo catabdlica
do gene Mox. Para tanto, foram escolhidos como candidatos fatores de transcrigdo Snfl, Swi2,
Adrl, Ssn6, Migl e Tupl bem estudados em S. cerevisiae e largamente envolvidos em processos

de repressdo catabolica.

Analise do envolvimento dos fatores identificados na manutengdo dos mecanismos de repressdo
catabolica presentes no metabolismo de metanol por meio de disrupgdo génica dos genes
identificados e investigagdo dos niveis de transcrigio de genes envolvidos no metabolismo de

metanol.
Criagdo de banco de dados genéticos e ferramentas de bioinformatica para a identificagdo de

elementos relevantes presentes em genomas. Aplicagdo desta tecnologia em RSTs de AH.

polymorpha.
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3. JUSTIFICATIVA

O controle da transcri¢do do gene Mox é fortemente regulado pela fonte de carbono
disponivel. O esclarecimento dos mecanismos que regem ou influenciam em sua regulagdo
podem contribuir para o entendimento do controle da transcrigdo de genes regulados por glicose.
Ainda, esta levedura ¢ largamente utilizada para a produgfo de proteinas heterologas de interesse
comercial e informagGes sobre fatores que controlam sua transcrigio e de novos elementos
presentes em seu genoma podem auxiliar na otimizagdo dos processos de produgdo, como

também em um maior entendimento de sua biologia.
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4. MATERIAIS E METODOS

4.1 Reagentes

Agarose, brometo de etideo, SDS, X-gal, poliacrilamida, TEMED (Invitrogen);
antibidticos, tritom X-100, peptona, triptona, extrato de levedura, etilenoglicol, DMF, etanol,
metano! (Merck); membrana de nylon (Pharmacia); oligonucleotideos (Operon); nucleotideos,
enzimas de restri¢do, 7aqg DNA polimerase, Pf#u DNA polimerase, Klenow, T4 DNA ligase foram
adquiridas junto a Invitrogen, Promega ou Pharmacia.

4.2 Linhagens e plasmideos

Bactérias
DHSaF’ - F* (Z80dlacZ (lacZ)M15) (lacZY A-argF)U169 recAl endA1 hsdR17(r,my").
DHI10B - F mcrA A (mrr-hsdRMS-mcrBC) ¢80dlacZAM15 AlacX74 deoR recAl endAl
araA139 D (ara, leu) 7697 galK1™ rpsL nupG.

Levedura
H. polymorpha WT-ATCC34438 (WT)

Plasmideos
YEp352

pUCI18
pGEM-T (PROMEGA)

pSORT (INVITROGEN)

4.3 Meios de cultura

LB: 1%Triptona / 1%Nacl / 0,5%NaCl
YEPD: 2% glicose/2%peptona/1%extrato de levedura
YNB: 0,67%YNE:; 0,1% extrato de levedura; 5% glicose ou 1% glicerol ou 1% metanol..

— Os meios s6lidos foram preparados com a adigdo de 2% de agar.

—> Meio seletivo de LB: 150ug/ml de ampicilina e 50ul de uma solugio de X-gal
20mg/ml.
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4.4 Extracio de DNA gendmico de levedura

Ap6s crescimento em 50 ml de YEPD 16hs/37°C/250 rpm, as células foram coletadas por
centrifugacdo e rompidas com 2,0 ml de “breaking buffer” (2% Triton X-100/1% SDS/100mM de
NaCl/20mM Tris-HCI) seguido pela adigdo de 2,0 ml de “glass beads” e submetidas ao vortex por
2 min. A essa mistura foram adicionados 2,0 ml de fenol/cloroférmio/alcool isoamilico (25:24:1)
e submetida a centrifugagdo 4°C/30min/14.000 rpm. A fase aquosa foi recuperada e o DNA
precipitado com 2V de Etanol 100% e centrifugagdo 4°C/30min/14.000 rpm, seguido por
lavagem em 10mli de Etanol 70% e ressuspensio em 2ml de TE (10mM Tris-HCl/1mM EDTA).

4.5 Extracio de RNA de levedura

O RNA foi extraido por meio de Trizol (Invitrogen) ou pelo método do fenol acido [125].

4.6 Preparacédo de bactérias competentes (CaCl2) e eletrocompetentes

Os procedimentos para a preparagio de bactérias competentes e eletrocompetentes foram

realizados de acordo com os protocolos presentes em Ausubel, 1998 [125].

4.7 Transformacio de bactérias

Eletroporaggio: Foi adicionado 2yl da solugdo contendo o DNA plasmidial a 50ul de
células E.coli eletrocompetentes, esta mistura foi acondicionada em cubeta de eletroporagdo e
aplicado pulso de 2,5KV, 200ohms, foi adicionado 1ml de SOC seguido por incubagio de 37°C
por 1h e plaqueamento em LB/Amp/X-gal.

Choque térmico: Foram adicionados 5pl da solugdo contendo o DNA plasmidial a 100pul
de células L.coli CsCl - competentes, estas foram submetidas a choque térmico (42°C 2min), foi
adicionado 1ml de SOC seguido por incubagdo de 37°C por 1h e plaqueamento em LB/Amp/X-
gal.

4.8 Preparacio de leveduras eletrocompetentes

Este protocolo foi adaptado de Cregg e Russell [126]. Foi feito um pré in6culo células de
H. polymorpha ATCC34438 em 10ml de YPD e crescidas 16hs/37°C/300 rpm. Seguido este
periodo as células foram inoculadas em 500 ml 37°C/300 rpm até atingir A600 = 0.6, as células
foram decantadas por centrifugacdo (5000rpm/5min/4°C), o sobrenadante foi descartado e as
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células ressuspendidas com YEPD/HEPES (100ml de YEPD / 20 ml HEPES IM pH 8.0) e
1,25ml de DTT 1M, e incubadas a 37°C/15 min. Decorrido este tempo foi adicionado 250 ml de
sorbitol 1M gelado, e centrifugadas por 5000rpm/5min/4°C. O sobrenadante foi descartado e as
células ressuspendidas em 10 ml de sorbitol 0,2M gelado e centrifugadas (5000rpm/5min/4°C). O
sobrenadante foi descartado e as células foram ressuspendidas em 500ul Sorbitol 1M gelado,
aliquotadas em tubos eppendorf de 1,5 ml (40ul) e mantidas em gelo por 48hs.

4.9 Transformacio de leveduras

Foi adicionado ao tubo contendo as leveduras 10pug do cassete de disrupgéo, a mistura foi
transferida para cubetas apropriadas e aplicado um pulso de 2,5KV/3000hms, transferidas para
tubo eppendorf contendo 1ml de YPD/200mM sorbitol e incubadas por 2hs/37°C). Apés este
periodo, as leveduras foram plaqueadas em YPD / 200mM sorbitol/200mg de G418 e incubadas
por 48-72hs/37°C.

4.10 Extracdo de plasmideos em mini/micro escala

Foi utilizado o método da lise alcalina [125].

4.11 Isolamento de DNA de Gel de Agarose ¢ ligacdo dos fragmentos de DNA

O DNA proveniente da PCR ou digestdo enzimatica foi extraido de gel de agarose por
meio do kit CONCERT (Invitrogen) seguindo as orientagdes do fabricante. Os fragmentos

isolados foram ligados, em plasmideos apropriados, por 16 horas a 15°C.

4.12 Biblioteca gendémica de H. polymorpha (insertos de 5-7Kb)

Biblioteca genémica de Hansenula polymorpha de 30.000 clones com insertos de 5-7 kb
clonados em YEp352, gentilmente cedida pela Doutora Dirce Carraro (Esalq-USP).

4.13 Biblioteca de cDNA de H. polymorpha

Para a preparagdo de RNA inicialmente utilizou o reagente Trizol (Invitrogen), entretanto
as quantidades de RNA obtidas foram diminutas. Optou-se pela extragdo por Fenol Acido. Para a
purificagdo de RNA mensageiro foi utilizado o mRNA purification Kit (Amershan-pharmacia).
Para a preparagio da biblioteca usamos Superscript plasmid system for cDNA library
(Invitrogen).
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4.14 Oligonucleotideos

Tabela 2: Oligonucleotideos utilizados nesse trabalho.

Oligonucleotideos Segiiéncia

Degenerados
DSnfl.1 5’GGRRTTTCAATTRYRTCNGTRTCRAAGC3’
DSnf1.2 5>GCYTGNARRTGYAARTTYGCNTGRTGNGG3’
DSwi2.1 5 ATGATHRTHGAYGAYGG 3’
DSwi2.2 5> TGMRMNMGNDSNTTYG 3’
Dswi3.1 5* TTGGGMYTNWWHAAYTAYCA 3’
Dswi3.2 5> GTNSWNARNACNGGTTYTC 3’
DTupl.1 5 GGGGTACCYTTCCADATNCKNGCYTTRCARTCNCC 3’
DTupl.2 5 GGCTGCAGGGCNAYGARCARGAYATHTAYTC 3’

Especificos

Dasf 5° ACTTCAACAGAGACAGGTTTG 3’

Dasr 5> AAATTGACAGACACAGACAGGTC ¥’
MoxProF 5’AACTGAGGGGGTTCTGC 3’
MoxProR 5" GCTGCACGGTAGCATAAG 3’

SSnf1.1 5 TCACCATCAAGGAGATCATGGAGG 3’
SSnfl.2 5’ GGTTGTATTTGGTTCCATTATTCG 3’
Sswi2.1 5> AGTTACAAAGGATCTCCGCAAATG 3’
Sswi2.2 5> GCGTCTTCTTCTTTCAGATAGCTC 3’
SSwi3.1 5" GCCATAAGCGGACACGTTGG 3’
Sswi3.2 5> GCGAGCGCCTCATTGTCTTG 3’
STupl.1 5> CTTCGACTCAGCCAATGAAAGCG 3’
STupl.2 5’ TCTGATAACAGAGTTTCTGTGTCC 3’
Disrupgdo '
CDSnfl.1 5 TCACCATCAAGGAGATCATGGAGGACGAGT
AGCTTGCCTCGTCCCCGCCGGGTC 3’
CDSnf1.2 5> GGTTGTATTTGGTTCCATTATTCGTCGACAG
CAGTATAGCGACCAGC3’
CDSwi2.1 5* TGAAAAAGATCAGTTACAAAGGATCTCCGC
AAATGCCTCGTCCCCGCCGGGTC 3’
CDSwi2.2 5 ACAAGAAGCGTCTTCTTCTTTCAGATAGCTC
TCGACAGCAGTATAGCGACCAGC 3’
CDSwi3.1 5° GCGAGCGCCTCATTGTCTTGCTCCAACATCT
GCTTTTGCCTCGTCCCCGCCGGGTC 3°
CDSwi3.2 5 CCATAAGCGGACACGTTGGAACCCGGACCA
AGGGAATCGACAGCAGTATAGCGACCAGC 3’
CDTupl.1 5 TTTCTGGCTCAGAAGCCAGCCCAGTAAGATT
TTGGAGCTCGCTCGTCCCCGCCGGGTC 3’
CDTupl.2 5’ CCCGACACCTCTCTTCTGGGTCATAACCGGT
TCGACAGCAGTATAGCGACCAGC 3’
Sequiénciamento

M13-21 Forward
M13-28 Reverse
T7 Promoter
SP6 Promoter

5’ GTAAAACGACGGCCAGT 3’
5 GGAAACAGCTATGACCATG 3’
5> ATTTAGGTGACACTATAG 3’
5 TAATACGACTCACTATAGGG 3’
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4.15 Condi¢des de PCR utilizadas para oligos degenerados e especificos

As PCRs consistiram de 2ul de tampédo sem magnésio, 1,5 pl de MgCl, 50mM, 45pmol
de cada primer, quando utilizados oligos degenerados, ou 15pmol de cada primer, quando
especifico, 4ul de DNTPs 1,25mM e 2u de Tag DNA polimerase.

Utilizando os oligonucleotideos descritos anteriormente para cada gene, foram realizadas
PCRs que consistiram em 30 ciclos 94°C lmin, variando a temperatura de anelamento de
40°C/60°C - 30seg. para os oligos degenerados para que se pudesse caracterizar a temperatura
otima, onde apresentasse 0 menor nimero de bandas espurias possiveis para cada gene. Para os
oligonucleotideos especificos a temperatura de anelamento foi baseada na TM média dos oligos

utilizados para a PCR, e extensdo 72°C 1min.

4.16 Condicoes de PCR utilizadas para construcio dos modulos de disrupg¢io

As PCRs continham: 5ul de tampdo sem magnésio, 2,5 pl de MgCl, 50mM, 50 pmol de
cada primer, 8ul de DNTPs 1,25mM e 5u de Tag DNA polimerase. O programa utilizado foi: 1
ciclo inicial de denaturagdio 96 °C seguido de 40 ciclos de 95°C 1 min, 60°C 30 seg 72°C 1 min.

4.17 Reagdes de seqii€nciamento

As reagdes de seqiiénciamento foram realizadas em volume final de 10ul, sendo: 3pul de
tampéo (200mM de Tris/HCI), 0,8ul de Bigdye terminator Mix (Applied Biosystems) 15 pmol
de primer quando degenerado ou 4 pmol de primer especifico. O molde quando PCR foi de 10ng
de DNA para cada 100 bases de produto amplificado, quando em pUC18 ou pGEM-T 400ng de
plasmideo e em Yep352 e pSPORT 5 pg. Completando-se para volume final com H,O milliQ. Os
ciclos de seqiiénciamento e a precipitagdo das amostras seguiram as orientagdes do fabricante.

4.18 Analise dos dados de seqiiénciamento

Os resultados do seqiiénciamento foram analisados por meio dos programas BlastN e

BlastX (http://www.ncbi.nlm nih gov/cgi-bin/BLAST ou http://www.lge.ibi.unicamp.br) para
anélise de identidade com fatores ja conhecidos. O mapeamento de restrigdo e ORFs foi efetuado

por meio do programa Generunner. O processamento dos “reads” (andlise de qualidade da
seqiiéncia, trimagem e blastagem) relativos ao projeto de seqiiénciamento e criagdo de banco de
dados genéticos de Hansenula polymorpha foram realizados de forma automatica no Centro de
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Bioinformatica de nosso laboratério (http://www.lge.ibi.unicamp.br). As seqiiéncias se encontram
depositas no “website” http://www.lge.ibi.unicamp.br/hansenula.

4.19 “Southern blotting”, “northern blotting™ hibridacfio e marcag¢do radioativa de sonda
de DNA

Os procedimentos de transferéncia de fragmentos de DNA para suporte sélido, hibridagdo
e marcagdo radioativa de DNA (sonda) pelo método RPS (Random Primed Synthesis) foram

realizados de acordo com os protocolos presentes em Ausubel et. al., 1998.

4.20 Ensaios de viabilidade

Os ensaios de viabilidade foram conduzidos de acordo com os procedimentos descritos
na literatura [127]. A porcentagem da fonte de carbono adicionada as placas de YNB+agar foi de
3%, exceto para metanol (1%).

4.21 Curvas de crescimento

Foi realizado um pré-inéculo das linhagens estudas e crescidas por 16hs. Apds este
periodo as culturas foram diluidas para ODgo= 0,01 em YNB sem carbono ¢ inoculadas em meios
YNB contendo a fonte de carbono apropriada (metanol 1%, glicose 3%, glicerol 1% ou galactose
3%) ¢ o crescimento foi acompanhado por 24 hs por espectrofotometria em A=600. Durante o
crescimento as culturas foram analisadas ao microscopio e ao final do experimento foram
inoculas (riscadas) em placa YEPD/agar para se evitar resultados incoerentes devido a

contaminagio.

33



5. RESULTADOS E DISCUSSAQ

Dos genes propostos inicialmente no trabalho, ndo foi possivel a identificagdo satisfatéria
dos fatores Adrl, Ssn6 e Migl em H. polymorpha. Estes resultados sdo provavelmente devidos a
natureza dos fatores que possuem pequenas regides conservadas somente nos motivos essenciais
para o seu papel biologico, sendo que o restante do gene néo apresenta grande conservagdo entre
as espécies, o que dificulta a sua identificagio pelas técnicas utilizadas. Entretanto foi possivel a
caracterizagdo satisfatoria dos fatores Snfl, Swi2 e Tupl. Os resultados sdo apresentados a seguir.

5.1 Identificacdio e disrupgdo dos genes SNFI e TUPI de Hansenula polymorpha
TUP1

Utilizando a técnica de oligonucleotideos degenerados foi possivel clonar extensas
regides dos genes propostos neste trabalho. Para o gene Tup/ foi possivel identificar uma por¢do
génica de 700pb, que foi posteriormente estendia para ~1200pb com alta similaridade a Tup! de
C. albicans (2¢-89).

As proteinas Tuplp j4 identificadas em leveduras e fungos apresentam como
caracteristicas marcantes um dominio de poli-glicina, localizado nas proximidades da regido
amino terminal e as repetigdes WD40 (W=triptofano ¢ D= 4cido aspartico) que ocorrem
aproximadamente a cada 40 bases e se estendem por toda a proteina [91,96]. As repetigbes WD
foram observadas primeiramente na B transducina, uma das trés subunidades das proteinas G que
agem como intermedisrios na transdugfo de sinal gerado pelos receptores transmembrana (por
conta deste fato recebem também o nome de repeti¢Ses do tipo f transducina). Em leveduras, o
nimero de dominios WD nas proteinas Tupl pode variar de 5-7 repetigdes WD dependendo da
espécie [99]. A tradugdo da seqiiéncia de DNA obtida de Tupl H.polymorpha revela cinco
repetigdes WD adjacentes a4 porgdo carboxiterminal que se alinha fortemente com a regido
carboxiterminal de C. albicans (Manuscrito 1-em anexo). O médulo utilizado para disrupgdo de
HpTUP]I elimina todas as repetigdes WD presentes no gene identificado.

SNF1

A porgdo identificada em nosso trabatho corresponde, como em Tup/, a regido carboxi-
terminal e se estende para além da regido central da enzima. As proteinas da classe de Snfl
possuem como caracteristica uma regido altamente conservada com a fungdo de fosforilar
residuos de serina e treonina das proteinas com as quais interage. Estruturalmente possuem uma
regido repetitiva de polihistidina localizada préximo a regido aminoterminal (16 A.A), um
dominio quinase (~ 250 A.A.), um sitio de ativagdo com um residuo de icido aspartico altamente

conservado, importante para a atividade da enzima. Também € encontrada uma serina na por¢do
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mediana do sitio catalitico que pode servir de alvo para autofosforilagdo e portanto regular a
atividade de Snfl [128]. A porgdo génica identificada de Snf7 em H. polymorpha deve representar
cerca de ~ 70% da proteina (~1300pb), uma vez que possui uma notavel similaridade com Snf7 de
C. albicans, espécie em que o gene Snfl possui 1820 pb (Manuscrito 1). O médulo para a
disrupgdo de HpSNF! deletou ~ 1200pb, incluindo cerca 200 bases do dominio com fungdo
quinase.

5.2 Efeito das disrupcdes na utilizacio de fontes alternativas de carbono

Apesar do interesse central deste trabalho visar a identificagdo de genes envolvidos no
metabolismo de metanol, foram testadas vérias fontes de carbono com o intuito de analisar mais
detalhadamente os efeitos das disrupgdes dos genes HpTup! e HpSnfl. Para tanto foi utilizado
como controle células crescidas em glicose. Para a andlise de efeitos fenotipicos na utilizagdo de
metanol foram testadas as habilidades das células tup! e snfl crescer em meios indutores (glicerol
e metanol). Adicionalmente, foram testadas outras fontes de carbono (sacarose, rafinose e
galactose) com intuito de comparagdo com fenotipos descritos em S. cerevisiae [83]. As
disrupgdes de HpSnfl ou HpTupl ndo levaram a redugdo no crescimento em nenhuma das fontes
de carbono testadas, sugerindo ndo haver envolvimento do produto destes genes nos eventos de
regulagdo por glicose em H. polymorpha. Para confirmar estes resultados as leveduras foram
crescidas em YPD liquido suplementado com glicose 3% ou metanol 1% e as taxas de
crescimento foram monitoradas por 22 horas. Também foram realizados experimentos de
“northern blor” para analise da transcrigdo dos genes Mox, Cat e Das os quais estdo diretamente

envolvidos no metabolismo de metanol. Os resultados sdo descritos a seguir no manuscrito 1.

G licose Sacarose

snfl
WT
tupl

G liceraol Rafinose
snfl
WT
tupl

M etanol G alactose
snfl :
wWT
tupl

N N! N N N/
25 125 625 25 125 625

Figura 7: Efeito das disrupgdes dos genes HpSnfl e HpTup! na utilizagio de diversas fontes de carbono.
As placas foram fotografadas apos 36 horas de incubagdo a 37 °C. Com excegdo das placas contendo
glicerol (2%) e metanol (1%) as concentragdes finais das demais fontes de carbono foram de 3%.
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ABSTRACT

Hansenula polymorpha is a methylotrophic yeast employed in biotechnology as a
“protein factory”. Most promoters used for heterologous expression belong to genes
involved in the peroxisomal methanol metabolism, which are under strict glucose
repression. Understanding this regulation may be useful to maximize fermentation
processes. Interestingly, the H. polymorpha methanol oxidase promoter (MOJX) is under
glucose regulation in Saccharomyces cerevisiae, a non-methylotrophic yeast where the
phenomenon is well studied. In this species, the factors Tuplp and Snflp play crucial
roles in, respectively, repressing and derepressing genes in response to glucose
availability. In this work, to test whether the roles of these genes were conserved in A.
polymorpha, HpTUP1 and HpSNF! were partially cloned and used to disrupt their
genomic copies. Accordingly, the deletion of HpSNF1 led to significant reduction in the
derepression of major methanol metabolism genes. In contrast, deletion of HpTUPI did
not affect glucose repression on these genes. In conclusion, these data indicate that,
though conserved, HpTUP! does not seem to be involved in general glucose repression in
H. polymorpha and the effect of HpSNF! in activation may be through a HpTUPI-

independent circuit.
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INTRODUCTION

Hansenula polymorpha (syn. Pichia angusta) belongs to a limited group of yeast
able to metabolize methanol. The enzymes necessary for the first steps of methanol
utilization, namely methanol oxidase (Moxp), catalase (Catp) and dihydroxiacetone
synthase (Dasp), are located in the peroxisomes. Their expressions are transcriptionally
controlled and, at least for MOX and DAS, seem to be co-ordinately regulated. Moxp can
represent up to 30% of the soluble proteins when the cells grown in methanol as sole
carbon source and peroxisomes can take up over 80% of the cell volume under this
condition (Veenhuis et al., 1983; van der Klei ef al., 1991). In view of that, the MOX
promoter has been widely employed for heterologous protein expression and H.
polymorpha has been considered a “protein factory” (Gellissen, 2000; van Dijk et al,,
2000). However, MOX is also under strict glucose repression. Thus, although glucose is a
very suitable carbon source for general industrial fermentaﬁon, this sugar can not be
usually employed for protein expression using H. polymorpha. 1t would therefore be a
significant technological improvement if the MOX promoter could work in glucose-
containing media.

The MOX gene promoter has been studied in detail. Promoter mapping revealed
four cis-acting regulatory elements (Godecke et al., 1994), but no H. polymorpha factor
responsible for MOX regulation has been identified to date. Remarkably, AMOX promoter
can drive glucose repressible expression under a reporter gene in Saccharomyces
cerevisiae, a non-methylotrophic yeast (Pereira and Hollenberg, 1996). In this species,
MOX promoter activation is dependent on Adrlp, a transcription factor that activates a

number of genes encoding peroxisomal enzymes (Simon ez al., 1991, Simon et al., 1995;
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Gurvitz et al, 2001), the class to which Moxp belongs. This finding indicates that
mechanisms governing regulation by glucose may be conserved in both species.

In S. cerevisiae, a number of genes from different carbon source utilization
pathways, like sucrose or galactose, are repressed by the complex Miglp-Ssnép-Tuplp
when cells grow in presence of glucose (Bu and Schmidt, 1998; Rohde et al., 2000).
When glucose is exhausted, the very genes need the protein kinase Snflp to be
derepressed (Ostling et al., 1996; Gancedo, 1998). Both the Miglp-Ssn6p-Tuplp and the
Snfl complexes are highly conserved among several species and they seem to be
involved not only in glucose regulation (Yamashiro et al., 1996; Cassart et al., 1997,
Zaragoza et al., 2000; Lo; et al., 2001). For example, the deletion of a 7UP/ homologue
in Candida albicans causes failure in hypha development (Braun and Johnson, 1997).

In this study, H. polymorpha genes homologous to TUP! and SNFI were
identified and analyzed for their possible role in the regulation of genes involved in the
methanol metabolism. The results show that, although highly conserved, HpTUP! and

HpSNF1 do not seem to play an essential role in regulation by glucose in A. polymorpha.
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MATERIALS AND METHODS

Strains, plasmids and oligonucleotides

The H. polymorpha strain used in this work was the CBS 4732 (wild type - WT).
Escherichia coli strain DH10B (Invitrogen) was used for all DNA manipulations. The
plasmid pF6A-kanmx4 (Wach et al., 1994) was used for construction of the disruption
modules. pGEM-T (Promega) and pUC18 were used for cloning of PCR products. The
oligonucleotides used in this study are listed in Table 1.

Media
YPD (1% yeast extract, 2% peptone, 2% glucose) was used as rich medium. SD medium

(0,17% YNB; 0,5% ammonium sulfate) was used as synthetic medium and was
supplemented with 5% glucose or 1% methanol.

Culture and induction experiments

H. polymorpha cells were grown in 250 ml flasks with 100ml of YPD for 16hs at 37°C
and 280 rpm using orbital shaker. After this period, cells were harvested by centrifugation
for 10 min at 5.000 rpm and inoculated in appropriated medium for 6hs at 37°C and 230
pm.

Cloning of H. polymorpha genes

Strategy of cloning was based on degenerated oligonucleotides. We designed degenerated
primers after conserved regions of the TUPI and SNFI gene sequences from S.
cerevisiae, Schizosaccharomyces pombe and C. albicans (Tab. 1). PCRs were carried out
using H. polymorpha genomic DNA as template. Sequences containing 600bp and 800bp
were amplified using DTupl and DSnfl primers, respectively. These DNA fragments
were cloned into pGEM-T (Promega) and sequenced. The DNA sequences obtained were

analyzed by Blast X (www.ncbi.nlm.nih.gov/blast) and presented high similarities with
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C. albicans TUP1 (4e-84) and SNF1 (5e-54). The sequence of each fragment’s extremity
was used to design the specific primers shown in Tab. 1 (StuplF, StuplR; SsnflF,
SsnflR). Each primer was used in combination with T7 or SP6 custom primers to amplify
cDNA fragments from a H. polymorpha cDNA library, constructed using the vector
pSPORT (Invitrogen). By this procedure the putative HpTUP/ and HpSNF! gene
fragments were expanded. The predicted amino acid sequences of the H. polymorpha
TUPI and SNF1 genes were compared with known homologues of other yeast species
(see Fig. 1) using the Multialin tool

(www.prodes.toulouse.inra.fr/multalin/multalin. html).

Disruption and screening of Hptupl and Hpsnf] strains

The H. polymorpha TUPI and SNFI DNA sequences described above were also used to
design chimerical disruption oligonucleotides. These oligonucleotides (see Table 1 and
Fig. 2) present ~30bp of the éenes to be disrupted in their 5' extremities; the 3' extremities
are composed of ~25bp complementary to the Multiple Cloning Site of the pF6A plasmid
where the kanmx4 disruption module was integrated (Wach et al., 1994). Specific TUP!
and SNFI kanmx4 modules were constructed with these primers (CDTup1.1+CDTupl.2
and CDSnfl.1+CDSnf1.2, respectively) by standard PCRs using the pF6A-kanmx4
plasmid as template. These linear disruption modules bear, at both 5' and 3' ends,
sequences homologous to 7UP! and SNFI genes and were used to transform AH.
polymorpha WT electro-competent cells. The kanmx4 module confers resistance to the
drug G418, which was used for preliminary screening. Positive transformants growing in
the presence of G418 (Amersham Pharmacia) were confirmed by colony PCR and also by
PCRs with genomic DNAs, using the specific primers STupl.1+STupl.2;

SSnfl.1+SSnfl.2 (Tab. 1).
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PCR Conditions

All PCRs were made in a final volume of 50 ul using kits (Promega) and following
instructions provided by the manufacturer. The reactions were carried out on a 9700
thermocycler (Applied Biosystems) using the following programs. For fragment
amplification: 96°C for 4min, followed by 30 cycles at 94°C for 30 sec, 40°C
(degenerated primers) or 50°C (specific primers) for 30 sec and 72°C for 1 min. For
disruption module construction: 96°C for 4min, followed by 30 cycles: 94°C for 30 sec,
70°C for 30 sec and 72°C for 1.5 min.

Growth characterization

The strains were grown till log-phase in YPD, harvested and resuspended in the
appropriate media in an ODgoo= 0.01. Aliquots were collected each hour for 24 hours and
the absorbance at A= 600nm was measured. The results presented are the average of three

independent experiments.

Solid growth assay
The assays were performed as described elsewhere (Verdoucq ez al., 1999; Demasi et al.,

2001).

Northern blot analysis

Cells were grown in SD plus 0.1% yeast extract under the conditions described in
Results. Aliquots of cells were collected and total RNAs were extracted by the hot acid
phenol method (Ausubel er al., 1998). Samples were resolved by formaldehyde gel
electrophoresis, blotted onto a positively charged nylon membrane (Hybond N'-
Amersham Pharmacia) and fixed to it following standard protocols. The probes used were
the following DNA fragments (numbers refer to position relative to ORF start codon):

MOX- a 2,3kb EcoRV fragment (+21 to +2323), CAT- a 1,7kb EcoRVEcoRV fragment
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(+172 to +1695) and DAS, a 1.0kb (+197/+1196) PCR fragment obtained with the
primers Dasf and Dasr. All probes were labeled by random primer extension with a-
dATP*? (Amersham Pharmacia). Hybridization was carried out at 42°C following

standard protocols (Ausubel et al., 1998).
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RESULTS

Identification of H. polymorpha TUP1 and SNF] homologues

H. polymorpha DNA fragments were obtained by PCR using degenerated primers
for important regions of the TUPI and SNFI genes (Table 1 and Fig. 1). The putative
HpTUPI encompassed six WD repeats (Fig.1), a typical motif of this protein family,
which is involved in protein-protein interaction and signalling (Smith et a/., 1999). The
putative HpSNFI gene fragment bears a region with high similarity to related proteins,
including part of the serine/threonine domain presented in all SNFI-like kinases (Hanks
and Hunter, 1995) (Fig.1). Both genes presented the highest similarities with homologues
from the Candida genera, which is phlylogenetically closer to Hansenula. From the
sequence comparison analysis, it was concluded that the DNA fragments obtained
encompass the most important functional regions of H. polymorpha TUP1 and SNF1

genes.

Construction of 7UP and SNF1 H. polymorpha mutants by PCR

The HpTUPI and HpSNFI fragments were used to construct disruption modules
as described in Materials and Methods. H. polymorpha wild type cells were transformed
and positive colonies growing on G418 were selected. About 150 transformants for each
gene were screened for the presence of the disruption module by PCR amplification using
specific primers for the HpZ7UP/ and HpSNFI gene fragments. Fig. 2 shows the PCR
products of correct integrations, observed for 7% of the transformants, in comparison to
amplification of the wild type fragments. Growth abilities of zup! and snf7 cells on plates

containing G418 were re-checked in comparison to wild type cells (not shown).
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Expression analysis of genes involved in methanol utilization in tup] and snf7 mutants

The expression of the genes MOX, CAT and DAS, which encode peroxisomal

enzymes involved in methanol metabolism, were analysed by Northern Blot in cells from
the strains tup] and snfl in comparison to wild type cells. In H. polymorpha tupl cells,
the transcripts level of the three genes were very similar to those presented by wild type
cells on media glucose or methanol (Fig. 3). This indicates that MOX, CAT and DAS
regulation by glucose are TUP/-independent in H. polymorpha. Interestingly, snfl cells
presented a significant reduction on MOX and DAS transcription when grown on media
containing methanol (Fig. 3), suggesting that SNF/ might be needed for activated levels
of these genes. Conversely, CAT transcription was unaffected under this condition (Fig.

3).

Disruption effects of the HpTUP1 and HpSNF1 on carbon utilization

In S. cerevisiae, disruption of TUP! or SNFI led to several pleiotropic effects in
addition to glucose regulation. For example, TUP!I disruption led to cell flocculation
(Lipke and Hull-Pilisbury, 1984) and SNF! disruption to a general slow grow (Schuller
and Entian, 1987). To examine whether disruption of Hp7UP/ or HpSNF! would lead to
general growth defects or specifically affect the methanol metabolism, the growth rates of
mutant cells were compared to the wild type counterparts in solid and liquid media (Fig.
4). In contrast to the phenotypes observed in S. cerevisiae, no significant difference in

growth was observed in either carbon sources.
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DISCUSSION

In H. polymorpha the MOX promoter has been investigated due to its importance
for industrial expression of heterologous protein. The understanding of the factors
governing its regulation may be useful to expand its expression profile, allowing
utilization of MOX promoter in conditions under which it is ineffective (e.g. in glucose-
containing medium). In addition, MOX regulation is tightly connected with the
peroxisomal metabolism, so that the comprehension of the factors affecting its expression
may help to understand the factors involved in peroxisomal regulation.

Remarkably, the MOX promoter can drive glucose repressible expression of a
reporter gene in S. cerevisiae (Pereira and Hollenberg, 1996), a non-methylotrophic yeast
that has been widely employed as model organism. This finding indicates that S.
cerevisiae could conserve the molecular mechanisms that regulate MOX in H.
polymorpha. Consistent with this hypothesis, Adrlp, a transcription factor that activates
ADH? (alcohol dehydrogenase 2) and a number of genes encoding peroxisomal proteins
(Simon et al., 1995; Gurvitz et al., 2001; Young et al., 2002) regulates also the MOX
promoter in S. cerevisiae. Thus, H. polymorpha genes homologous to S. cerevisiae
factors that regulate genes involved in carbon source utilization may be responsible for
the transcriptional regulation of the methanol metabolism genes. For that reason, H.
polymorpha homologues of the genes Sc7UPI and ScSNFI, which play key roles in the
regulation of several genes subjected to glucose repression in S. cerevisiae, were
investigated in this work.

TUPI mutations eliminate or reduce glucose repression of many repressible S.

cerevisiae genes and induce other phenotypes, including flocculation, failure to sporulate,
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and sterility of MAT alpha cells (Williams and Trumbly, 1990). However, in H.
polymorpha no evident phenotype was observed for the tup! deletion. Mutant cells were
indistinguishable from wild type under microscopic analysis and no variation in growth
behavior or in expression of major genes involved in methanol metabolism could be
observed. It is important to note that although the deletion does not encompass the
complete ORF, the removed region bears the WD40 repeats, which are essential and
sufficient for TUP! repressing function in S. cerevisiae (Williams and Trumbly, 1990;
Sprague et al., 2000). This result is surprising since clear effects of TUPI mutations have
been demonstrated in other yeast species closer to H. polymorpha. For example, Candida
albicans TUPI, which works in a complex similar to that identified is S. cerevisiae, is
involved in general regulation of metabolism, cellular morphogenesis and stress
responses (Murad et al., 2001). Although TUPI is not essential in this species, its
deletions led to female sterility, reduced growth rates and failure to turn on filamentous
growth (Yamashiro et al., 1996; Braun and Johnson, 1997).

Conceming SNF1, the product of this gene in S. cerevisiae is required to derepress
many glucose-repressible genes, such as, SUC2 (Carlson e al., 1981), GALI (Flick and
Johnston, 1990) and ADH2 (Denis and Audino, 1991), in response to conditions of low
external glucose, interfering in the utilization of sucrose, galactose and maltose (Celenza
and Carlson, 1984). The snfl mutation led to pleiotropic effects, such as a petite like
phenotype and slow growth, having the mutant cells a “sick” aspect (Carlson et al.,
1981). One of the main roles of Snflp is to relieve repression by the Mig1p-Ssn6p-Tuplp
complex (Ostling et al., 1996), but it is also involved in the operation of transcription
factors such as Adrlp (Young er al., 2002), and possibly other factors that are still

unidentified [65]. Indeed, the protein kinase Snflp is shared by various circuits and is
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therefore a central element in several regulatory processes [65]. Disruption of the
Candida glabrata SNF] homolog resulted in the loss of the ability to utilize trehalose,
indicating that even in an organism with such a limited carbon utilization spectrum, the
regulatory mechanism governing catabolite repression is preserved (Petter and Kwon-
Chung, 1996).

Consistent with the possibility of playing a role in derepression in H. polymorpha,
the deletion of SNF/ led to significant reduction of the MOX and DAS expression in cells
growing in methanol. This effect seems to be specific for some genes, since CAT
expression remained unaffected by the deletion. These results reinforce the view that
MOX and DAS are tightly co-regulated and that possibly Snflp plays a role in their
regulatory circuits. However, this role may not be due the inactivation of the Miglp-
Ssn6p-Tuplp complex, as has been reported for several S. cerevisiae genes [65]. As
described above, HpTUP! does not seem to repress either MOX or DAS expression. More
probably, HpSNF'/ could exert its effect by interacting with a putative HpAdrlp that is
believed to regulate MOX (Pereira and Hollenberg, 1996). In S. cerevisiae, several genes,
including some that encode peroxisomal proteins, are regulated by both factors (Denis
and Audino, 1991; Simon et al., 1992; Navarro and Igual, 1994). Moreover, Snflp has
been recently demonstrated to promote binding of Adrlp to chromatin (Young et al.,
2002). These facts indicate that both factors are connected to the regulation of some
genes and that this connection may be conserved in other organisms.

Nevertheless, despite the reduction in MOX and DAS expression, deletion of SNF/
did not produce any obvious external phenotype. The general aspect of the snf7 cells was

normal under microscopy, indistinguishable from wild type. Also the growth rate was
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normal, even in methanol, indicating that the reduction in MOX expression was not
sufficient to create a bottleneck in peroxisomal methanol metabolism.

The slight effect of SNF/ deletion in H. polymorpha is quite surprisingly. In C.
tropicalis, a species closer to H. polymorpha, the SNF1 homologue (CtSNFI) seems to be
an essential gene and to affect expression of several carbon utilization genes (Kanai et al.,
1999). Similar situation is observed for C. albicans (Petter et al., 1997).

In summary, our work indicates that, in contrast to the observations made for
other yeast species, the genes 7UP/ and SNFI do not play essential roles in carbon
source regulation in H. polymorpha. Nevertheless, Snflp may participate on the
activation of genes repressed by glucose, but at least in case of the genes MOX and DAS,
its mechanism of action is diverse from counteract the repression of the Tuplp containing

complex.
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LEGENDS

Figure 1: Identification of HpTUP! and HpSNFI gene fragments. Alignments of the
predicted HpTuplp (A) and HpSnflp (B) proteins with other known homologues. (HP =
Hansenula polymorpha, CA = Candida albicans, CG = Candida glabrata, CT = Candida
tropicalis, EM = Emericella nidulans, KL = Kluyveromyces lactis, NC = Neurospora
crassa, Sc = Saccharomyces cerevisiae, Sp = Schizosaccharomyces pombe, YL=
Yarrowia lipolytica). The known conserved domains identified in C. albicans proteins are
schematically shown on top of the alignments (see text for details). Alignments were
done with the Multalin tool (www.prodes.toulouse.inra. fr/multalin/multalin.html) and the
DNA sequences were deposited in the NCBI GenBank (HpZ7UPI: AY145087 and
HpSNFI. AY155202). The amino acids in gray shade are identical among the species.

The amino acids in black shade differ in just one species.

Figure 2. Disruption strategy and screening of H. polymorpha tupl and snfl
mutants. The specific kanmx4 disruption modules were constructed by PCR using
chimeric oligonucleotides (see Materials and Methods for details). Screening for positive
mutants growing in G418 was made by PCR using specific primers for the HpTUPI and
HpSNFI genes. These primers (STupl.l, STupl.2; SSnfl.1, SSnfl.2) amplify
respectively 500bp and 300bp of the wild type genomic copies of each gene. Mutants in
which the genes were efficiently disrupted present a single 1.5kb band as a result of the

PCRs.
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Figure 3: Analyses of MOX, CAT and DAS expression in WT, tupl and snfI cells.
Northern blotting of samples collected after shifting cells from repressing (cells grown
overnight in glucose 5% - time 0) to derepressing conditions (methanol 1%) for 6 hours:
G - glucose; M — methanol. rRNA bands of samples used in each filter are shown in
agarose-formaldehyde gels stained with ethidium bromide prior to blotting. The probes

used are described in Materials and Methods.

Figure 4: Effects of tupl and snfl deletions on growth in glucose and methanol. A:
Growth assays were performed with wild type, swi2 and swi3 cells in agar plates
containing 5% glucose or 1% methanol as described elsewhere (Verdoucq et al., 1999;
Demasi et al., 2001). Plates were photographed after 48 hours of growth at 37°C. B:
Growth rates of cells from wild type, rup! and snf7 strains on liquid media containing 5%

glucose or 1% methanol were monitored for up to 24 hours.
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Table 1. Oligonucleotides used in this work

Primer Sequence Source
Degenerated
DTup1.1 5’GGGGTACCYTTCCADATNCKNGCYTTRCARTCNCCY’ Braun and
Johson, 1997.
DTup1.2 5GGCTGCAGGGCNAYGARCARGAYATHTAYTC3’ Braun and
Johson, 1997.
DSnf1.1 5’GGRRTTTCAATTRYRTCNGTRTCRAAGCS This study
DSnf1.2 5'GCYTGNARRTGYAARTTYGCNTGRTGNGG3' This study
Disruption
CDTup1.1 5TTTCTGGCTCAGAAGCCAGCCCAGTAAGATTTTGGAGCTCGC This study
TCGTCCCCGCCGGGTC3
CDTup1.2 5'CCCGACACCTCTCTTCTGGGTCATAACCGGTTCGACAGCAGT This study
ATAGCGACCAGC3
CDSnf1.1 5TCACCATCAAGGAGATCATGGAGGACGAGTAGCTTGCCTCG This study
TCCCCGCCGGGTC3
CDSnf1.2 5GGTTGTATTTGGTTCCATTATTCGTCGACAGCAGTATAGCGA This study
' CCAGC3
Specific and
Screening
STup1.1 5' CTTCGACTCAGCCAATGAAAGCG 3' This study
STup1.2 S5'TCTGATAACAGAGTTTCTGTGTCCY This study
SSnf1.1 5 TCACCATCAAGGAGATCATGGAGGS3' This study
SSsnf1.2 5'GGTTGTATTTGGTTCCATTATTCG3 This study
Dasf 5'ACTTCAACAGAGACAGGTTTG3' This study
Dasr 5'AAATTGACAGACACAGACAGGTC3' This study
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5.4 Identificacdio e disrupciio dos genes SIW2 e SWI3 de Hansenula polymorpha !

Para os genes Swi2 e Swi3 foi possivel por meio da técnica de oligonucleotideos
degenerados identificar segmentos génicos com alta similaridade aos correspondentes em outros
organismos. As proteinas pertencentes a familia de helicases do tipo Swi2p, constituintes dos
complexos remodeladores de cromatina, possuem trés segmentos altamente conservados:
bromodominio, DEGH e um dominio de helicase dependente de ATP. O segmento génico
identificado como HpSWI2 codifica o dominio DEGH e grande parte do dominio de helicase, os
quais acredita-se serem essénciais para as fungSes do complexo SWI/SNF no remodelamento da
estrutura nucleossomal [56].

Fatores similares a Swi3p possuem como caracteristica fundamental, a existéncia de um
dominio denominado SANT (SWI-ADA -N-CoR-TFIIIB), o qual confere a habilidade ao
complexo SWI/SNF de se ligar ao DNA e reconhece a sequiiéncia consenso YAAC(G/T)G
[75,129]. O fragmento identificado como homdlogo a Swi3 em H. polymorpha codifica grande
parte do dominio SANT. As disrupgdes de Swi2 e Swi3 de H. polymorpha eliminaram grandes
segmentos dos dominios essenciais para a fungdo bioldgica destas proteinas (Manuscrito 2). A
extingdo dos transcritos de Hpswi2 e Hpswi3 foram confirmados por RT PCR (Manuscrito 2).

5.5 Efeito das disrupcdes na utilizacdo de fontes alternativas de carbono

5.5.1 Crescimento em meio solido

Assim como para os mutantes fup] e snfl, foram testadas varias fontes de carbono com a
finalidade de delinear os efeitos das delegdes génicas parciais de swi2 e swi3. Os resultados
obtidos para os mutantes swi2 e swi3 estdo de acordo com os descritos para S. cerevisiae como
crescimento lento e tendéncia a floculagdo. Ainda, os efeitos das disrupgdes sdo extremamente
semelhantes para ambos os mutantes, reforgando que as mutagdes afetaramn o mesmo complexo
proteico. E interessante salientar que os mutantes swi2 e swi3 possuem a habilidade de crescer em
todas as fontes de carbono testadas. Entretanto, nos meios contendo glicerol ou metanol como

unica fonte de carbono € possivel constatar uma diferenga notavel de crescimento entre as células

! A identificagdo, disrup¢do e caracterizagio de Swi2 de H. polymorpha foi realizada conjuntamente com o Aluno
Victor Genu o qual possui grande interesse em posicionamento de nucleossomos no promotor Mox. Os resultados
apresentados nesta segdo incluem parte do trabalho de iniciagdo cientifica da aluna Anita Paula Testa Salmazo a qual
trabalhou na clonagem ¢ caracterizagdo do gene Swi3 de Hansenula polymorpha. Os resultados s3o apresentados em
conjunto por se complemetarem e fazerem parte de um mesmo manuscrito submetido a apreciagdo do corpo editorial
do periodico FEMS letters o qual faz parte dos resultados da tese.
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mutantes e as selvagens, sugerindo o envolvimento do complexo SWI/SNF no metabolismo de

metanol (Fig.8).

Glicose Sacarose

Rafinose
swi2
WT

Swi3

Galactose
swi2

WT

swi3

N N/ N N N/ N N N/ N N/
S 25 125 625 5 25 125 625

Figura 8: Efeito das disrupgdes dos genes HpSwi2 e HpSwi3 na utilizagdo de diversas fontes de carbono.
As placas foram fotografadas apés 48 horas de incubagdo a 37 °C. Com excegdo das placas contendo
glicerol (2%) e metanol (1%) as concentragdes finais das demais fontes de carbono foram de 3%.

O crescimento das células swi2 e swi3 em sacarose se apresentou bastante prejudicado
(Fig.8). Em S. cerevisiae ja foi descrito que a delegdo destes genes causa grande perturbagdo na
estrutura do promotor de SUC2 (gene que codifica a invertase) causando uma diminui¢do nos
niveis de transcritos ¢ conseqiiente redugdo na utilizagdo desta fonte de carbono [6].

Fendmeno bastante interessante é o exibido pelos mutantes quando a fonte de carbono €
galactose e com pouco menos intensidade em rafinose. De acordo com os dados da literatura
(Centraalbureau voor Schimmelcultures-http://www.cbs.knaw.nl/) a linhagem ATCC34438
(CBS4732) ndo é capaz de metabolizar galactose. Entretanto constatamos que esta linhagem
possui um metabolismo basal para galactose, ainda, nas linhagens mutantes este metabolismo se

apresenta extremamente acentuado (Fig.8). Os resultados sdo abordados no manuscrito2.
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5.5.3 Curvas de crescimento em meio liquido

Adicionalmente as observagdes efetudas em meio s6lido para a analise do aproveitamento
dos carboidratos foram analizadas as capacidades dos mutantes crescerem em meio liquido

contendo glicose (controle), glicerol ou metanol (Fig.9).

20 -

—a— WT-glicose

—a— swi2-glicose

OD600

—a— SWi3-glicose

— - [ g <> Ll o

19
22

Tempo (horas)

—o— WT-glicerol

—o— swi2-glicerol

0D600

—a— sWi3-glicerol

Tempo (horas)

—eo— WT-metanol

—f— SWi2-metanol

0OD600
[CRF I VY-

—a— sWi3-metanol

—

Tempo (horas)

Figura 9: Curvas de crescimento de células das linhagens WT, swi2 e swi3 em meios liquidos contendo 3%
glicose, 2% glicerol ou 1% metanol. As culturas foram monitoradas medindo as ODggo a cada hora por até
30 horas. Os resultados apresentados s3o a média de trés experimentos independentes.

As leveduras swi2 e swi3 apresentaram um compromentimento no crescimento em todos
os meios testados. Em glicose os mutantes swi2 e swi3 apresentaram um crescimento inferior ao

apresentado pelo tipo selvagem, entrando em fase log somente apos 14 horas de crescimento

atingindo fase estaciondria em ODgo~5. Em contraste, a levedura selvagem atinge a fase
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logaritmica em 7 horas e entra em fase estacionaria ODggo~15. Em glicerol e metanol as leveduras
também apresentaram uma fase lag exacerbada e atingiram ODs muito inferiores a levedura do

tipo selvagem (Fig.9).

5.5.4 Expressido do gene Mox nos mutantes swi2 e swi3

Os resultados obtidos nos experimentos de crescimento dos mutantes em meio solido e
liquido indicaram um comprometimento na utilizagdo de metanol como fonte de carbono. Para
avaliar o efeitodas disrupgdes estavam influenciando na transcrigdo do principal gene envolvido

na degradagdo de metanol (Mox) foram conduzidos experimentos de “northern blor” (Fig.10).

i2
wTt =Y!% swis3

B) &
G M G M G M
Figura 10: Analise da expressdo do gene MOX em linhagens selvagens (WT) e mutantes (swi2 e swi3). As
células foram crescidas por 16 horas 37°C em YNB + 3% de glicose. Apos este periodo as células foram
transferidas ou para meio repressor (G-Glicose 5%) ou submetidas & indugo de Mox (M- Metanol 1%) por
um periodo de 6 horas. A) Gel de agarose/MOPS/formamida mostrando o RNA ribossomal de células

selvagens e das células swi2 e swi3. B) Resultado de northern blotting e hibridagdo utilizando como sonda
fragmento do gene Mox marcado com P*2,

A levedura selvagem apresentou forte indugdo na transcri¢do de Mox sob as condigdes
testadas, entretanto, ndo foi possivel a detecgdo de transcritos Mox nos mutantes swi2 e swi3. Os
experimentos de northern blot foram repetidos sob diversas condi¢Ses (dados ndo apresentados).
Este resultado é particularmente curioso, uma vez que as células mutantes conseguem crescer em
meio contendo metanol como unica fonte de carbono. Para se confirmar se as células eram
realmente de H. polymorpha examinos suas caracteristicas ao microscopio, amplificamos um
segmento da regido regulatéria do gene Mox e seqiienciamos os produtos de amplificagdo. Ambos
0s experimentos comprovaram que os mutantes swi2 e swi3 eram H. polymorpha. Estes
resultados sugerem que a disrupgdo de HpSwi2 ou HpSwi3 levam a uma dramaética redugfo nos

niveis de transcri¢do do gene Mox.
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ABSTRACT

Hansenula polymorpha belongs to the specialized group of methylotrophic yeasts
and, like most species of this group, is unable to grow in galactose as a sole carbon
source. In this work, mutants harboring partial deletions of homologues of the S.
cerevisiae SWI2(SNF2) and SWI3 were produced to understand possible contributions of
the SWI-SNF complex in H. polymorpha carbohydrate metabolism. Surprisingly, the
deletions rendered cells able to utilize galactose, in contrast to the original wild type
phenotype. These observations imply that A. polymorpha has the genes for the galactose
metabolism, which were however turned off during evolution. Our results suggest that
SWI-SNF may play an important role in the silencing of H. polymorpha GAL genes and

that its inactivation restore a quiescent pathway of galactose utilization.

Keywords: SWI-SNF, Hansenula polymorpha, GAL, silencing, galactose, glucose

repression.
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INTRODUCTION

The yeast Hansenula polymorpha (syn. Pichia angusta) has been studied for
several years due to its ability to grow in methanol as a sole carbon and energy source.
Most genes involved in this metabolism are repressed by glucose or ethanol and activated
at different levels by growth in other unrelated carbon sources (e.g. glycerol < sorbitol <
methanol) (Veenhuis et al., 1983). This kind of activation can be regarded as derepression
because it is triggered by the absence of a compound responsible for repression. In the
model yeast Saccharomyces cerevisiae, this process has been found for several genes
involved in respiration or in the utilization of alternative carbon sources. For example, the
genes encoding invertase (SUCZ2) or alcohol dehydrogenase 2 (4DH2) are repressed by
glucose and derepressed by the absence of this compound [65]. No specific inducer is
necessary. In contrast, other genes, like the GAL genes, need both the absence of glucose
and the presence of an inducer (galactose) to be fully activatéd (reviewed in Lohr et al.,
1995). Absence of glucose alone allows only low expression of the GAL genes. Under
this condition, they are considered derepressed.

In order to understand the components of these regulatory systems, in earlier
experiments different S. cerevisiae mutants have been isolated due to their inability to
derepress the SUC2 gene and therefore to ferment sucrose (sucrose non fermenter - snf
mutants). The snf mutants presented pleiotropic effects, affecting the derepression of
several other genes involved in carbon utilization, like GALI, GALIO, and ADH?2
(Abrams et al., 1986; Peterson and Herskowitz, 1992). Using similar strategies, mutants
have been isolated for other independent cellular processes, like mating type switching
(swi mutants) and Ty-mediated transcription (fye mutants). Remarkably, it has been

demonstrated that regulatory genes affecting these processes were identical: SWI2= SNF2

68



and TYE3; SNF5 = SWI10 and TYE4 (Ciriacy et al., 1991) and SWI3=TYE2 (Lohning et
al., 1993). These genes encoded subunits of an ATP-dependent chromatin remodeling
complex, SWI/SNF (Cairns et al., 1994; Peterson et al., 1994), which has counterparts in
several organisms, from yeast to human (reviewed in Vignali et al., 2000).

It has been demonstrated that H. polymorpha methanol oxidase (MOX) gene is
properly regulated in S. cerevisiae, a non methylotrophic yeast (Pereira and Hollenberg,
1996). The MOX promoter is repressed by glucose and derepressed by the absence of this
compound. Thus, it is likely that H. polymorpha and S. cerevisiae present similar
regulatory systems to control sets of genes involved in carbohydrate utilization. We have
partially cloned and disrupted H. polymorpha genes homologous to AMIG! and TUPI,
involved in glucose repression in S. cerevisiae, and the genes SNF1, SWI2 (SNF2) and
SWI3, generally regarded as involved in derepression.

In this work, we present the analysis of HpSWI2 and HpSWI3 cloning and
disruption. In general, swi2 or swi3 mutations led to similar effects, indicating that they
also belong to a multiprotein complex in H. polymorpha. The cells presented significant
reduction in growth on several carbon sources, like glucose, sucrose, glycerol and
methanol. Surprisingly, in contrast to H. polymorpha wild type cells, that are unable to
utilize galactose as carbon source (www.cbs.knaw.nl), the mutants acquired the ability to
grow on galactose. This fact indicates that H. polymorpha has a quiescent galactose
pathway, whose genes are kept silent by factors somehow connected with the SWI/SNF

complex. The relevance of these findings will be discussed.
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MATERIALS AND METHODS

Yeast strains and growth conditions — The H. polymorpha strain used to disrupt

homologues of the SWI2 and SWI3 genes was isogenic to strain CBS4732 (wild type -
WT). YPD (1% yeast extract, 2% peptone, 2% glucose) was used as rich medium. SD
medium (0.17% YNB; 0.5% ammonium sulfate) was used as a synthetic medium and was
supplemented with 5% glucose, 3% sucrose, 1% methanol, 2% glycerol, 1%
glucosamine, or 3% galactose. When used without any carbon source, SD medium is
referred to as SD°. Cells were grown at 37°C.

Bacterial strains, plasmids and oligonucleotides — Escherichia coli strain DH10B

(Invitrogen) was used for all DNA manipulations. Plasmid pF6A-kanmx4 (Wach et al.,
1994) was used for construction of the disruption modules. pGEM-T (Promega) and
pUC18 were used for cloning of PCR products. The oligonucleotides used in this study
are listed in Table 1.

Cloning and disruption of H. polymorpha homologues of SWI2 and SWI3 genes -
Strategy of cloning was based on degenerated oligonucleotides (see Table 1). We
designed degenerated primers for SWI2 (Dswi2F and Dswi2R) and SWI3 (Dswi3F and
Dswi3R) gene sequences from other species (S. cerevisiae, Drosophila melanogaster and
Homo sapiens). These primers were used to conduct PCRs with genomic DNA from H.
polymorpha (WT strain) as the template. Selected PCR products were cloned into pGEM-
T (Promega) and sequenced. The DNA sequences obtained were analyzed by BlastX.
Sequences presenting high similarities with SWI2 and SWI13 (AY 145088 and AY142211,
respectively; see Fig. 1) were used to design chimerical disruption oligonucleotides and
specific primers for subsequent screening. Disruption oligonucleotides (see Table 1 and

Fig. 2) present ~30bp of the genes to be disrupted in their 5' extremities; the 3' extremities
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are composed of ~25bp complementary to the Multiple Cloning Site of the pF6A plasmid
where the kanmx4 disruption module was integrated (Wach et al., 1994). Specific SWI2
and SWI13 kanmx4 modules were constructed with these primers (Cdswi2F+Cdswi2R and
Cdswi3F+Cdswi3R, respectively) by standard PCRs using the pF6A-kanmx4 plasmid as
a template. These linear disruption modules bear, at both 5' and 3' ends, sequences
homologous to SWI2 and SWI3 genes and were used to transform H. polymorpha WT
electro-competent cells. The kanmx4 module confers resistance to the drug G418 (Wach
et al., 1994), which was used for preliminary screening. Positive transformants growing
in the presence of G418 (Amersham Pharmacia) were confirmed by colony PCR and also
by PCRs with genomic DNAs.

PCR Conditions — All PCRs were made in a final volume of 50 ul using kits (Promega)

and following instructions provided by the manufacturer. All reactions were carried out
on a 9700 thermocycler (Applied Biosystems). The programs used for degenerated or
specific reactions (respectively) were: 96°C for 4min, followed by 30 cycles at the
subsequent temperatures and times: 94°C for 30 sec, 40°C or 50°C for 30 sec and 72°C
for 1 min. For construction of the disruption modules, the program used was: 96°C for
4min, followed by 30 cycles: 94°C for 30 sec, 70°C for 45 sec and 72°C for 1.5 min.

RT-PCR - Total RNA samples were extracted (conditions described in Results) by the hot
acid phenol method (Ausubel et al., 1998) and then treated with DNase I (Invitrogen).
Sample quantification was done by measuring its Ay, in a spectrophotometer. RT
reactions were performed with Superscript II Reverse Transcriptase (Invitrogen)

following instructions provided by the manufacturer. Primers Sswi2R and Sswi3R were
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used for first strand synthesis; these were combined with primers Sswi2F and Sswi3F
(respectively) for the standard subsequent PCRs.

Growth assays on solid media — Yeast cells were grown in liquid SD media plus 5%

glucose till they reached an ODggo = 0.6, harvested and resuspended in the same media in
an ODggo = 0.2. When they reached ODgg = 0.6 again, they were re-diluted to ODggo= 0.2
with SD° media. From this point on, serial dilutions were made with SD?: N (ODgoo =
0.2), N/5, N/25, N/125 and N/625. Finally, 12l of each dilution were dropped on agar
plates supplied with different carbon sources (indicated in Results). The plates were
incubated at 37°C for up to three days and photographed. These procedures were based
on Verdoucq et al., (1997) and Demasi et al., (2002).

Growth characterization — Cells from the three strains were grown till log-phase in YPD,

harvested and resuspended in the appropriate media (indicated in Results) at an ODgoo=
0.01. Aliquots were collected each hour for 29 hours and the absorbance at A= 600nm

was measured. The results presented are the average of three independent experiments.
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RESULTS

Identification of H. polymorpha SWI2 and SWI13 homologues

H. polymorpha DNA fragments were obtained by PCR using degenerated primers
for important regions of the SW12 and SWI3 genes (Table 1 and Fig. 1). The putative
HpSWI2 fragment encompassed a large predicted helicase domain, which includes the
DEGH box (Fig. 1A). These regions are believed to be important for Swi2p function in
vivo (Du et al., 1998). The putative HpSWI3 gene fragment bears a region with high
similarity to related proteins, including part of the SANT domain (Fig. 1B) responsible
for interacting with DNA (Aasland et al., 1996). Therefore, it was concluded that the
DNA fragments encompass important functional regions of the H. polymorpha SWI2 and

SWI3 genes.

Construction of swi2 and swi3 H. polymorpha mutants by PCR

The HpSWI2 and HpSWI3 fragments were used to construct disruption modules as
described in the Materials and Methods. H. polymorpha wild type cells were transformed
and positive colonies growing on G418 were selected. About 150 transformants for each
gene were screened for the presence of the disruption module by PCR amplification using
specific primers for the HpSW72 and HpSWI3 gene fragments. Fig. 2A shows the PCR
products of correct integrations, observed for 5% of the transformants, in comparison to
amplification of the wild type fragments. Growth abilities of swi2 and swi3 cells on plates
containing G418 were re-checked in comparison to wild type cells (Fig. 2B).

Transcription of the HpSW12 and HpSWI3 genes were analyzed by RT-PCR using
total RNA extracted from WT, swi2 and swi3 cells growing in 2% glycerol and the same

set of specific primers from Fig. 2A. Fig. 2C shows that both genes are transcribed when
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grown in glycerol in wild type cells, but not in the mutants, confirming that the deletions
abolished transcription. To make certain that the selected colonies were actually A.
polymorpha cells, we amplified a specific 270bp segment of the MOX promoter region
(Ledeboer et al., 1985) from genomic DNAs (Fig. 2D) and sequenced the resulting PCR

fragments (data not shown).

Effects of swi2 and swi3 mutations in H. polymorpha on carbohvydrate utilization

Wild type, swi2 and swi3 single colonies were inoculated from glucose containing
SD plates to SD liquid media containing fermentative (5% glucose or 3% sucrose), non-
fermentative (1% methanol or 2% glycerol) or nonmetabolizable (1% glucosamine or 3%
galactose) carbon sources. Visual inspection indicated that swi2 and swi3 cells presented
similar growth in all tested media, however growth was significantly reduced in
comparison to wild type cells on glucose, sucrose, methanol. and glycerol. As expected,
none of the cell types could grow on glucosamine. Surprisingly, in contrast to wild type,
both swi2 and swi3 mutants could efficiently grow in galactose. H. polymorpha is
normally characterized as a galactose minus species (www.cbs.knaw.nl).

Growth was also tested on plates. Cells were grown in liquid media to the same
log phase ODggo, then serially diluted and dropped on plates (described in Materials and
Methods). Thus, drops of the same dilution have comparable amounts of cells and the
density of the drop area through time will be proportional to the growth rate. The results
are shown in Fig. 3A. The strains presented comparable growth on glucose. On plates
containing glycerol or sucrose, swi2 and swi3 cells displayed reduced growth in
comparison to wild type cells. On galactose plates, only the mutants were able to grow

efficiently.
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To further confirm these results, we monitored the growth abilities of the cells in
liquid media containing glucose or galactose (Fig. 3B). Consistent with the previous data,
all strains were able to grow on glucose, but swi2 and swi3 cells presented a longer lag
phase and reached stationary phase at lower ODs. Wild type cells entered log phase after
6 hours of growth and reached stationary phase at an ODggo = 15; in contrast, swi2 and
swi3 entered log phase after 11 hours and reached stationary phase at ODggo = 7 and 6,
respectively. On galactose, wild type and mutant cells presented similar features at lag
phase, which lasted about 11 hours. After that, however, the mutants entered a strong log
phase, reaching stationary phase in an ODgg ~11 after 25 hours of growth. In contrast,
wild type cells failed to enter log phase and the culture maintained a stable ODggo =1 all

through the experiment.
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DISCUSSION

In this work, we cloned functional important regions of the H. polymorpha SWI2
and SWI3 genes and showed the effect of the disruption of either gene in this yeast.

In S. cerevisiae, SWI2 and SWI3 encode components of a multiprotein complex,
named SWI/SNF (Caims et al., 1994; Peterson et al., 1994), implicated in the
transcriptional activation of several differently regulated promoters (Abrams et al., 1986;
Peterson and Herskowitz, 1992; Laurent and Carlson, 1992). Genetic and biochemical
evidence indicates that the SWI/SNF complex relieves chromatin-mediated repression at
specific promoters in an ATP-dependent manner, facilitating interactions between
activators and chromatin (Hirschhorn et al., 1992; Coté et al., 1994; reviewed in Vignali
et al., 2000). Specificity seems to be achieved by the interaction of SWI/SNF with
transactivation domains of given factors, which recruits the complex to particular
promoters (Yudkovsky et al., 1999). Loss of components of this system lead to failure in
the activation of several genes, like SUC2 (Matallana et al., 1992; Wu and Winston,
1997) and GALI-10 (Peterson and Herskowitz, 1992). Consequently, cells become
defective for growth on sucrose and galactose (Neigeborn and Carlson, 1984).

In H. polymorpha, deletion of either SWI2 or SWI3 led to a general reduction in
growth on all tested fermentative and non-fermentative carbon sources. Growth on
glucose was less affected in comparison to other sources, like sucrose and glycerol, which
requires the derepression of additional genes encoding enzymes like invertase (Carlson
and Botstein, 1982) and glycerol kinase (Pavlik et al., 1993). Thus, this phenotype is
compatible with the existence of a SWI/SNF complex in H. polymorpha with functions
similar to those described for S. cerevisiae; i.e. facilitate the expression of a number of

genes (Sudarsanam and Winston, 2000). However, the mutations lead additionally to a
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fully unpredicted result. In contrast to S. cerevisiae, which need SWI/SNF to grow on
galactose (Peterson and Herskowitz, 1992), the H. polymorpha swi/snf cells acquired the
ability to efficiently utilize this compound, which is not considered as a carbon source for
this species (www.cbs.knaw.nl).

Though puzzling, these facts led to the following conclusions: first, H.
polymorpha has the minimal set of genes necessary for galactose utilization; second,
these genes are silenced in wild type cells; third, the SWI/SNF complex is somehow
involved in this silencing.

Galactose utilization involves basically two biochemical processes: uptake of
galactose by a hexose transporter and conversion of galactose into glucose-1-phosphate
(Lohr et al., 1995). Specialized enzymes and genes for this process are: galactokinase
(ScGALI), galactose-1-phosphate uridylyltransferase (ScGAL7) and UDP-glucose 4-
epimerase (ScGALI0) (Frey, 1996). No alternative pathway has yet been described. To
date, no H. polymorpha sequence with significant similarity to these specific genes have
been reported. In our laboratory, sequencing and analyses of ~ 7000 random cDNA and
genomic shot-gun fragments failed to identify homologous to the GAL genes (data not
shown). However, our results indicate that they exist and are potentially functional, but
are rendered silent.

During evolution, selection forces drive the organisms for efficiency.
Consequently, over time organisms gain or lose functions according to the environment,
which they live. Silencing of metabolic pathways may have the function of saving energy
and avoiding the expression of genes whose products are no longer necessary. It is often
achieved by loss-of-function of gene regulatory or coding regions, either by the

accumulation of point mutations (Funchain et al., 2000), deletions (Cooper et al., 2001)

77



or by silencing through chromatin packaging, like heterochromatin (Donze and
Kamakaka, 2002). In the two initial cases, the restoration of biochemical pathways can
only be accomplished by re-introduction of the missing or malfunctioning fragments of
the genome; and in the last case, by relieving nucleosomes or higher order structures of
regulatory regions. However, if a gene is kept silent for long periods, it will no longer be
under selection. Therefore, the cells will have no disadvantage if it is rendered worthless
by the accumulation of mutations.

This does not seem to be the case with the putative H. polymorpha GAL genes.
While currently unable to grow on galactose, H. polymorpha sequences seem to be
functional. That means that silencing of this pathway may be a recent event and this view
is consistent with the fact that closely related methylotrophic yeast species, like Pichia
ofunaensis for example, can use this carbon source. Furthermore, remarkable cases of
maintenance of a biochemical pathway through long evoluﬁonary periods have been
demonstrated in higher eukaryotes. For example, the development of teeth in birds can be
re-activated once given the appropriate stimulus (Chen et al, 2000). This situation
implies that, although silent, the genes involved in teeth formation in birds have been
kept potentially functional for at least 60 million years.

Finally, the most interesting point is the fact that the galactose utilization pathway
in H. polymorpha is kept silent by SWI/SNF, a complex that is generally characterized as
a derepressor of the GAL genes in S. cerevisiae (Peterson and Herskowitz, 1992). Indeed,
it has been demonstrated that homologous regulators can play distinct roles in different
organisms (Guarente and Bermingham-McDonogh, 1992). Here, two scenarios appear
possible to explain this kind of connection. First, genome-wide expression of a S.

cerevisiae swi2 strain has shown that the SWI-SNF complex works also in the repression
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of a subset of genes (Holstege et al., 1998; Sudarsanam et al., 2000). It has also been
suggested that the RSC chromatin remodeling complex, which is highly similar to SWI-
SNF (Cairns et al., 1996), may participate in nucleosome assembly on the TATA box of
the CHAI promoter, leading to repression of the CHAI gene (Moreira and Holmberg,
1999). Accordingly, it is possible that the SWI-SNF complex could exert a similar
repressive role on any of the putative A. polymorpha GAL promoters. Alternatively, the
SWI-SNF complex could act as a transcriptional co-repressor, enabling an unknown
repressor to gain constitutive access to the H. polymorpha GAL gene promoter. Second,
the effect on galactose metabolism observed in H. polymorpha swi2 and swi3 mutants
could be indirect. It has been reported that swi2 mutations cause global chromatin
perturbations in S. cerevisiae (Peterson and Herskowitz, 1992). Hence, if the H.
polymorpha GAL genes are silenced due to specific nucleosome positioning of their
promoters, these global chromatin modifications could affect the accessibility in these
regions, allowing transcription.

Regardless of the SWI/SNF action mechanism, the fundamental point of this work
is the existence of quiescent galactose metabolism in H. polymorpha that can be
reactivated by the depletion of a regulatory complex generally accepted as an activator in
closely related species. These facts show how evolution can rearrange both functional and

regulatory genes to create new metabolic patterns.
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LEGENDS

Figure 1. Identification of HpSWI2 and HpSWI3 gene fragments. Alignments of the
predicted HpSwi2p (A) and HpSwi3p (B) proteins with other known homologues: H.P.-
H. polymorpha; S.C.- S. cerevisiae, G.G.- Gallus gallus; H.S.- Homo sapiens; D.M.-
Drosophila melanogaster, C.E.- Caenorhabditis elegans, S.P.- Schizosaccharomyces
pombe; M-M.- Mus musculus. The known conserved domains identified in S. cerevisiae
proteins are schematically shown on top of the alignments (see text for details).
Alignments were done with the MultAlin tool
(www.prodes.toulouse.inra.fr/multalin/multalin.html). The amino acids in gray shade are

identical among the species. The amino acids in black shade differ in just one species.

Figure 2. Disruption strategy and screening of H. polymorpha swi2 and swi3
mutants. A: The specific kanmx4 disruption modules were constructed by PCR using
chimeric oligonucleotides (see Materials and Methods for details). Screening for positive
mutants growing in G418 was made by PCR using specific primers for the HpSWI2 and
HpSWI3 genes (positions indicated by arrows). These primers (Swi2F, Swi2R; Swi3F,
Swi3R) amplify respectively 400 and 300bp of the wild type genomic copies of each
gene. Mutants in which the genes were efficiently disrupted present a single 1.5kb band
as a result of the PCRs. B: Growth of wild type, swi2 and swi3 cells on plates containing
G418. C: RT-PCR with RNA samples extracted from cells growing in 2% glycerol for
12hs. The primers Swi2R and Swi3R were used for first strand synthesis; these were
combined with the primers Swi2F and Swi3F for the subsequent PCRs. D: swi2 and swi3
cells were confirmed to be H. polymorpha mutants by amplifying a 270bp specific
fragment of the MOX promoter (Ledeboer er al., 1985). The same fragment amplified

from WT genomic DNA is shown as a control.

Figure 3. Effects of different carbon sources on growth. A: Growth assays were
performed with wild type, swi2 and swi3 cells in agar plates containing 5% glucose, 3%
sucrose, 2% glycerol, or 3% galactose as described in the Materials and Methods. Plates
containing glucose, glycerol and sucrose were photographed after 48 hours of growth;

plates containing galactose were photographed after 72 hours of growth. B: Growth rates
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of cells from wild type, swi2 and swi3 strains on liquid media containing 5% glucose or

3% galactose were monitored for up to 29 hours.
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Figures

A) HpSWI2 alignment B) HpSWI3 alignment
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Table 1.

_ Primers __Sequence
Degenerated
Dswi2F 5’CCNGARATHACNATHCCNAARCC 3
Dswi2R 5’CCATDATRTCCATNACYTGNGTC 3°
Dswi3F 5’ TTGGGMYTNWWHAAYTAYCA3®
Dswi3R SGINSWNARNACNGGTTYTC3’
Disruption
Cdswi2F 5 TGAAAAAGATCAGTTACAAAGGATCTCCGCAAAT
GCCTCGTCCCCGCCGGGTCS”
Cdswi2R 5 ACAAGAAGCGTCTTCTTCTTTCAGATAGCTCT
CGACAGCAGTATAGCGACCAGC3’
Cdswi3F 5’GCGAGCGCCTCATTGTCTTGCTCCAACATCTGCTT
TTGCCTCGTCCCCGCCGGGTCY
Cdswi3R 5’CCATAAGCGGACACGTTGGAACCCGGACCAAGG

GAATCGACAGCAGTATAGCGACCAGCS3®
Screening and confirmation

Sswi2F 5'CTTCGACTCAGCCAATGAAAGCGGS
Sswi2R 5’ TCTGATAACAGAGTTTCTGTGTCCS
Sswi3F 5’GCCATAAGCGGACACGTTGGY
Sswi3R 5’GCGAGCGCCTCATTGTCTTGS
MoxProF (-419/-403) 5’AACTGAGGGGGTTCTGCS®
MoxProR (-148/-165) ~ 5'GCTGCACGGTAGCATAAG3’
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5.6 Criacdo de banco de dados genético

Durante o doutoramento participamos do projeto de seqiiénciamento da bactéria Xylella
fastidiosa. Este organismo ¢ um fitopatdgeno reponsavel por diversas doengas em plantas
economicamente importantes como: clorose variegada do citrus (amarelinho) em laranja, doenga
de pierce em videiras e escaldadura de folhas de café e ameixa [130]). No projeto de
seqiiénciamento genémico do fitopatgeno Xylella fastidiosa (artigo em anexo) construimos um
banco de dados genético com a finalidade de processamanto (analise de qualidade, montagem de
“contigs” etc....), armazenamento e classificagdo das sequéncias obtidas. O banco de dados foi
rearranjado diversas vezes de forma a disponiblizar ferramentas e organizar os dados de acordo
com as sugestdes dos pesquisadores envolvidos no projeto. Durante todo o andamento do projeto
era possivel avaliar o estatus de sequenciamento de cada cosmideo e a montagem do genoma bem
como efetuar “downloads” das sequencias de plasmideos e cosmideos.

Inicialmente o banco de dados foi desenvolvido utilizando-se o software MySQL,
configurado adequadamente com tabelas relacionais que armazenam todos os dados do projeto.
Este banco de dados caracteriza-se por ser de facil manutengdo e também ser de dominio publico,
de acordo com as normas descritas pela GNU/GPL. As seqiiéncias geradas por cada grupo de
sequenciamento foram submetidas pelos grupos de seqiiénciamento para o LBI (laboratério de
bioinformatica) sediado na Unicamp. Foi desenvolvido um sistema de submissdo eletronica dos
eletroferogramas (cromatogramas) gerados. Cada seqiiéncia de DNA era extraida pelo
phred/phrap/consed gerando os arquivos: cromatogramas: o proprio cromatograma, tal qual foi
submetido; Graficos de qualidade: uma figura identificando a qualidade daquele cromatograma
base a base. Logo apos a submissdo um relatoério era enviado ao remetente via e-mail contendo as
informagdes: numero de bases da seqiiéncia, total de bases com vetor e a data de submissdo.

A anotagdio das ORFs foi realizada de forma manual em um esforgo conjunto dos grupos
de pesquisa constituintes do ONSA (Organization for Nucleotide Sequence and Analysis).
Atualmente o banco se encontra totalmente anotado sendo possivel o acesso através do enderego
http://aeg.Ibi.ic unicamp.br/xf, sendo possivel realizar pesquisas por palavras chave, nome da
ORF bem como obter informagdes de fungio e a tradugdo de cada ORF.

3.7 Sequéncimento e criagdo de banco de dados genético de Hansenula polymorpha

Com o seqiiénciamento total do genoma da levedura S. cerevisiae foram descobertos um
grande nimero de ORFs (Open Reading Frames) até entdo totalmente desconhecidas da
comunidade cientifica [131]. Atualmente gragas a potentes ferramentas de bioinformatica, bem
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como experimentos de transcri¢do e expressdo em larga escala ja foi possivel estabelecer a fungdo
de diversas destas ORFs [132-135]. Atualmente ja foram identificados genes similares aos
descritos primeiramente em S. cerevisiae em diversos eucariotos inferiores ou superiores,
evidenciando uma notivel conservagdo genética entre os organismos [136]. A levedura H.
polymorpha é altamente relacionada com S. cerevisiae, ambos sdo Hemiascomicetos, o que
sugeria que um grande namero de ORFs, de fungbes ja descritas, pudessem ser facilmente
identificadas em H polymorpha. Ainda, o sistema de banco de dados e as ferramentas de
bioinformatica criadas no projeto genoma X. fastidiosa permitiria que este sistema fosse muito
facil de ser implementado.

Com base nas informagdes descritas acima foi realizado um estudo genémico em pequena
escala para se identificar genes de H. polymorpha com o objetivo de fornecer novos elementos
para futuros trabalhos desenvolvidos em nosso laboratorio.

Dada as caracteristicas dos genes de leveduras apresentarem em pequena quantidade
genes que possuem introns ~4% [131] a técnica escolhida foi a RST (Random Sequence Tags) a
qual se baseia no seqiiénciamento direto de biblioteca genémica de DNA (gentilmente cedida pela
Dra. Dirce Carraro). Foram geradas 5.784 seqiiéncias de aproximadamente 400pb, o que cobre

cerca de 25% do genoma de Hansenula polymorpha (estimado em 9 Mb) [136].

5.7.1 Processamento dos dados de seqiiénciamento

Os dados de segiiénciamento foram processados localmente em nosso laboratorio de
bioinformatica (http://www.lge.ibi.unicamp.br). As seqiiéncias foram primeiramente classificadas
de acordo com a qualidade da seqiiéncia, regifes de baixa qualidade ou seqiiéncias de vetor ou L.
coli foram excluidas e apds este processamento as seqiiéncias foram armazenadas no banco de
dados genéticos (Fig.11).

Complementando o banco de dados establecido para X. fastidiosa implementamos novos
mecanismos de “data mining” dentre eles, blastagem e categorizagio automdtica. No primeiro
processo os resultados do BLAST sio apresentados na forma de arquivos arquivos de texto
daquele cromatograma contra o banco “nr” (um compéndio que acumula vérios bancos de dados
mundiais para anotagdo de dados gendmicos que estd disponivel via internet em
fip.//ftp.ncbi.nlm nih gov/blast/db), Este procedimento foi efetuado a cada vez que ocorria uma
submissdo e é refeito mensalmente sobre todas as submissdes quando da atualizagdio do banco de
dados “nr”. Os resultados de homologia foram utilizados para a categorizagdo dos produtos de
seqiiénciamento de acordo com o banco de dados Go (http://www.godatabase.cgi-bin) (Fig.11).
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Vérias ferramantas de bioinformatica como também de “scripts” para automagdo de ferramentas
ja existentes foram desenvolvidos pelos alunos: Fernando Tsukumo, Marcos Renato Rodrigues

b AR R B -

Aratjo, Marcelo Marchi, Luciano. Drg!iamblém & Marcelo Felsarella Carazzolle.
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Figura 11: Fluxograma representando as etapas de geragfio e tratamantos de dados do banco de dados

genéticos de H. polymorpha.

A pagina de H. polymorpha disponibiliza diversas ferramentas computacionais para a
analise das seqiiéncias bem como servigos de download dos cromatogramas, arquivos FASTA e
resultados de busca de homologia (Blasts). Dentre as ferramentas computacionais podemos
destacar: procura por palavras chave, busca de similaridades com seqiiéncias de H.polymorpha
contidos em nosso banco de dados por meio dos programas BlastN/X e busca de motivos
conservados ja descritos. A Figura 12 apresenta a pagina inicial da internet do projeto de
seqiiénciamento H.polymorpha e um exemplo da utilizagdo da ferramenta de busca por palavras-

chave.

93



A EMBrel Bragil P Pray F Links 8.

Services

B) « Sequence submission ‘
« Download service |
« Keyword search in Blast fileswa © ¥ —
« Gene ProjectSm

«» Pattern search

» Blast x Hansenuia polymorpha

« Nomenclature

« Protocois/Library Instructions
« Plate control shest

» BuigS Reporie

1
|
» Blast results - All reads ‘
|
|
|
Main page I

¥
C) Keyword search in blast files

K eywird PFEROXTSOME found in © hlast files

s . EEWTELAMAOICILUCE [Wastetan) i
Firwr Tt (VT 801734) Micvnsamal praein of COCMPASI SECIH fumilyn.. %
Wand Mash: | 5C_B01 194 Microcomal prowin of COCMPAS]SECIE fanilly e 30
- B e
P : _ (AVINTT parasin | (FSchis sngasnal. ey
Wond Maich: 2 FIROMISOME HOSYNTIESES FROTERV PASI gPoXIv. L. $%
i . HPWESEOUOSIHILUCE (Blases Gl .
Fist Hit (AFEZYET ) perusin & [Piehis sngusin)... e

]

Figura 12: Acesso e funcionamento do banco de dados genéticos de H. polymorpha. A) Pégina inicial do

banco de dados de H. polymorpha (http.//www lge.ibi.unicamp br/hansenula). B) Ferramentas disponiveis
para analise do banco de dados. C) Resultado de pesquisa usando a ferramenta de busca por palavras-chave
(peroxisome).
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5.7.2 Estimativa da freqgii€ncia dos codons em H. polymorpha

A grande maioria dos aminodcidos possui mais de um codon, entretanto, diversos
microorganismos utilizam preferencialmente determinados codons para um aminoacido
especifico. Este tendéncia ¢ denominada de Codon Bias (CB) e ja foi demonstrado que proteinas
altamente expressas possuem um valor de CB > 0,2 [154,155]. Como citado anteriormente, a
levedura H. polymorpha é utilizada para a produgdo de proteinas de interesse comercial de
diversos organismos [122,124] e o estudo da freqiiéncia dos codons pode auxiliar na melhoria da
expressio destas proteinas.

Para se calcular a freqiiéncia dos codons (codon bias) em H. polymorpha foram
escolhidos 150 reads, de forma aleatoria, que apresentavam o resultado de Blast X um e value
abaixo de —50 com seqiiéncias protéicas presentes em genebank. As seqiiéncias utilizadas
possuiam um numero de nucleotideos entre 350 € 2500 pb e o niimero total de codons utilizados
para o calculo de fregiiéncias foi de ~ 25.000. Para os calculos ndo foram computados os codons
de terminagdo, uma vez que a maioria das seqiiéncias representam segmentos génicos e ndo genes
inteiros. Os resultados sfo apresentados na tabela 3. Os calculos de freqiiéncia dos codons foram
realizados com o  auxilio dos  programas  Generunner e Codon W

(http://bioweb . pasteur.fr/seqanal/interfaces/codonw html).

Tabela 3: Freqii€ncia dos codons em H. polymorpha.

Codon Freqiéncia  N°  Codon Freqiéncia Ne Codon Freqiéncia Ne
TTT 19.6 419 TCT 18.5 394 TAT 95 203
TTC 273 582 TCC 17.1 365 TAC 24.6 524
TTA 42 90 TCA 6.5 138 TAA 0.0 0
TTG 263 562 TCG 134 285 TAG 0.0 0
CTT 16.0 342 CCT 13.1 280 CAT 6.7 143
CT1C 13.7 293 CCC 52 111 CAC 144 308
CTA 5.1 108 CCA 15.2 325
CTG 245 523 CCG 19.0 405
ATT 26.6 568 ACT 14.2 302
ATC 283 604 298 635
ATA 34 73 23.6 503
ATG 19.5 417 443 946
GTT 274 585 20.6 440
GTC 21.8 465 372 793
GTA 2.0 42 2 20.0 427
GTG 227 485 6.1 424 905
TGT 7.8 167 CGT 52 41 88
TGC 7.8 166 CGC 40 74 157
TGG 12.6 269 CGA 24 29.0 618
GGT 27.2 580 CGG 33 46 99
GGA 20.0 426 GGC 19.2 410 GGG 6.4 136

Utilizando os dados de freqiiéncia foram estimados os CBIs (Codon Bias Index) de

proteinas envolvidas no metabolismo de metanol. Os CBIs para Mox e Cat foram idénticos
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(0,343), o gene que codifica a enzima dihidroxiacetona sintetase apresentou um CBI de 0,334. Os
dados indicam uma alta utilizagdo dos codons mais freqiientes e esta de acordo com os dados
presentes na literatura para outros organismos [154].

5.7.3 Clusterizagdo de RSTs

As seqiiéncias de DNA foram clusterizadas com o auxilio do programa “phrap” [156]. No
processo de clusterizagdo incorporamos ao nosso banco genético 5082 seqiiéncias de H.
polymorpha presentes no Gene Bank [137], totalizando 10.886 “reads”. A clusterizagdo resultou
em 2876 contigs com fragmentos de DNA que apresentaram tamanhos variados. Dentre cles
podemos destacar um cluster de 6678 pb contendo diversos genes mitocondriais e outro de 8696
pb representa um cluster de 170 RSTs contendo as seqiiéncias dos RNAs ribossomais 25s, 188,
5.8S e 5S. O conteido GC nos “contigs” foi de 44,2%, bastante semelhante ao encontrado em
leveduras deste género [137, 138]

5.7.4 Categorizacdo das seqiiéncias de DNA.

As seqiiéncias ja devidamente tratadas foram categorizadas usando como referéncias as
classes definidas pelo gene ontology. Este banco de dados subdivide as seqiiéncias primeiramente
em trés grandes classes: i) Processos bioldgicos ii) Componenté celular e iii) Fungdo molecular
(Fig.13). Dentro classes as ORFs sdo ordenadas em 45 categorias, que por sua vez, sdo
subdivididas sequencialmente totalizando 11.444 categorias.

Wn}w A

@ Sem similaridade B Processos biolégicos
0O Componente celular O Fung&o molecular

Figura 13: Categorizagdo das seqiiéncias de H. polymorpha presentes em nosso banco de dados genéticos.
Os segmentos de DNA que ndo apresentam similaridade com ORFs ja descritas representam 44,1% do
banco de dados. As seqiiéncias que se enquadram na categoria Fungio molecular representam 30% do
banco de dados. Segmentos que apresentam similaridades com ORFs que respondem por elementos
envolvidos em Processos biologicos e Componente celular representam 17,9 % e 9% respectivamente.
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Diversas seqiiéncias de DNA ndo apresentaram similaridade com nenhuma ORF
categorizada no Godatabase. Em iniciativas semelhantes com leveduras, o nimero de seqiiéncias
que ndo apresentaram similaridade com ORFs ja descritas alcangaram niveis semelhantes aos
encontrados em nosso estudo [137-139]. A explicagdo para este fato pode ser dada por diversas
causas ndo excludentes: existéncia de seqiléncias divergentes que podem fazer parte de regides
pouco conservadas existentes nas ORFs, seqiiéncia de DNA de promotores, regides inter ou
intragénicas ou até mesmo serem genes especificos do género ou espécie.

Entretanto, grande parte das seqiléncias possui correspondentes com ORFs categorizadas
dentre as quais se destacam as categorias de enzimas, proteinas ligantes e proteinas

transportadoras. A Figura 14 apresenta as classes de ORFs que apresentaram maior

representatividade. O padrio proporcional de distribuigdo categorica de ORFs se mostrou similar
ao apresentado no geneontology para outros organismos (http://www godatabase.cgi-bin).

he——14,7%RIPLZ

O Enzimas | Ligagéo 0O Transportador

0O Transdutor de sinal o Regulador traducional O Regulador transcricional
@ Chaperonas O Ciclo celular ®m Antioxidante

@ Desenvolvimento O Regulador de apoptose @ Viral

@ Molécula estrutural O Defesa

Figura 14: Grafico de categorizagio de ORFs apresentando as classes mais representativas, que
apresentaram similaridade com ORFs ja identificadas em outros organismos, encontradas no banco de
dados de H. polymorpha. Sendo que as classes enzimas (30,2%), proteinas ligantes (25,3%) e proteinas
transportadoras (14,7%) representam mais de 70% das ORFs categorizadas.

Apos estes procedimentos foi possivel definir ORFs que apresentam similaridade com
elementos importantes para o entendimento da regulagdo por glicose em H. polymorpha e
biogénese de peroxissomos. Na Tabela 3 estdo representadas 20 ORFs de grande importincia
investigativa para futuros trabalhos em H.polymorpha. Dentre estes elementos podemos destacar:
um cofator de ativagdo de SNF1 (SIP3) [140]; componentes dos complexos remodeladores de
cromatina SWI/SNF (SWI11) e RSC (STH1) [56]; um fator do complexo mediador (SRBY) o qual
interage com o complexo Ssn6p-Tuplp [92]; reguladores negativos de transcrigdo (RGRI e
NGR2) [65] e um ativador de transcrigdo do sistema Hap2/3/4/5 (HAP2). Além de ORFs com
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similiridade com genes do sistema GAL (Gal2 e Gal 6) e diversas proteinas do metabolismo
peroxisomal, ainda ndo descritas. Apesar da anotagdo automatica ser um instrumento de grande
valia para a organizagdo dos dados ¢ necessaria uma acurada confirmagdo manual dos dados
obtidos. E importante salientar que as anotagdes das ORFs apresentadas na Tabela 4 foram

conferidas manualmente.

Tabela 4: Lista de ORFs de H polymorpha que sdo alvos primarios para estudos a serem realizados em
nosso laboratorio. As ORFs comparadas que nio apresentam referéncia sio seguidas pelo codigo de

identidade genética do genebank (http://www.ncbi.nlm.nih.gov).

ORF-Hansenula ORF Fun¢io e-value Frame Referéncia
polymorpha Similar/Organismo
HPWT-S0-000-005- SIP3/S. cerevisiae Co-ativador Te-21 +3 [140]
C09-UCF Interage com Snflp
HPWT-EO-SWT- STHI/S. cerevisiae Helicase dependente de~ 6e-44 +3 [56}
001-B0O7-UC.F ATP
HPWT-S0-000-005- SRBY/S. cerevisiae Componente do le-06 +2 [14]
D12-UCF complexo mediador
HPWT-S0-000-051- RGRI1/S. cerevisiae Membro do complexo le-10 -3 [13]
H12-UCF mediador
HPWT-S0-000-101- HAPI1/S, cerevisiae Ativador genes 3e-07 -3 [141}
A02-UCF o ~ envolvidos no combate
Sl e 20 estresse oxidativo
HPWT-$0-000-160- HAP2/K. lactis’ Anvqgorde transcrigio  4e-19 +2 [65]
GO1-UCF 0 de'gened sujeitos a
regulagiio por glicose
HPWT-EO-AAA- GCN4/C. albicans Ativador de transcrigdo ~ 2e-18 -3 {142]
007-B07-UC.F de genes envolvidos
em biosintese de A.A
HPWT-EO0-AAA- NRG2/S. cerevisiae Repressor 2e-16 +2 [143]
009-D04-UC.R transcricional
catabdlico
HPWT-S0-MIG-115- SWI1(ADRS6)/S. Membro do complexo 2e-7 -1 [6]
D02-UC.R cerevisiae SWI/SNF
HPWT-EO0-AAA- GAL2/S. cerevisiae Transportador de 6e-18 +1 {144]
033-B03-UC.F galactose
HPWT-E1-AAA- GALOG/S. cerevisiae Bleomicina hidrolase 9e-25 +1 [144]
001-E02-UC.F
HPWT-EOQ-AAA- BRP1/S. pombe Ativador global de 3e-12 -2 [145]
007-DO1-UCF transcrigdo
HPWT-E0-AAA- KPYK/Yarrowia Piruvato quinase Se-75 +2 [146]
009-H12-UC.R lipolytica
HPWT-E0-AAA- SOD/C. albicans Remogio de peroxidos  7e-68 +1 [147]
016-F06-UC.R
HPWT-E0-AAA-  CISY/Candida tropicalis Citrato sintase 2e-71 -1 21:2493724
013-H07-UC.F
HPWT-EO0-AAA- CAT2/S. cerevisiae Carnitina O- 3e-23 +1 [65]
009-A04-UC F acetiltransferase
HPWT-EOQ-AAA- POX18 (FOX2)/S. Oleato sintase 2e-7 +2 [149]
007-H09-UC cerevisiae peroxisomal
HPWT-EO-AAA- ADH2/Pichia stipitis Alcool desidrogenase 2 7e-72 +2 [150]
009-E03-UC.R
HPWT-S0-000-052- ACS/Zygosaccharomyce  Acetil-CoA sntetase le-32 -3 gi: 14331097
B09-UC.F s bailii
HPWT-S0-000-114- GUTL1/S. cerevisiae Glicerol quinase 4e-29 +1 [151]

B03-UCF
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6. CONCLUSOES E CONSIDERACOES FINAIS

6.1 Identificacdo de fatores que influenciam na transcrigdo do gene Mox

Dada a proposta inicial do trabalho, a qual era identificar fatores envolvidos na regulagdo
do gene Mox, € possivel afirmar que a0 menos dois fatores propostos neste trabatho influenciam
em sua transcrigdo (Snfl e Swi2).

O fator Tupl, que possui extensa homologia com fatores semelhantes ja caracterizados
em outros organismos que respondem por eventos de repressdo de transcri¢do de genes regulados
por glicose atuando ndo somente neste processo, mas também na repressdo de genes de resposta a
choque térmico, “mating type”, estresse oxidativo, floculagdo entre outros processos celulares. A
disrupgiio deste gene, gragas a sua participagdo em diversos processos celulares, ocasiona em
outras leveduras efeitos pleiotropicos [84, 93, 94]. Em H. polymorpha nio foi detectada nenhuma
mudanga no fenodtipo da levedura, nem t#o pouco do padrdo de expressio de gemes da via de
degradagdo do metanol.

As células snfl também apresentaram taxas de crescimento similares & linhagem
selvagem em todas as fontes de carbono testadas (Fig.7 e Manuscrito1-Fig. 4A e B), entretanto o
“northern blotting” revela uma sensivel redugfo nos transcritos de Metanol Oxidase e
Dihidroxiacetona sintetase (Manuscrito 1-Fig. 3). Estes resultados demonstram claramente que a
disrupgdo afeta ndo somente a transcri¢do de Mox como também de Das. O que demonstra que
estes produtos sdo transcritos em niveis superiores aos necessarios para desempenhar seu papel
biolégico, uma vez que a redugdo da transcrigio destes genes ndo reduziu as taxas de crescimento
em metanol (Manuscritol-Fig.4A e B). Recentemente, foi demonstrado “in vitro” que SNF1
responde pela fosforilagdo de Adrlp, conferindo a este fator uma maior capacidade de interagir
com a cromatina e recrutar os elementos necessarios para a formagao do PIC [152].

Como apresentado anteriormente, a regifo promotora de Mox possui duas UAS (Figura.7)
¢ o fator Adrlp de S. cerevisiae ¢ capaz de se ligar 8 UAS2 ¢ ativar a transcrigdo de Mox. Nesta
mesma regido foi possivel detectar a ligagdo de um fator proprio de H. polymorpha (FB2), o qual
deve ser um ativador transcricional de Mox [113]. Um dos objetivos iniciais foi a identificagdo do
fator FB2, infelizmente ndo foi possivel identificar com as técnicas empregadas neste trabalho.
Deste modo, é possivel que o fator FB2 exer¢a fungdo majoritaria na transcricdo da via
metabolica do metanol em H. polymorpha, assim como Adrlp na degradagdo de etanol em S.

cerevisiae. Apesar de ndo termos identificado um fator similar a Adrl, é notavel o decréscimo nos
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niveis de transcrigdo de Mox e Das nas células snfl demonstrando o envolvimento do produto
deste gene na via de degradagio do metanol.

No entanto, ndo existe redugdo consideravel nos niveis de transcritos Cat. E importante
lembrar que o H,O, € extremamente toxica para os sistemas biologicos. Se existe uma expressdo
de Moxp, mesmo que reduzida como & o caso das células snfl, é fundamental a presenga da
catalase para permitir a viabilidade celular. E importante salientar que o perdxido de hidrogénio
ndo € produzido somente pela degradagdo de metanol e é coerente supor que o sistema da
ativagdo de transcri¢do deste gene n3o dependa somente de um ativador, mas sim, de varios
fatores que devem agir em concerto regulando os niveis de sua transcrigdo.

Com relagdo aos mutantes swi2 os efeitos da disrupg@o sdio notéveis e estdo em acordo
com os apresentados pelos mutantes swi3. Os mutantes apresentam um crescimento muito lento e
tendem a flocular. Nos ensaios de crescimento em meio liquido ou sélido as taxas de crescimento
dos mutantes nos meios contendo glicerol ou metanol como fonte de carbono é acentuadamente
lento (Figuras 8 e 9).

Fato intrigante € a ndo detecgdo dos transcritos de Mox nas linhagens swi2 e swi3 nas
condigdes analisadas. As explicagdes para estes resultados podem ser fornecidas por dois
mecanismos: 1) A existéncia de via alternativa para a degradagdio do metanol; ii) As taxas de
transcrigdo sdo infimas, ndo permitindo a detecgdo pela técnica empregada. Dentro destes dois
cendrios a primeira hipotese parece pouco provavel, uma vez que nenhuma via alternativa foi
descrita em leveduras metilotroficas. A favor do segundo mecanismo proposto, temos as
observagdes dos mutantes snfl. Conforme discutido anteriormente, apesar de haver uma sensivel
redugdo dos transcritos de Mox, os mutantes snfl apresentam um crescimento semelhante ao
selvagem, o que sugere uma transcricdo deste gene muito acima da necessaria. Realmente as
taxas de expressdo de Moxp em células crescendo em metanol por longos periodos de tempo
levam a uma elevada biogénese de peroxissomos ¢ grande acamulo de metanol oxidase nos
peroxissomos, levando a formagdo de estruturas cristalinas de Moxp [112], o que indica uma
produgdo excessiva desta proteina. Ainda, a meia vida desta proteina é de aproximadamente 20hs
(http://www.expasy.org/tools/protparam html), portanto € razodvel propor que apesar da
metodologia utilizada ndo permitir a detecgdo de Mox, existe um nivel de transcrigio minimo nio
detectavel, mas que o acimulo da proteina (devido a grande meia vida) permite o crescimento
desta levedura em metanol.

Em conjunto, esses resultados apontam que a transcrigdo de Mox é independente do fator

Tuplp. Entretanto, aponta que a transcrigdo deste gene (como também do gene Das) é
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parcialmente influenciada pelo complexo SNF1 e altamente dependente do complexo SWI/SNF,

0 que caracteriza estes complexos como os primeiros ativadores de transcri¢do de Mox.

6.2 Restauracdio do metabolismo de galactose

Fenémeno inesperado, mas bastante importante, ¢ a habilidade exibida pelos mutantes
swi2 e swi3 quando a fonte de carbono € galactose € com um pouco menos de intensidade em
rafinose. O crescimento acentuado dos mutantes em meio contendo rafinose (Fig.9) também pode
ser devido a este alta capacidade de degradar galactose, tendo em vista que a rafinose é um
polissacarideo composto por uma molécula de glicose, uma de frutose e uma de galactose e é
coerente sugerir que este efeito se deve ao melhor aproveitamento desta fonte de carbono pelos
mutantes.

Em S.cerevisiae para metabolizar a galactose € necessario o produto de pelo menos oito
genes, cada um deles com fungdes especificas para o metabolismo [106]. No banco de dados da
biblioteca genética de H. polymorpha, foi possivel identificar ORFs que apresentam grande
similaridade com o gene Gal2, porém, este dado ndo auxiliou muito o entendimento do fenémeno
uma vez que o transportador Gal2p pode ser substituido por outras hexoses [65]. Entretanto, em
projeto de seqiiénciamento genémico de H. polymorpha realizado por iniciativa privada (ainda
ndo concluido) foi possivel identificar ORF's similares aos genes necessarios para 0 metabolismo
de galactose, com excegdo de Gall (Hollemberg, C.P., comunicagdo pessoal). No entanto, a
existéncia ou ndo deste gene pode ndo influenciar no metabolismo de galactose em H.
polymorpha. Ja foi demonstrado que a levedura K. lactis é capaz de degradar eficientemente a
galactose apesar de ndo possuir o gene Gall. A explicagio para este fato ¢ dada pela
bifuncionalidade do produto do gene Gal3, o qual possui atividade de quinase sendo capaz de
fosforilar a molécula de galactose, passo essencial para a degradagio deste carboidrato [137].

Portanto, os resultados apontam que H. polymorpha apresenta em seu genoma genes que
codificam todas as protecinas essenciais para a degradagdo de galactose, mas que ndo sdo
expressas ou sdo expressas em quantidades infimas que nfo sustentam sua viabilidade por um
longo periodo de tempo (Manuscrito 2- Fig.3).

Uma suposi¢do pertinente, neste caso, ¢ que a via de degradagdo da galactose estava
silenciada devido a especializagio da espécie H. polymorpha para sobreviver em um meio hostil,
como o ambiente contendo metanol, e gragas a esta especializagfio, mutagSes em regides
promotoras de gemes GAL ndo ocasionariam pressio seletiva no ambiente ao qual esta se
especializou. Curiosamente, o resultado de busca em banco de dados de culturas (Centraal bureau
voor Schimmelcultures-http://www.cbs.knaw.nl/) aponta que os géneros Pichia e Hansenula
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(Hansenula polymorpha = Pichia angusta) possuem um reduzido niimero de espécies capazes de
metabolizar galactose. Entretanto, nossos dados néo permitem nenhuma inferéncia evolutiva.

E fato que em H. polymorpha este quadro é revertido com a disrupgdo dos fatores Swi2
ou Swi3, o que indica que a participagdo do complexo SWI/SNF neste processo. Adicionalmente,
estudos de linhagens de S. cerevisiae que foram classificadas como Gal, mostraram que estas
possuem defeitos na expressdo de pelo menos um dos genes do sistema GAL (comunicagdo
pessoal do Dr. Dennis Lohr).

J4 foi demonstrado em S.cerevisiae que SWI/SNF é capaz de atuar de forma negativa na
transcrigio de diversos genes [58). No caso de H. polymorpha é pertinente supor que o complexo
SWI/SNF estaria atuando de forma repressora sobre os genes GAL posicionando os nucleossomos
em regides essenciais para ativagdo de transcrigdo. Exatamente este mesmo mecanismo tem sido
proposto para explicar a repressdo exercida pelo complexo remodelador RSC sobre o promotor
CHAI [153].

Uma outra possibilidade, levando em conta que o complexo SWI/SNF ¢ um regulador
geral de transcrigdo, € que as disrupgdes levaram a uma desorganizagdo global da cromatina, o
que favoreceria a transcrigio de genes que estivessem sob controle negativo do complexo
SWI/SNF. Ambas as propostas sio pertinentes, entretanto a segunda explicaria melhor as
caracteristicas apresentadas pelos mutantes. O crescimento em todas as fontes de carbono testadas
foi lento, ainda, em meio liquido é possivel observar que as células entram em fase log ap6s 13hs
de crescimento, independente se a fonte de carbono utilizada for glicose, glicerol ou metanol
(Fig.9). Este fato se repete mesmo quando a fonte de carbono ¢ galactose (Manuscrito 2-Fig.3.B).
O que indica um “atraso” na expressdo em todas as fontes de carbono testadas, o que sugere um
mecanismo mais amplo, como o proposto na segunda hipotese.

Independe das hipéteses de como o complexo SWI/SNF estaria atuando na repressdo dos
genes GAL, este trabalho demonstrou a restauragdo de uma via metabdlica quiescente através da
inativagio de um complexo remodelador de cromatina e abre perspectivas para estudos

fundamentais, ainda nfio abordados, do silenciamento de vias metabolicas.

6.3 Banco de dados genético de Hansenula polymorpha

A iniciativa da construgdo do banco de dados de H. polymorpha permitiu a geragdo de
um grande volume de dados que deve auxiliar a compreender melhor a biologia desta levedura.
Alguns elementos ja foram apontados como candidatos para estudos mais aprofundados no

metabolismo de metanol (Tab.4). Entretanto, os dados armazenados necessitam de uma anotagéo
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mais rigorosa de forma a permitir um melhor aproveitamento dos dados, fornecendo novos alvos
ndo so para o entendimento do controle da expressdo de proteinas envolvidas no metabolismo do
metanol como também para outros processos biologicos.

Estas informagdes também podem ser utilizadas para estudos taxondmicos e evolutivos
desta levedura. Como descrito anteriormente existe grande controvérsia quanto a classificagdo das
leveduras pertencentes aos géneros Pichia e Hansenula, portanto seria interessante averiguar os
genes ortélogos. Finalmente, os dados de “Codon Bias” podem auxiliar em estudos mais
aplicados e permitir um melhor rendimento na expressdo de proteinas heterélogas utilizando

H.polymorpha como hospedeiro [154, 155].
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7. PERSPECTIVAS

Ensaios da atividade de Moxp nos mutantes swi2 e swi3.

Anilise do posicionamento de nucleossomos na regido promotora de Mox e Das nos mutantes

swi2 swi3 e snfl.

Investigagdo da expressdo de genes necessarios para a degradagdo de galactose nas linhagens
swi2 e swi3 através de “northern blotting” e RT PCR.

Analise do posicionamento de nucleossomos na regido promotora de genes envolvidos no

metabolismo de galactose nos mutantes swi2 e swi3.
Anotagdo detalhada das seqiiéncias de DNA do banco de dados genético de H. polymorpha para
uma classificagdo mais acurada das seqiiéncias de DNA e verificagio de introns e genes

ort6logos.

Utilizagdo dos clones na elaboragdo de microarrays de DNA para a investigagdo de transcrigéo

visando a proliferagdo de peroxissomos e outros processos celulares em H. polymorpha.
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The genome sequence of the plant
pathogen Xylella fastidiosa

The Xylelia fastidiosa Consortium of the Organization for Nucleotide Sequencing and Analysis*, S3o Paulo, Brazil

* A full list of authors appears at the end of this paper

Xylella fastidiosa is a fastidious, xylem-limited bacterium that causes a range of economically important plant diseases. Here we
report the complete genome sequence of X, fastidiosa clone Sa5c, which causes citrus variegated chlorosis—a serious disease of
orange trees. The genome comprises a 52.7% GC-rich 2,679,305-base-pair (bp) circular chromosome and two plasmids of
51,158 bp and 1,285 bp. We can assign putative functions to 47% of the 2,904 predicted coding regions. Efficient metabolic
functions are predicted, with sugars as the principal energy and carbon source, supporting existence in the nutrient-poor xylem
sap. The mechanisms associated with pathogenicity and virulence involve toxins, antibiotics and ion sequestration systems, as
well as bacterium—bacterium and bacterium-host interactions mediated by a range of proteins. Orthologues of some of these
proteins have only been identified in animal and human pathogens; their presence in X. fastidiosa indicates that the molecular
basis for bacterial pathogenicity is both conserved and independent of host. At least 83 genes are bacteriophage-derived and
include virulence-associated genes from other bacteria, providing direct evidence of phage-mediated horizontal gene transfer.

Citrus variegated chlorosis (CVC), which was first recorded in Brazil
in 1987, affects all commercial sweet orange varieties'. Symptoms
include conspicuous variegations on older leaves, with chlorotic
areas on the upper side and corresponding light brown lesions, with
gum-like material on the lower side. Affected fruits are small,
hardened and of no commercial value. A strain of Xylella fastidiosa
was first identified as the causal bacterium in 1993 (ref. 2) and found
to be transmitted by sharpshooter leathoppers in 1996 (ref. 3). CVC
control is at present limited to removing infected shoots by pruning,
the application of insecticides and the use of healthy plants for new
orchards. In addition to CVC, other strains of X. fastidiosa cause a
range of economically important plant diseases including Pierce’s
disease of grapevine, alfalfa dwarf, phony peach disease, periwinkle
wilt and leaf scorch of plum, and are also associated with diseases in

" mulberry, pear, almond, elm, sycamore, oak, maple, pecan and
coffee*. The triply cloned X. fastidiosa 9a5c, sequenced here, was
derived from the pathogenic culture 8.1b obtained in 1992 in
Bordeaux (France) from CVC-affected Valencia sweet orange
twigs collected in Macaubal (Sdo Paulo, Brazil) on May 21, 1992
(ref. 2). Strain 9a5¢ produces typical CVC symptoms on inoculation
into experimental citrus plants’, and into Nicotiana tabacum (S. A.
Lopes, personal communication) and Catharantus roseus (P. Brant-
Monteiro, personal communication)—two novel experimental
hosts.

General features of the genome

The basic features of the genome are listed in Table 1 and a detailed
map is shown in Fig. 1. The conserved origin of replication of the
large chromosome has been identified in a region between the
putative 50S ribosomal protein L34 and gyrB genes containing
dnaA, dnaN and recFS. The Escherichia coli DnaA box consensus
sequence TTATCCACA is found on both DNA strands close to
dnaA. In addition, there are typical 13-nucleotide (ACCACCAC-
CACCA) and 9-nucleotide (two TTTCATTGG and two TTTTA-
TATT) sequences in other intergenic sequences of this region. This
region is coincident with the calculated GC-skew signal inversion’.
We have designated base 1 of the X. fastidiosa genome as the first Tof
the only TTTTAT sequence found between the ribosomal protein
L34 gene and dnaA.

The overall percentage of open reading frames (ORFs) for which a
putative biological function could be assigned (47%) was slightly
below that for other sequenced genomes such as Thermotoga
maritima® (54%), Deinococcus radiodurans® (52.5%) and Neisseria
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meningitidis'® (53.7%). This may reflect the lack of previous
complete genome sequences from phytopathogenic bacteria. Plas-
mid pXF1.3 contains only two ORFs, one of which encodes a
replication-associated protein. Plasmid pXF51 contains 64 ORFs,
of which 5 encode proteins involved in replication or plasmid
stability and 20 encode proteins potentially involved in conjugative
transfer. One ORF encodes a protein similar to the virulence-
associated protein D (VapD), found in many other bacterial
pathogens''. Four regions of pXF51 present significant DNA simi-
larity to parts of transposons found in plasmids from other bacteria,
suggesting interspecific horizontal exchange of genetic material.
The principal paralogous families are summarized in Table 2. The
complete list of ORFs with assigned function is shown in Table 3.
Seventy-five proteins present in the 21 completely sequenced
genomes in the COG database'? (as of 15th March 2000) were
also found in X. fastidiosa. Each of these sequences was used to

Table 1 General features of the Xylella fastidiosa 9abc genome

Main chromosome

Length (bp) 2,679,305

G+C ratio 52.7%

Cpen reading frames (ORFs) 2,782

Cading region (% of chromosome size) 88.0%

Average ORF length (bp} 798

ORFs with functional assignment 1,283

ORFs with matches to conserved 310

hypothetical proteins

ORFs without significant data base match 1,083

Ribosomal RNA operons 2
(16SHRNA-Ala-TGC-tRNA-lle-GAT-

tRNA-23SRNA-5SRNA)

tRNAs 49 (46 different sequences
corresponding to ail 20 amino acids)

tmRNA 1

Plasmid pXFo1

Length (bp) 51,158

G+C ratio 49.6%

Open reading frames {ORFs) 64

Protein coding region (% of piasmid size} 86.9%

ORFs with functional assignment 30

ORFs with matches to conserved 8

hypothetical proteins

ORFs without significant data base match 24

Plasmid pXF1.3

Length {op) 1,285

G+C ratio 55.6%

Open reading frames (ORFs) 2

ORFs with functional assignment 1
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Table 2 Largest families of paralogous genes

Family Nurnber of genes

(total number of families = 312) {total number of genes = 853)
ATP-binding subunits of ABC transporters 23
Reductases/dehydrogenases 12
Two-~component system, regulatory proteins 12

Hypothetical proteins 10
Transcriptional reguiators 9

Fimbrial proteins 9
Two-component system, sensor proteins 9

generate a phylogenetic tree of the 22 organisms. In 69% of such
trees, X. fastidiosa was grouped with Haemophilus influenzae and
E. coli, consistent with a phylogenetic analysis undertaken with the
16S rRNA gene'.

One ORE, a cytosine methyitransferase (XF1774), is interrupted
by a Group II intron. The intron was identified on the basis of the
presence of a reverse transcriptase-like gene (as in other Group II
introns), conserved splice sites, conserved sequence in structure V
and conserved elements of secondary structure'. Group II introns
are rare in prokaryotes, but have been found in different evolutive
lineages including E. coli, cyanobacteria and proteobacteria®®.

Transcription, translation and repair

The basic transcriptional and translational machinery of X. fasti-
diosa is similar to that of E. coli'®. Recombinational repair, nucleo-
tide and base-excision repair, and transcription-coupled repair are
present with some noteworthy features. For example, no photolyase
was found, indicating exclusively dark repair. Although the main
genes of the SOS pathway, recA and lexA, are present, ORFs
corresponding to the three DNA polymerases induced by SOS in
E. coli (DNA polymerases II, IVand V)" are missing, indicating that
the mutational pathway itself may be distinct.

Energy metabolism

Even though X. fastidiosa is, as its name suggests, a fastidious
organism, energy production is apparently efficient. In addition
to all the genes for the glycolytic pathway, all genes for the
tricarboxylic acid cycle and oxidative and electron transport
chains are present. ATP synthesis is driven by the resulting chemi-
osmotic proton gradient and occurs by an F-type ATP synthase.
Fructose, mannose and glycerol can be utilized in addition to
glucose in the glycolytic pathway. There is a complete pathway for
hydrolysis of cellulose to glucose, consisting of 1,4-B-cellobiosidase,
endo-1,4-B-glucanase and B-glucosidase, suggesting that cellulose
breakdown may supplement the often low concentrations of mono-
saccharides in the xylem**. Two lipases are encoded in the genome,
but there is no B-oxidation pathway for the hydrolysis of fatty acids,
presumably precluding their utilization as an alternative carbon and
energy source. Likewise, although enzymes required for the break-
down of threonine, serine, giycine, alanine, aspartate and glutamate
are present, pathways for the catabolism of the other naturally
occurring amino acids are incomplete or absent.

The gluconeogenesis pathway appears to be incomplete. Phos-
phoenolpyruvate carboxykinase and the gluconeogenic enzyme
fructose-1,6-bisphosphatase, which are required to bypass the
irreversible step in glycolysis, are not present. The absence of the
first is compensated by the presence of phosphoenolpyruvate
synthase and malate oxidoreductase, which together can generate
phosphoenolpyruvate from malate. There appears, however, to be
no known compensating pathway for the absence of fructose-1,6-
bisphosphatase. It is possible that among the large number of
unidentified X. fastidiosa genes there are non-homologous genes
that compensate for steps in such critical pathways. Barring this
possibility, however, the absence of a functional gluconeogenesis
pathway implies a strict dependence on carbohydrates both as a
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source of energy and anabolic precursors. The glyoxylate cycle is
absent and the pentose phosphate pathway is incomplete. In the
latter pathway, genes for neither 6-phosphogluconic dehydrogenase
nor transaldolase were identified.

Small molecule metabolism

X. fastidiosa exhibits extensive biosynthetic capabilities, pre-
sumably an absolute requirement for a xylem-dwelling bacterium.
Most of the genes found in E. coli necessary for the synthesis of all
amino acids from chorismate, pyruvate, 3-phosphoglycerate, glu-
tamate and oxaloacetic acid'® were identified. However, some genes
in X. fastidiosa are bi-functional, such as phosphoribosyl-AMP
cyclohydrolase/phosphoribosyl-ATP pyrophosphatase (XF2213),
aspartokinase/homoserine dehydrogenase 1 (XF2225), imidazole-
glycerolphosphate dehydratase/histidinol-phosphate phosphatase
(XF2217) and a new diaminopimelate decarboxylase/aspartate
kinase (XF1116) that would catalyse the first and the last steps of
lysine biosynthesis. In addition, the gene for acetylglutamate kinase
(XF1001) has an acetyltransferase domain at its carboxy-terminal
end that would compensate for the missing acetyltransferase in the
arginine biosynthesis pathway. Other missing genes include phos-
phoserine phosphatase, cystathionine B-lyase, homoserine O-suc-
cinyltransferase and 2,4,5-methyltetrahydrofolate-homocysteine
methyltransferase. The first two enzymes are also absent in the
Bacillus subtilis genome, the third is absent in Haemophilus influ-
enzae and the fourth is missing in both genomes'2. We thus presume
that alternative, unidentified enzymes complete the biosynthetic
pathways in these organisms and in X. fastidiosa.

The pathways for the synthesis of purines, pyrimidines and
nucleotides are all complete. X. fastidiosa is also apparently capable
of both synthesizing and elongating fatty acids from acetate. Again,
bowever, some E. coli enzymes were not found, such as holo acyl-
carrier-protein synthase (also absent in Synechocystissp., H. influenzae
and Mycoplasma genitalium) and enoyl-ACP reductase (NADPH)
(Fabl) (also absent from M. genitalium, Borrelia burgdorferi and
Treponema pallidum)'.

X. fastidiosa appears to be capable of synthesizing an extensive
variety of enzyme cofactors and prosthetic groups, including biotin,
folic acid, pantothenate and coenzyme A, ubiquinone, glutathione,
thioredoxin, glutaredoxin, riboflavin, FMN, FAD, pyrimidine
nucleotides, porphyrin, thiamin, pyridoxal 5’-phosphate and lipo-
ate. In a number of the synthetic pathways, one or more of the
enzymes present in E. coli are absent, but this is also true for at least
one other sequenced Gram-negative bacterial genome in each case'?.
We therefore again infer that the missing enzymes are either not
essential or replaced by unknown proteins with novel structures.

Transport-related proteins

A total of 140 genes encoding transport-related proteins were
identified, representing 4.8% of all ORFs. For comparison, E. cok,
B. subtilis and M. genitalium have around 10% of genes encoding
transport proteins, whereas Helicobacter pylori, Synechocystis sp. and
Methanococcus jannaschii have 3.5-5.4% (ref. 19). Transport sys-
tems are central components of the host—pathogen relationship
(Fig. 2). There are a number of ion transporters and transporters for
the uptake of carbohydrates, amino acids, peptides, nitrate/nitrite,
sulphate, phosphate and vitamin B12. Many different transport

Figure 1 Linear representation of the main chromosome and plasmids pXF51 and
pXF1.3 of the Xylella fastidiosa genome. Genes are coloured according to their
biclogical role. Arrows indicate the direction of transcription. Genes with frameshift and
point mutations are indicated with an X. Ribosomal RNA genes, the tmRNA, the principal
repeats, prophages and the group |l intron are indicated by coloured lines. Transfer RNAs
are identitied by a single letter identifying the amino acid. Pie chart represents the
distribution of the number of genes according to biological role. The numbers below
protein-producing genes comespond to gene (Ds.
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families are represented and include both small and large mechano-
sensitive conductance ion channels, a monovalent cation;proton
antiporter (CAP-2) and a glycerol facilitator belonging to the
major intrinsic protein (MIP) family. In addition, 23 ABC
transport systems comprising 41 genes can be identified. X. fasti-
diosa appears to possess a phosphotransferase system (PTS) that
typically mediates small carbohydrate uptake. There are both the
enzyme ] and HPr components of this system, as well as a gene
supposedly involved in its regulation (pstK or hprK); however, there
is no PTS permease—an essential component of the phosphotrans-
ferase complex. The functionality of the system therefore remains in
question.

There are five outer membrane receptors, including siderophores,
ferrichrome-iron and haemin receptors, which are all associated
with iron transport. The energizing complexes, TonB—ExbB—ExbD
and the paralogous TolA—TolR—TolQ, essential for the functioning
of the outer membrane receptors, are also present. In all, 67 genes
encode proteins involved in iron metabolism. We propose that in X.
fastidiosa the uptake of iron and possibly of other transition metal
ions such as manganese causes a reduction in essential micro-
nutrients in the plant xylem, contributing to the typical symptoms
of leaf variegation.

The X fastidiosa genome encodes a battery of proteins that
mediate drug inactivation and detoxification, alteration of potential
drug targets, prevention of drug entry and active extrusion of
drugs and toxins. These include ABC transporters and transport
processes driven by a proton gradient. Of the latter, eight belong to
the hydrophobe/amphiphile efflux-1 (HAE1) family, which act as
multidrug resistance factors.

Adhesion

X fastidiosa is characteristically observed embedded in an extra-
cellular translucent matrix in planta®. Clumps of bacteria form
within the xylem vessels leading to their blockage and symptoms of
the disease such as water-stress leaf curling. We deduce, from our
analysis of the complete genome sequence, that the matrix is
composed of extracellular polysaccharides (EPSs) synthesized by
enzymes closely related to those of Xanthomonas campestris pv
campestris (Xcc) that produce what is commercially known as
xanthan gum. In comparison with Xcc, however, we did not find
guml (encoding glycosyltransferase V, which incorporates the
terminal mannose), gumL (encoding ketalase which adds pyruvate
to the polymer) or gumG (encoding acetyltransferase which adds
acetate), suggesting that Xylella gum may be less viscous than its
Xanthomonas counterpart.

Positive regulation of the synthesis of extracelullar enzymes and
EPS in Xanthomomas is effected by proteins coded by the rpf
(regulation of pathogenicity factors) gene cluster”’. Mutations in
any of these genes in Xanthomomas results in failure to synthesize
the EPS. In consequence, the strain becomes non-pathogenic®.
X. fastidiosa contains genes that encode RpfA, RpfB, RpfC and RpfF,
suggesting that both bacteria may regulate the synthesis of patho-
genic EPS factors through similar mechanisms.

Fimbria-like structures are readily apparent upon electron micro-
scopical observation of X. fastidiosa within both its plant and insect
hosts?. Because of the high velocity of xylem sap passing through
narrow portions of the insect foregut, fimbria-mediated attachment
may be essential for insect colonization. Indeed, in the insect
mouthparts the bacteria are attached in ordered arrays, indicating
specific and polarized adhesion®. In addition, fimbriae are thought
to be involved in both plant—bacterium and bacterium-bacterium
interactions during colonization of the xylem itself. We identified 26
genes encoding proteins responsible for the biogenesis and function
of Type 4 fimbria filaments. This type of fimbria is found at the poles
of a wide range of bacterial pathogens where they act to mediate
adhesion and translocation along epithelial surfaces®. The genes
include pilS and pilR homologues, which encode a two-component
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system controlling transcription of fimbrial subunits, presumably in
response to host cues, and pilG, H, I, ] and chpA, which encode a
chemotactic system transducing environmental signals to the pilus
machinery.

In addition to the EPS and fimbriae, which are likely to have
central roles in the clumping of bacteria and in adhesion to the
xylem walls, we also identified outer membrane protein homo-
logues for afimbrial adhesins. Although fimbrial adhesins are well
characterized as crucial virulence factors in both plant and human
pathogens®, afimbrial adhesins, which are directly associated with
the bacterial cell surface, have been hitherto associated only with
human and animal pathogens, where they promote adherence to
epithelial tissue. Of the three putative adhesins of this kind iden-
tified in X. fastidiosa, two exhibit significant similarity to each
other (XF1981, XF1529) and to the hsf and hia gene products of
H. influenzae®®. The third (XF1516) is similar to the uspAl gene
product of Moraxella catarrhalis®”. All these proteins share the
common C-terminal domain of the autotransporter family™.
Direct experimentation will be required to establish whether these
adhesins promote binding to plant cell structures or components of
the insect vector foregut, or both. Nevertheless, their presence in the
X. fastidiosa genome adds to the increasing evidence for the
generality of mechanisms of bacterial pathogenicity, irrespective
of the host organism®.

We also identified three different haemagglutinin-like genes.
Again, similar genes have not previously been identified in plant
pathogens. These genes (XF2775, XF2196, XF0889) are the largest in
the genome and exhibit highest similarity to a Neisseria meningitidis
putative secreted protein'’.

Intervessel migration

Movement between individual xylem vessels is crucial for effective
colonization by X. fastidiosa. For this to occur, degradation of the pit
membrane of the xylem vessel is required. Of the known pectolytic
enzymes capable of this function, a polygalacturonase precursor
and a cellulase were identified, although the former contains an
authentic frameshift. These genes exhibited highest similarity to
orthologues in Ralstonia solanacearum—which causes wilt disease
in tomatoes—where the polygalacturonase genes are required for
wild-type virulence.

Toxicity

We identified five haemolysin-like genes: haemolysin III (XF0175),
which belongs to an uncharacterized protein family, and four others
(XF0668, XF1011, XF2407, XF2759) which belong to the RTX toxin
family that contains tandemly repeated glycine-rich nonapeptide
motifs at the C-terminal domain. One of these ORFs is closely
related to bacteriocin, an RTX toxin also found in the plant
bacterium Rhizobium leguminosarum®. RTX or RTX-like proteins
are important virulence factors widely distributed among Gram-
negative pathogenic bacteria®.

There are two Colicin-V-like precursor proteins. Colicin V is an
antibacterial polypeptide toxin produced by E. coli, which acts
against closely related sensitive bacteria®. The precursors consist
of 102-amino-acid peptides (XF0262, XF0263) that have the typical
conserved leader 15-amino-acid motif, and have some similarity
with Colicin V from E. coli at the remaining C-terminal portion.
The necessary apparatus for Colicin biosynthesis and secretion is
also present. Interestingly, in E. coli most of the genes necessary for
biogenesis and export of Colicin V are in a gene cluster presentina
plasmid, whereas in X. fastidiosa these genes are dispersed in the
chromosome.

We found four genes that may function in polyketide biogenesis:
polyketide synthase (PKS), pteridine-dependent deoxygenase,
daunorubicin C-13 ketoreductase and a NonF-related protein.
These genes belong to the synthesis pathways of frenolicin, rapa-
mycin, daunorubicin and nonactin, respectively. These pathways
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include many more enzymes, which we did not find; however, some
of the genes listed lie close to ORFs without significant database
matches, suggesting that at least one (as yet undiscovered) poly-
ketide pathway may be functional.

Prophages

Bacteriophages can mediate the evolution and transfer of virulence
factors and occasional acquisition of new traits by the bacterial host.
Because as much as 7% of the X. fastidiosa genome sequenced
corresponds to double-stranded (ds) DNA phage sequences, mostly
from the Lambda group, we suspect that this route may have been
of particular importance for this bacterium. It is noteworthy that
a very high percentage of phage-related sequences has also been
detected in a second vascular-restricted plant pathogen,
Spiroplasma citri®®. We identified four regions, with a high density
of ORFs homologous to phage sequences, that we considered to be
prophages, in addition to isolated phage sequences dispersed
throughout the genome. Two of these prophages (each ~42 kbp,
designated XfP1 and XfP2) are similar to each other, lie in opposite
orientations in distinct regions and appear to belong to the dsDNA,
tailed-phage group. Both appear to contain most of the genes
responsible for particle assembly, although we know of no reports
of phage particle release from X. fastidiosa cultures. In prophage
XfP1, we found two ORFs between tail genes V and W that are
similar to ORF118 and vapA from the virulence-associated region of
the animal pathogen Dichelobacter nodosus, which by homology
encode a killer and a suppressor protein™. Interestingly, in prophage
XfP2, we found two other ORFs also between tail genes Vand W
that are similar to hypothetical ORFs of Ralstonia eutropha trans-
poson Tn4371 (ref. 35). The other two identified prophages, XfP3
and XfP4, are also similar in sequence to each other and to the
H. influenzae cryptic prophage &flu (ref. 36). They both contain a
14,317-bp exact repeat. Few particle-assembly genes were found in
these regions, suggesting that these prophages are defective. An ORF
similar to hicB from H. influenzae, a component of the major pilus
gene cluster in some isolates, was found in XfP4 (ref. 37).

The presence of virulence-associated genes from other organisms
within the prophage sequences is strong evidence for a direct role for
bacteriophage-mediated horizontal gene transfer in the definition
of the bacterial phenotype.

Absence of avirulence genes

Phytopathogenic bacteria generally have a limited host range, often
confined to members of a single species or genus. This specificity is
defined by the products of the so-called avirulence (avr) genes
present in the pathogen, which are injected directly into host cells,
on infection, through a type III secretory system™*. BLAST*
searches with all known avr and type IIl secretory system sequences
failed to identify genes encoding proteins with significant simi-
larities in the genome of X. fastidiosa. Although the variability of avr
genes amongst bacteria might account for this apparent lack, the
high level of similarity of some components of the type Ill secretory
system argues against this. We suspect that these genes are, in fact,
not required because of the insect-mediated transmission and
vascular restriction of the bacterium that obviates the necessity
of host cell infection. Furthermore, if the differing host ranges of
X. fastidiosa are molecularly defined, this may be by a quite different
mechanism not involving avr proteins.

Conclusions

Before the elucidation of its complete genome sequence, very little
was known of the molecular mechanisms of X. fastidiosa pathogeni-
city. Indeed, this bacterium was probably the least characterized of all
organisms that have been fully sequenced. Our complete genetic
analysis has determined not only the basic metabolic and replicative
characteristics of the bacterium, but also a number of potential
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pathogenicity mechanisms. Some of these have not previously been
postulated to occur in phytopathogens, providing new insights into
the generality of these processes. Indeed, the availability of this first
complete plant pathogen genome sequence will now allow the
initiation of the detailed comparison of animal and plant pathogens
at the whole-genome level. In addition, the information contained
in the sequence should provide the basis for an accelerated and
rational experimental dissection of the interactions between X.
fastidiosa and its hosts that might lead to fresh insights into
potential approaches to the control of CVC. O

Methods

The sequencing and analysis in this project were carried out by a network of 34 biology
laboratories and one bioinformatics centre. The network is called the Organization for
Nucleotide Sequencing and Analysis (ONSA)™, and is entirely located in the state of Sio
Paulo, Brazil.

Sequencing and assembly

The sequence was generated using a combination of ordered cosmid and shotgun
strategies™. A cosmid library was constructed, providing roughly 15-fold genome cover-
age, containing 1,056 clones with average insert size of 40 kilobases (kb). High-density
colony filters of the library were made, and a physical map of the genome was constructed
using a strategy of hybridization without replacement™. A total of 113 cosmid clones was
selected for sequencing on the basis of the hybridization map and end-sequence analysis.
‘The cosmid sequences were assembled into 15 contigs covering 90% of the genome.
Additionally, shotgun libraries with different insert sizes (0.8—-2.0 kb and 2.0-4.5kb) were
constructed from nebulized or restricted genomic DNA cloned into plasmids, and
sequenced to achieve a 3.74-fold coverage of high-quality sequence (29,140 reads). Most of
the sequencing was performed with BigDye terminators on ABI Prism 377 DNA
sequencers.

Cosmid and shotgun sequences were assembled into six contigs. We identified sequence
gaps by linking information from forward and reverse reads, and closed either by primer
walking or insert subcloning. The remaining physical gaps were closed by combinatorial
PCR and by lambda clones selected from a ADash library by end-sequencing. The
collinearity between the genome and the obtained sequence was confirmed by digestion of
genomic DNA with Ascl, Notl, Sfil, Smil and Srfl, followed by comparison of the digestion
pattern with the electronic digestion of the generated sequence. In addition, sequences
from both ends of most cosmid clones and 236 X clones were used to confirm the
orientation and integrity of the contigs. The sequence was assembled using
phred+phrap+consed™. All consensus bases have quality with Phred value of at least 20.
There are no unexplained high quality discrepancies, each consensus base is confirmed by
at least one read from each strand, and the overall error estimate is less than 1 in every
10,000 bases.

ORF prediction and annotation

ORFs were determined using glimmer 2.0 (ref. 46) and the glimmer post-processor
RBSfinder (S. L. Salzberg, personal communication). A few ORFs were found by hand
guided by BLAST"' results. Annotation was carried out in a cooperative way, mostly by
comparison with sequences in public databases, using BLAST*' and tRNAscan-SE (ref. 47)
and was based on the functional categories for E. coli™. Only one tmRNA was located
(K. Williams, personal communication). To help annotate transport proteins, we built a
custom BLAST"' database using sequences from http://www-biology.ucsd.edu/~msaier/
transport/toc.htm! and compared our ORFs with these sequences. Phylogenetic trees for
conserved COGs'? were built using ClustalX” for multiple alignment and Phylip™.
Paralogous gene families (Table 2) were determined using BLASTX with the E-value
cut-off equal to e-5 and such that at least 60% of the query sequence and at least 30% of the
subject sequence were aligned.
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Abstract

Hydromedusa maximiliani is a vulnerable freshwater turtle endemic to mountainous regions of the Atlantic rainforest in south-
eastern Brazil. Random amplified polymorphic DNA (RAPD) were surveyed with the purpose of assessing the genetic structure
and determining the partitioning of molecular variation in H. maximiliani across the natural spatial hierarchical scale of its habitat.
The goal of the study was to integrate ecological data with estimates of molecular genetics diversity to develop strategies for the
conservation of this freshwater turtie. Specimens were sampled from rivers and streams across three drainages. Nine of the 80 pri-
mers used generated 27 scoreable bands of which 10 (37%) were polymorphic and produced 16 RAPD phenotypes. Significant
heterogeneity was found in the distribution of RAPD molecular phenotypes across the three drainages. Analysis of molecular var-
iance for molecular phenotypes showed that the heterogeneity had a spatial structure since a significant amount (22%) of the total
variance was attributable to variation among rivers and streams. Since the genetic variation of this turtle seems to be structured
according to the natural hierarchical system of rivers and streams within drainages, it is suggested that local populations should be
considered as separate management units. © 2002 Elsevier Science Ltd. All rights reserved.

Keywords: Conservation; Habitat fragmentation; Hydr dusa maxi
scales; Turtle

i; Molecular variation; Random amplified polymorphic DNA; Spatial

1. Introduction

The degradation and fragmentation of natural eco-
systems has produced landscape islands, with the popu-
lations in such areas becoming small because of the
reduction in the species’ original distribution (Primack,
1998). In species with small populations resulting from
habitat fragmentation, stochastic factors (demographic
and environmental) assume considerable importance in

* Corresponding author. Tel.: +55-019-788-7651; fax: +55-019-
289-3124.
E-mail address: sfreis@unicamp.br (S.F. dos Reis).

the population dynamics and in the species survival
(Templeton et al., 1990; Lacy, 1993; Primack, 1998).
Understanding the ecological and demographic patterns
which drive population dynamics is therefore funda-
mental for conservation efforts (Caughley, 1994), parti-
cularly for long lived orgapisms such as turtles
(Dunham et al., 1989; Congdon et al., 1994). Because of
their limited dispersal capabilities (exception for marine
and some freshwater turtles; Pritchard and Trebbau,
1984; Nichols et al., 2000; Valenzuela, 2001) and their
often specific habitat requirements (Pritchard and
Trebbau, 1984; Ermst and Barbour, 1989; Cabrera,
1998), turtles are highly vulnerable to becoming

0006-3207/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.
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restricted to habitat-isolated populations with little or
no gene flow between them.

Hydromedusa maximiliani is endemic to the Atlantic
forest of the coastal region of eastern Brazil and ranges
from the State of Espirito Santo to the State of Sdo
Paulo (Ernst and Barbour, 1989; Iverson, 1992). The
Atlantic forest habitat of H. maximiliani has been
severely disturbed by humans since the sixteenth cen-
tury, and this has resulted in extensive fragmentation of
the tropical mountain rain forest (Dean, 1996; Chiar-
ello, 1999; Tabarelli et al., 1999). Throughout its range
the species distribution is disjunct, occurring in isolation
at elevations above 600 m. Locally, its habitat is topo-
logically complex, with sequences of ridges and valleys
each drained by river and stream systems (Souza, 1995).

The natural disjunct distribution of H. maximiliani
across its range and the increasing fragmentation of its
natural habitat, associated with a low reproductive rate
and highly seasonal dynamics (Souza, 1995), makes this
species particularly susceptible to demographic and
environmental stochastic phenomena that may interact
to cause local population extinction (McCarthy, 1996;
Hanski, 1998; Legendre et al., 1999). Capture-recapture
studies have shown that these turtles have a limited dis-
persal ability, with a mean daily displacement of 2 m.
Thus, streams are occupied by the same turtles for a
long time (Souza, 1995; Souza and Abe, 1997a). The
dispersion or migratory behavior is limited to the rainy
season, when temporary or intermittent water systems
are connected with the main water courses (Souza and
Abe, 1997a). This limited dispersion suggests that each
population of H. maximiliani inhabits a specific river
within a given drainage system, and therefore exists as a
metapopulation (sensu Hanski and Simberloff, 1997).
The population dynamics of H. maximiliani associated
with its habitat characteristics led Souza and Abe
(1997a) to define the conservation status of this species
as Vulnerable.

Except for the studies of population ecology reviewed
above, very little is known on any other aspects of the
biology of this species. In this paper, we used RAPD
markers (Williams et al., 1993) to investigate the genetic
vanability in H. maximiliani sampled according to the
drainage systems typical of the species habitat. Mole-
cular markers targeted by RAPD have been used
increasingly to determine the patterns of genetic varia-
tion within populations and to partition genetic varia-
tion among populations of vertebrate species (Gibbs et
al., 1994; Haig et al., 1994; Gibbs, 1998; Mockford et
al,, 1999; Cooper, 2000; Vucetich et al., 2001). As
emphasized by Haig et al. (1994), appropriately sampled
RAPD molecular phenotypes can be conveniently tested
for homogeneity across populations, and molecular
variation can be partitioned into hierarchical levels to
yield information on variation and population struc-
ture, with important implications for evolutionary and

conservation biology. Here, measures of genetic sub-
division were used to determine the partitioning of var-
iation in H. maximiliani across the natural spatial
hierarchical scale of its habitat, which involved drai-
nages and rivers and streams within drainages. The goal
of the study was to integrate ecological records with
estimates of molecular genetics diversity to develop
strategies for the conservation of H. maximiliani.

2. Methods
2.1. Sample collection

Field work was conducted from November 1998 to
November 1999 at the Parque Estadual de Carlos
Botelho (PECB), state of Sdo Paulo, southeastern Brazil
(24°00/-24°15" S, 47°45—48°10' W). The PECB is a
protected reserve that encompasses over 37,000 ha of
intact tropical mountain rain forest typical of south-
eastern Brazil (Whitmore, 1990; Veloso et al., 1991).
The region is topologically complex, with ridges and
valleys drained by numerous rivers and streams (Pfeifer
et al., 1986; Souza and Abe, 1998).

During this study an area of approximately 2700 ha
containing three drainages was sampled based on the
natural spatial hierarchy formed by the rivers and
streams. The three drainages are referred to as I, II, and
IIT (Fig. 1). Within each drainage, specimens of H.
maximiliani were hand-caught in shallow rivers and
streams (Fig. 1). In this Figure, each dot corresponds to
the collecting site of each individual. The sampling
effort was not equal in the three drainages because of
difficulties in reaching rivers and streams in drainages I1
and III. The number of individuals obtained for this
study in each drainage were: drainage I (n=25), drain-
age II (n=8), and drainage III (n=11).

From each individual, 200-300 pl of blood was drawn
from the scapula vein/brachial artery (Avery and Vitt,
1984) using a 26-gauge needle and a 1-ml syringe. The
blood samples were immediately preserved in plastic
vials containing 1 ml of absolute ethanol (Miyaki et al.,
1998) and stored at room temperature. All turtles not
already individually identified by marginal scute notches
used in earlier studies (Souza, 1995; Souza and Abe,
1995, 1997a,b, 1998) were marked at the moment of
blood sampling as part of a long-term study. The turtles
were released at the point of capture after blood sample
collection.

2.2. DNA extraction, primer selection, and RAPD-PCR
amplifications

Genomic DNA was extracted from the blood samples
by two successive organic extractions with phenol:-
chloroform using the protocol outlined by Bruford et al.
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Fig. 1. Map of the study site at Parque Estadual de Carlos Botelho, state of Sdo Paulo, southeastern Brazil, showing the three drainages and rivers
sampled for Hydromedusa maximiliani. Dots indicate the collecting site of each individual. For drainage I, numbers 1-8 indicate rivers surveyed
while dashed lines indicate the three samples sites (A, B, and C) of samples pooled for AMOVA (see text).

(1992) and Miyaki et al. (1998), and then precipitated
with 1/10 volume of 1 M sodium acetate (pH 5.3) and
two volumes of 100% ethanol. Approximately 100 ul of
blood/ethanol solution from each turtle were placed in
Eppendorf tubes containing 300 pl of 1X TNE (50 mM
Tris-HC], 100 mM NaCl, 6.3 mM EDTA, pH 7.5), 30
ul 1 M Tris-HCI pH 7.5, 20 pl of proteinase K (25 mg/
ml) and 8 ul of 25% SDS, and kept at 37 °C for 12 h.
The DNA pellet was washed in 70% ethanol and
allowed to dry for 5 min before redissolving in 100-150
ul of sterile. The quality of the extracted DNA was
evaluated in agarose gels (0.7%) stained with ethidium
bromide and quantified by comparison with DNA
standards run in the same gel. DNA was diluted to a
working concentration of approximately 0.6 ng/pl.

The primers (Operon Technologies, Inc.; Alameda,
California, EUA) were selected using a two-step proce-
dure. Initially, 80 primers (Kits A, C, G, N; 20 primers
per kit) were surveyed in side-by-side duplicate reactions
for two turtles to identify primers that yielded a repro-
ducible and scoreable banding pattern. Only con-
sistently well amplified bands were screened and
variation in intensity was ignored. This first approach

revealed nine primers meeting these criteria. These
nine primers were used to analyze the full set of DNA
samples from the 44 individuals captured in the studied
area.

The polymerase chain reaction (PCR) was done in a
Perkin-Elmer GeneAmp™ PCR system 9700 with a
total volume of 12.5 ul containing 10 mM Tris HCI (pH
8.4), 50 mM KCl, 3.5 mM MgCl,, 1 pl of each dNTP, 2
ul of primer, 0.3 pl Taqg polymerase, 1.2 ng of genomic
DNA and sterile water. Negative controls in which
DNA was substituted for water were run to check for
the possibility of contamination. Reproducibility was
assessed by comparing duplicate reactions, which were
usually adjacent to one another in the thermocycler, and
products were run side-by-side on the same gel. The
reactions condition involved: initial denaturation of
DNA for 2 min at 94 °C, 39 cycles of 1 min denatura-
tion at 94 °C, 1 min annealing at 40 °C, 2 min extension
at 72 °C, and one 5 min cycle at 72 °C for final exten-
sion. The amplification products were separated on
1.3% agarose gels stained with ethidium bromide, run
in 1X TAE buffer at 80 V for 5 h. Monochrome photo-
graphic negatives were taken of the gels and the
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individual profiles were scored by two of us (FLS and
AFC) for the presence/absence of fragments for each
primer.

2.3. Statistical analyses

Statistical analyses were done based on the spatial
hierarchy (rivers and streams within drainages, and
among drainages) of sampling defined by the topo-
graphic characteristics of the H. maximiliani habitat.
The null hypothesis that the distribution of RAPD
molecular phenotypes was homogeneous across the
three drainages was tested with Fisher’s exact test
because of the small number of individuals in some cell
frequencies in the contingency tables (Sokal and Rohlf,
1981). The heterogeneity in RAPD phenotype distribu-
tion among rivers and streams within each drainage was
also verified with Fisher’s exact test and, whenever
appropriate, sequential Bonferroni adjustment for mul-
tiple comparisons was applied (Sokal and Rohlf, 1981).
The partitioning of molecular variation at the hier-
archical levels for which significant departures from the
null hypothesis were detected was done by the analysis
of molecular variation (AMOVA; Excoffier et al., 1992).
The theoretical foundation for AMOVA as derived by
Excoffier et al. (1992) is framed in the context of U-sta-
tistics (Hoeffding, 1948; Pinheiro, 1997), and is based on
the fact that the sum of squares in conventional analysis
of variance can be written as the sum of squared dis-
tances between pairs of phenotypes. The distance
between individual RAPD molecular phenotypes used
here was a simple Euclidean metric and was calculated
by summing the squared differences of pairwise vectors
of zeros (band absent) and ones (band present) over all
polymorphic loci (Excoffier et al., 1992). The phenotypic
distances were partitioned into components of variance
in the AMOVA framework and the @ statistics (Excof-
fier et al., 1992) was calculated from the variance com-
ponent representing variation at the hierarchical levels
defined by the sampling design for this study. Fisher’s
exact test was computed with PROC FREQ of SAS
(SAS/STAT, 1989) and the AMOVA was computed
with Arlequin ver 1.1 (Schneider et al., 1997).

3. Results

Nine of the 80 primers used yielded band patterns
that were clear and could be scored with confidence
(Table 1). These primers produced 27 potentially score-
able bands (range 1-6; mean 3), of which 10 bands
(37%) were polymorphic and produced 16 RAPD phe-
notypes. Twelve of the 16 phenotypes were represented
in the 25 individuals sampled from drainage 1, and eight
phenotypes were found only in the rivers and streams of
this drainage. Five phenotypes were represented in the

eight individuals sampled from drainage II, of which
one phenotype occurred only in this drainage. Five
phenotypes were represented in the 11 individuals sam-
pled from drainage III, of which three phenotypes were
found only in this drainage. Three phenotypes were
common to all three drainages.

The null hypothesis that RAPD molecular pheno-
types were distributed homogeneously across drainages
was rejected by Fisher’s exact test for comparison of
drainages I, II, and III simultaneously (P < 0.000656).
To determine which of the three drainages differed sig-
nificantly in the distribution of RAPD phenotypes,
pairwise comparisons between the three drainages were
done with Fisher’s exact test. The appropriate level of
significance that controls for Type I error was obtained
through sequential Bonferroni adjustment for multiple
comparisons by dividing our « level of 0.05 by the
number of comparisons (3), which yielded an adjusted
significance level of P< 0.016. Comparison of drainages
I and II, and of drainages II and III resulted in non-
significant differences (P-values of 0.095 and 0.263,
respectively), whereas drainages I and III differed sig-
nificantly (P < 0.000195) in the distribution of RAPD
molecular phenotypes.

The organization of variation in molecular pheno-
types at the level of rivers and streams within drainages
was also evaluated with Fisher’s exact test. A deviation
from the null hypothesis of homogeneous distribution
of phenotypes among rivers and streams was found for
drainage I (P < 0.015), whereas for drainages II and III
the results were not significant (P=0.871 and P=0.558,
respectively).

Drainage I, which gave a statistically significant result
in Fisher’s exact test, was investigated with AMOVA in
order to provide insight into the partitioning of RAPD
phenotypic variation among rivers and streams in drai-
nage L. Since some rivers in drainage I were sampled for
only a few individuals, samples were pooled according
to the spatial hierarchy of the main rivers and their tri-
butaries, resulting in three samples sites, as follows:
sample A including river 1, sample B including rivers 2,
3, 4, and 5, and sample C including rivers 6, 7, and 8
(Fig. 1). For this sampling design, the phenotypic
AMOVA analysis was used to derive variance compo-

Table 1
RAPD primers, their sequences, and the size (molecular weight) of the
polymorphic marker bands generated for Hydromedusa maximiliani

Primer Sequence (5'-3) Polymorphic bands
OPA07 GAAACGGGTG 625
OPA09 GGGTAACGCC 425
OPAIlC GTGATCGCAG 425, 475
OPA20 GTTGCGATCC 450
OPNO1 CTCACGTTGG 725, 750
OPNO09 TGCCGGCTTG 550, 850, 950
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nents and to calculate the value of dgt that quantifies
the level of variation among sample areas A, B, and C.
The level of Pst was statistically significant (P<
0.00684) and accounted for 22% of the total variance in
the molecular phenotypes among rivers and streams
within drainage I (Table 2).

To gain further insight into the pattern of molecular
variation in drainage I the relationship between pairwise
RAPD phenotype distances, computed as Euclidean
distances squared (Rohlf, 1994) and spatial distance,
measured in river distance (measurements taken with a
swivel handle map measurer), was assessed with Man-
tel’s (1967) test using NTSYS-pc (Rohlif, 1994). The
correlation between spatial and molecular phenotype
distances {r=-0.125) for all individuals sampled in
drainage I was not significant (z=—1.228; P=0.110).
Mantel’s test was also applied to all individuals samples
in the three drainages. The pairwise RAPD phenotype
distances were calculated as above, whereas the geo-
graphic distances were calculated as great circle (or
straight-line) distances because rivers in different drain-
ages are not connected. The correlation between spatial
and molecular phenotype distances (r=0.068) for all
individuals sampled in drainages I, II, and III was also
not significant (¢=1.201; P=0.885).

4. Discussion

The level of polymorphism of H. maximiliani (37%),
based on the RAPD molecular phenotypes observed in
this study, was eightfold higher than that reported for
Blanding’s turtle, Emydoidea blandingii (4.5%). the only
turtle species for which RAPD data are available
(Mockford et al., 1999). Mockford et al. (1999) sug-
gested that the low polymorphism detected in E. blan-
dingii was not surprising since early studies with turtles
had shown low rates of mutation in both mitochondrial
(Avise et al., 1992; Bowen et al., 1993) and nuclear
DNA (FitzSimmons et al., 1995). Mockford et al. (1999)
also regarded the low levels of polymorphism in

Table 2

Analysis of molecular variance (AMOVA) for 25 individuals of
Hydromedusa maximiliani for drainage I in the Parque Estadual de
Carlos Botelho, state of Sdo Paulo, southeastern Brazi®

Source of d.f. SSD Variance % of total P
variation variance

Among sites 2 4.308 0.19184 21.99 0.00684
Within sites 22 14.972  0.68056 78.01 0.0001

2 Populations within this drainage were pooled into three samples
sites according to the spatial hierarchy of the main rivers and streams
(see text). d.f., degrees of freedom; SSD, sums of squared deviations;
P, probability of obtaining a larger variance by chance under the
null hypothesis of zero variance (estimated from 1000 sampling
permutations).

E. blandingii 10 be characteristic of Testudines. Esti-
mates of polymorphism based on RAPD markers are
sensitive to a certain level of subjectivity during the
scoring of polymorphic bands (Grosberg et al., 1996),
and this limits the effectiveness of comparisons across
studies. Nevertheless, the data obtainred here for H.
maximiliani indicated that the levels of polymorphism in
Testudines, as measured by RAPD molecular pheno-
types, may not necessarily be as low as currently
thought (see also Seddon et al., 1998). This finding is all
the more remarkable considering the fine spatial scale of
sampling of H. maximiliani which involved distances of
about 5 linear (airline) km, whereas for E. blandingii the
sampling scale ranged over 1000 km.

There were significant differences in the distribution
of RAPD phenotypes in H. maximiliani between drai-
nages and among rivers and streams within drainages.
At the spatial scale of drainages there was also sig-
nificant heterogeneity in the distribution of phenotypes
between drainages I and III, which were located further
apart (Fig. 1). The distribution of RAPD molecular
phenotypes deviated from the null hypothesis of homo-
geneity at the scale of rivers and streams within a drain-
age. This result was found only for drainage I and
may reflect the fact that this drainage had the largest
sample size, which would increase the power of the
statistical test. The AMOVA results for the three samp-
ling areas within drainage I produced a significant esti-
mate of g, providing genetic evidence for population
substructuring in H. maximiliani on very local
spatial scales; that is, among rivers and streams within a
drainage.

The evidence obtained for substructuring derived
from molecular markers mirrors the evidence available
from ecological studies. Direct estimates of dispersal for
H. maximiliani based on mark-recapture data gathered
during a 1993-1994 study (Souza and Abe, 1997a)
showed that the movement of individuals was fairly
restricted, with a mean daily displacement of 2 m, sug-
gesting that turtles from each river and stream within a
drainage could be structured as metapopulations
(Hanski and Simberloff, 1997). In fact, individuals from
which blood samples were taken for the present study in
1999 were found only a few meters from the site where
they had been marked in 1993-1994.

For naturally subdivided populations such as aquatic
organisms, microevolutionary processes are expected to
drive the organization of genetic variability, and this
may sometimes result in genetic differentiation on a
local scale (Johnson & Black, 1991; Perault et al., 1997;
Arnaud et al., 1999; Shaffer et al., 2000). For organisms
with a sedentary nature and a low dispersal ability, such
as snails, the genetic structuring of populations on small
geographic scales is frequent (Johnson and Black, 1991;
Arnauld et al., 1999). Although many factors, including
population history and departures from the equilibrium
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between drift and mutation rate, may confound the
expected relationship between population structure and
dispersal ability (see review in Bohonak, 1999), the gen-
eral picture emerging from our study is that turtle
behavior (sedentary behavior) is closely associated with
habitat characteristics (a natural fragmented habitat,
with mountain ridges, drainages, and rivers and streams
within drainages). This relationship may limit gene flow
and results in genetic structuring of the populations on
a small spatial scale.

The data obtained from the AMOVA of molecular
RADP markers presented here, combined with the eco-
logical data and estimates of dispersal indicates that H.
maximiliani populations are highly structured in close
association with the topographic characteristics of this
species habitat. Also it suggests that human-induced
habitat fragmentation may not severely impact this
species. Nevertheless fragmentation and loss of habitats
certainly implies the extinction of local populations, and
an understanding of patterns of population substructure
combined with knowledge of ecological and natural
history data is of fundamental importance for develop-
ing management strategies for insuring the long-term
persistence of H. maximiliani.

The molecular and ecological findings reported here
indicate that significant demographic and genetic pro-
cesses are operating in H. maximiliani at the scale of
rivers and streams within drainages. These results sug-
gest that such local populations may be considered
separate management units (MUs), in the sense that
they harbor characteristic demographic processes and
genetic variability (Moritz, 1994, 1999; Shaffer et al.,
2000). The component populations of MUs are the
natural units for population monitoring and demo-
graphic study and are, therefore, the target of short-
term management (Moritz, 1994; Shaffer et al., 2000).
Local population extinction can be counteracted by rein-
troductions from component populations of MUs (Mor-
itz, 1994; Shaffer et al., 2000). In the case of the samples
and geographic area we examined in this study, there was
no evidence for isolation by distance in H. maximiliani
and, therefore, the stocks for re-establishment efforts
could be derived from any neighboring population.

Most research on turtles has examined molecular
variation and population structure on very large spatial
scales (reviewed in Walker and Avise, 1998; Avise,
2000). To our knowledge, this is the first study to
document molecular variation on local spatial scales in
a neotropical freshwater turtle. The pattern of popula-
tion substructuring observed seems to be closely asso-
ciated with the complex topography of the landscape
matrix, typical of the habitat of the freshwater turtle H.
maximiliani. Population phenomena and processes, such
as the substructuring of populations on local spatial
scales, are now regarded as important for process-
oriented conservation approaches including species diver-

sity, ecosystems and landscapes (Moritz, 1999; Poiani et
al., 2000; Shaffer et al., 2000), and the results described
here could contribute to the goal of conservation of H.
maximiliani. The scale of sampling available for this
study was limited both in geographic area and sample
sizes, and most of the inference regarding conservation
efforts was based on one drainage for which sample size
was larger. Nevertheless, the data obtained provided
evidence for potential MUs within H. maximiliani.
Additional sampling should include not only more
drainages, and rivers and streams within drainages, but
also the entire geographic range of H. maximiliani; and
mitochondrial and nuclear sequence markers should
also be targeted. Such information will allow the inves-
tigation of genetic structure and genealogy at larger
spatial scales of sampling to verify the validity of asser-
tions made in this study regarding current population
structure, and also to search for evidence of genealogi-
cal (i.e. historical) structure. The combination of evi-
dence from both scales, that is, population and
genealogy, should provide ecological and evolutionary
perspectives for conservation efforts in H. maximilliani.
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Abstract

Hydromedusa maximiliani is a vulnerable neotropical freshwater turtle endemic to mountainous regions of the
Atlantic rainforest in southeastemn Brazil. Random amplified polymorphic DNA (RAPD) was used to estimate the
gene flow and dispersal for individuals inhabiting rivers and streams within a drainage. Nine primers generated 27
scoreable bands, of which @ (33%) were polymorphic and produced 12 RAPD phenotypes. The gene flow estimates
(Nm) among turtles inhabiting different rivers and streams were variable, ranging from 0.09 to 3.00 (mean: 0.60). For
some loci, the rates of gene flow could offset population differentiation (Nm > 1), whereas for others random genetic
drift could result in population divergence (Nm < 1). Since the genetic variation of this turtle seems to be structured
according to the natural hierarchical system of rivers and streams within drainages, management programs involving
translocations between different regions across the geographical range of H. maximiliani should be viewed with

caution.
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Introduction

The neotropical freshwater turtle Hydromedusa
maximiliani (Chelidae) is endemic to the Atlantic forest of
the coastal region of southeastern Brazil, with a geograph-
ical distribution ranging from the State of Espirito Santo to
the State of Sdo Paulo (Ernst and Barbour, 1989; Iverson
1992). Throughout its range, the distribution of H.
maximiliani is disjunct, occurring in isolation at elevations
above 600 m. Locally, its habitat is topologically complex,
with sequences of ridges and valleys each drained by river
and stream systems (Souza, 1995).

Capture-recapture studies have shown that these tur-
tles have limited dispersal ability, with a mean daily dis-
placement of 2 m (Souza 1995; Souza and Abe, 1997a).
Dispersal over longer distances is apparently limited to the
rainy season, when temporary or intermittent water systems

Send correspondence to Sérgio Furtado dos Reis. Departamento
de Parasitologia, Instituto de Biologia, Universidade Estadual de
Campinas, Caixa Postal 6109, 13083-970 Campinas, Sio Paulo,
Brazil. E-mail: sfreis@unicamp.br.

arc connccted with the main watercourses (Souza and Abe,
1997a). The observed limited dispersal suggests that each
H. maximiliani population inhabits a specific river within a
given drainage system, and this hypothesis was addressed
in a preliminary work on the population genetic structure of
the species, which indicated a substantial partitioning of
molecular variation across rivers and streams inhabited by
this turtle (Souza et al., 2002). These findings of population
structure on a small spatial scale defined by the complex
topographical features of the species’ habitat, a region top-
ologically complex, with ridges and valleys drained by nu-
merous rivers and streams (Pfeifer ez al., 1986; Souza and
Abe 1998), could imply that there is little or no gene flow
among turtles inhabiting different water courses or distinct
drainagc. In this study, wc uscd random amplificd poly-
morphic DNA (RAPD) markers (Williams et al., 1993) to
assess levels of gene flow among local H. maximiliani pop-
ulations, and briefly discuss the conservation and manage-
ment implications of our findings.
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Material and Methods

Field work was conducted from November 1998 to
November 1999 at the Parque Estadual de Carlos Botelho
(PECB), state of Sao Paulo, southeastern Brazil (24°00’-
24°15°S, 47°45°48°10'W). The PECB is a protected re-
serve that encompasses over 37,000 ha of intact tropical
montane rain forest typical of southeastern Brazil
(Whitmore, 1990; Veloso ez al., 1991). In this study, an area
of approximately 500 ha containing eight rivers and
streams (1-8) was surveyed (Figure 1). This 500 ha area
was the same as used in previous studies of this species’
natural history [see Souza and Abe (1995, 1997a,b, 1998)
for a more detailed description of the area). Three sites were
defined within these drainage based on the spatial hierarchy
of the main rivers and their tributaries: site A (which in-
cluded river 1), site B (which included rivers 2, 3, 4, and 5),
and site C (which included rivers 6, 7, and 8) (Figure 1).

Turtles (n = 25) were hand-caught and 200-300 puL of
blood was drawn from the scapula vein/brachial artery
(Avery and Vitt, 1984) using a 26-gauge needle and a 1 mL
syringe. The blood samples were immediately preserved in
1 mL of absolute ethanol (Miyaki et /., 1997) in plastic vi-
als and storcd at room tempceraturc, The turtles were re-
leased at the point of capture after blood sample collection.

Genomic DNA was extracted from the blood samples
by two successive organic extractions with phenol:chloro-
form:isoamyl alcohol as outlined by Bruford ez al. (1992)
and Miyaki et al. (1998), and then precipitated with 1/10
volume of 1 M sodium acetate (pH 5.3) and two volumes of
100% ethanol. The quality of the extracted DNA was evalu-
ated in agarose gels (0.7%) stained with ethidium bromide
and quantified by comparison with DNA standards run in
the same gel. DNA was diluted to a working concentration
of approximately 0.6 ng/uL.

Eighty primers (Operon Technologies, Inc.; Alame-
da, California, EUA) were initially screened for consis-
tently reproducible and scoreable amplified bands. Nine
primers that met these criteria were used to analyze the
DNA samples from the 25 individuals captured in the stud-
ied area. The polymerase chain reaction (PCR) was per-
formed in a Perkin-Elmer GeneAmp™ PCR system 9700
with a total volume of 12.5 L containing 10 mM Tris HCl
(pH 8.4), 50 mM KCl, 3.5 mM MgCl,, 1 pL of cach dNTP,
2 UL of primer, 0.3 UL Tagq polymerase, 1.2 ng of genomic
DNA and sterile water. Negative controls in which water
was substituted for DNA were run to check for the possibil-
ity of contamination. Reproducibility was gauged by com-
paring duplicatc rcactions, which were usually adjacent to
one another in the thermocycler, and products were run
side-by-side on the same gel. The reaction conditions in-
volved initial denaturation of DNA for 2 min at 94 °C,
39 cycles of 1 min denaturation at 94 °C, 1 min annealing at
40 °C, 2 min extension at 72 °C, and one 5 min cycle at
72 °C for final extension. The amplification products were

Figure 1 - Map of the study site at Parque Estadnal de Carlos Botelho,
state of Sdo Pamlo, southeastern Brazil. The sample drainage for
Hydromedusa maximiliani is showed as a heavy line with oumbers 1-8 in-
dicating rivers and streams surveyed. Dotted lines show the three sample
sites (A, B, C) defined according to the spatial hierarchy of the main rivers
and their tributaries Dots indicate individual coliection sites.

separated on 1.3% agarose gels stained with ethidium bro-
mide, run in buffer 1X TAE at a constant voltage of 80 V
for 5 h. Monochrome photographic negatives were taken of
the gels and the individual profiles were scored by two of
the authors (FLS and AFC) for the presence/absence of
fragments for each primer (see Souza ez al., 2002, for a full
description of these methods).

Allele frequencies were estimated for standard ge-
netic analysis of population structure. Most (~90%) alleles
amplified by arbitrarily primed PCR segregate as dominant
markers. Since these RAPD alleles are revealed as the pres-
ence or absence of a band, it is not generally possible to dis-
tinguish heterozygous individuals from those homozygous
for the dominant allele at such loci because both have the
“band present” phenotype (Ferreira and Grattapaglia,
1998). We assumed that all loci considered in our analyses
met this criterion and that the genotypes were in Hardy-
Weinberg equilibrium. Allele frequencies were obtained
using the asymptotically unbiased estimator, §, derived by
Lynch and Milligan (1994), as follows

= Var(X
q=&(1—;rT(2))

where X is the frequency of the null allele calculated as the
square root of the frequency of the null phenotype (i.e., ab-
sent band).

The analysis of molecular variance, AMOVA
(Excoffier et al., 1992) was used to measure the variation in
allelic frequencies for each locus among populations of tur-
tles inhabiting different rivers and streams from the sam-
pled drainage. Gene flow (Nm) was estimated from
F-statistics, Fsr, as a measure of the genetic interaction
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among populations, indicating the number of immigrants
per population per generation (Slatkin, 1985, 1987). We
used the formula Fgr = 1/(4Nm + 1), where N is the local
population size and m is the average rate of immigration.
For this estimate, we assumed neutrality, negligible muta-
tion and a stepping-stone population structure model
(Kimura and Weiss, 1964). This assumption was crucial
because the relation of Fsrto underlying microevolutionary
parameters changes with different models of population
structure (Slatkin, 1985, 1987). Contingency chi-square
values were calculated to determine whether Fsr estimates
varied from zero (significant population differentiation),
using the formula ¥® = 2N Fg(k-1), where N is the total
sample size, and & is the number of alleles; df = (k-1)(m-1),
where m is the number of samples (in this case, the number
of sites within sampled drainage) (Johnson and Black,
1991).

Results

Nine of the 80 primers used yielded band patterns that
were clear and could be scored with confidence. These
primers produced 27 potentially scoreable bands (range
1-6; mean 3), of which nine bands (33%) were polymorphic
and produced 12 RAPD phenotypes. The estimated allele
frequencies at RAPD-encoding loci from these nine poly-
morphic bands varicd among rivers and strcams, indicating
that most loci were spatially structured (Table I) and en-
demic to some rivers and streams. Locus 2 was found only
for site A (river 1), which was the river located farthest west
in this drainage. Two unique alleles were found for turtles
inhabiting river 4 at site B (loci 5 and 9), while one unique
allele (locus 8) was found for individuals from river 2 (site
B). One allele, locus 1, was the most widespread allele and
was detected at all three sites, including rivers 2,4, 7, and 8
(Table I).

The cstimatced Fsr for cach locus ranged from 0.077 to
0.743 (Table II), and only one locus (locus 7) showed no
significant difference among populations (p > 0.05). The
overall differentiation (Fsr = 0.293) among populations of
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Table II - Among population differentiation (F;) and gene flow estimates
(Nm) of RAPD allele frequencies for nine variable loci (L) from
Hydromedusa maximiliani specimens inhabiting a drainage in the Parque
Estadual de Carlos Botelho, state of Sao Paulo, southeastern Brazil. d.f.:
degrees of freedom.

Locus Fsr % df. P Nm
L1 0.1411 7.06 2 0.05 1.52
L2 0.4620 23.10 2 0.001 0.29
L3 0.3858 19.29 2 0.001 0.39
L4 0.7428 37.14 2 0.001 0.09
LS 0.1864 9.32 2 0.01 1.09
L7 0.0770 3.85 2 0.05 3.00
L8 0.1864 9.32 2 0.01 1.09
LS 0.1864 9.32 2 0.01 1.09
Li0 02726 13.63 2 0.01 0.67
Total 02934 132.03 18 0.0001 0.60

turtles inhabiting different rivers and streams from the sam-
pled drainage was significant (%5 = 132.03; p < 0.0001),
indicating variation among populations. The average Nm
estimate was 0.60 (range = 0.09-3.00).

Discussion

The combination of ecological and biogeographical
processes is an important mechanism for shaping the
genetic structure of populations. Thus, life-traits (mating
systems, dispersal ability), historical events (fragmenta-
tion, range expansion, colonization), and landscape matrix
(mountain ridges, watersheds) may provide the background
for understanding the geographic structure of genetic varia-
tion among populations (Templeton et al., 1995).

Nm estimates of more than one immigrant into the av-
erage deme per generation, as calculated for five loci (loci
1, 5,7, 8, and 9), indicatcd that gene flow among popula-
tions inhabiting different rivers and streams was sufficient
to deter population differentiation if they were at equilib-
rium between migration and random genetic drift (Wright,

Table I - Band frequencies (locus: L) among nine oligonucleotide primers for H. maximiliani sampled from eight rivers and streams which formed the
three sites (A, B, and C) of a drainage in the Parque Estadual de Carlos Botelho. The values indicate the presence frequency of variable bands (n = sample

size).

Site River L1 L2 L3 LS L7 L8 Lo Li0

A(n=4) 1(n=4) 1.00 0.75 1.00 1.00 1.00 0.00 1.00 1.00 1.00

B(n=12) 2(n=6) 0.83 1.00 1.00 1.00 1.00 0.00 0.83 1.00 1.00
3(n=1 1.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00 1.00
4(n=4) 0.50 1.00 1.00 1.00 0.75 0.00 1.00 0.75 0.75
S(n=1) 1.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00 0.00

C(n=9 6(n=2) 1.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00 1.00
T(n=6) 0.67 1.00 0.67 0.17 1.00 0.17 1.00 1.00 1.00
8(n=1) 0.00 1.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00
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1931; Slatkin, 1985, 1987). In contrast, Nm values for four
loci (loci 2, 3, 4, and 10) were less than one, implying that
the differentiation among populations could have occurred
through random genetic drift alone (Slatkin, 1985, 1987).
Overall, the Nm estimate of 0.589 indicated that the H.
maximiliani populations inhabit different rivers.

Population structure bears an inverse relationship
with the dispersal capability of organisms (Hart] and Clark,
1997), and the observed pattern of H. maximiliani popula-
tion structure on a local spatial scale (Souza et al., 2002) is
consistent with the known dispersal behavior of the species.
Direct and indirect methods for estimating gene flow
(Slatkin, 1987) in this species yielded similar results. Esti-
mates of dispersal for H. maximiliani based on mark-recap-
ture data (direct method) gathered during a 1993-1994
study (Souza and Abe, 1997b) showed that the movement
of individuals was fairly restricted, with a mean daily dis-
placement of two meters, suggesting that turtles from each
river and stream within a drainage could be structured in as
a metapopulation (Hanski and Simberloff, 1997). Indeed,
individuals from which blood samples were taken for the
present study in 1999 were found only a few meters from
the site where they had been marked in 1993-1994.

The hypothesis of a metapopulation structure was
confirmed by indirect (genetic) methods. The fact that sev-
eral alleles were unique for rivers and streams within a
drainage indicated that, because of the turtles’ limited dis-
persal, mating must be restricted to related individuals,
which would facilitate the development of a local genetic
structure. Furthermore, the molecular markers produced
high Fgr values and low Nm values, indicating low gene
flow among turtles inhabiting different rivers and streams.
Templeton et al. (1990) found that mitochondrial DNA
haplotypes in strictly aquatic salamanders were partitioned
according to rivers within drainage, in a similar manner to
the partitioning of RAPD variation for H. maximiliani. For
organisms with a sedentary nature and low dispersal ability,
such as snails, the genetic structuring of populations on
small geographic scales is frequently detected (Johnson
and Black, 1991; Arnaud et al., 1999, 2001), and couid
bave originated from limited gene flow among populations.

Additional sampling of drainages and rivers and
streams within drainage, as well as the use of mitochondrial
and nuclear sequence markers will be necessary to estimate
effective population sizes, population genealogies and
other aspects fundamental to H. maximiliani conservation.
These genetic analyses are important for the protection and
management of this turtle species because such information
could be useful in determining options for translocations.
The genetic variation in this turtle species is structured ac-
cording to the natural hierarchical system of rivers and
streams within drainage, and limited gene flow is detected
among populations from different rivers and streams. Thus,
each watershed may harbor endemic populations, which

Souza et al.

suggests a strong degree of genetic structure and differenti-
ation in the geographical range of the species.
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ABSTRACT.— Phylogeography of Hydromedusa maximiliani was assessed by sequencing
a 416 bp fragment from the mtDNA control region. Based on fragment polymorphism,
18 haplotypes were detected among individuals from four populations throughout
southeastern Brazil. Two major geographical groups could be distinguished,
corresponding to a western population, represented by individuals from S3o Paulo state
and an eastern population, represented by individuals from Rio de Janeiro and Minas
Gerais states. Divergence dates of 8-16 million years ago for northern and southern H.
maximiliani populations the orographical activities resulting in Serra do Mar and the

Serra da Mantiqueira mountain uplifts during Pliocene and Miocene.

Hydromedusa maximiliani is endemic to southeastern Brazil. Its typical habitat is
cold and clear waters of shallow small rivers and streams found throughout pristine
mountainous regions of Atlantic rainforest. This habitat is becoming fragmented by
extensive human activity (Dean, 1996; Chiarello, 1999; Tabarelli et al., 1999) and this
fragmentation may affect gene flow among turtle populations. Natural history records
from capture-recapture studies and genetic surveys have shown that population structure
in this species can be detected on a small scale defined by drainages in the complex
landscape suitable matrix of habitat (Souza, 1995; Souza and Abe, 1997, 1998; Souza et
al., 2002a,b), and local populations can be considered management units (Souza et al.,
2002a,b) that harbor local demographic processes and genetic variability (Moritz, 1994,

1999). Since genetic variation in this turtle is structured according to the natural hierarchy



of rivers and streams within drainages (Souza et al., 2002a,b), each watershed may harbor
endemic populations.

Turtles have limited dispersal capability (except for marine and some freshwater
species; Pritchard and Trebbau, 1994; Sites et al., 1999; Nichols et al., 2000; Valenzuela,
2001), and physical (i.e., large rivers, mountains, valleys) or climatic (i.e., temperature)
barriers represent important factors in determining the population genetic structure of
freshwater and terrestrial chelonians (Lamb et al., 1989; Schroth et al., 1996; Walker and
Avise, 1998; Walker et al., 1997, Roman et al., 1999; Avise, 2000). The geographical
range of Hydromedusa maximiliani encompasses two of the most notable mountain
complexes in southeastern Brazil, the Serra do Mar and the Serra da Mantiqueira. These
geographical components play an important role in shaping population genetic structure
of plants and animals in this region (Vanzolini, 1973; Dixon, 1979; Simpson, 1979,
Cardoso et al., 2000; Ditchfield, 2000; Lara and Patton, 2000; Moritz et al., 2000).
Because metapopulation structure over a small spatial scale has been suggested by direct
(mark-recapture) and indirect (genetic) methods for H. maximiliani (Souza, 1995; Souza
and Abe, 1997, 1998; Souza et al., 2002a,b), the complex landscape found throughout the
species’ distribution, together with behavioral characteristics (e.g. sedentary behavior,
habitat requirements), may favor maintenance of a phylogeographic pattern in the genetic
structure of this species.

We present preliminary results regarding phylogeographic structure in
Hydromedusa maximiliani based on partial sequencing of the mtDNA control region
from specimens sampled throughout the species’ geographical range. Genetic data on H.

maximiliani populations from different geographic areas are useful to investigations of



genetic structure and genealogy on a larger spatial scale. Combined evidence from
population and genetic studies provides ecological and evolutionary perspective to
conservation efforts in H. maximiliani.

MATERIAL AND METHODS

Blood samples (200-300 pL; Avery and Vitt, 1984) were taken from turtles at
four localities: Parque Estadual de Carlos Botelho, Sdo Paulo state (PECB; 24°00° to
24°15°S, 47°45 t0 48°10°W; n = 48), Nova Friburgo, Rio de Janeiro state (NF; 22°19°S,
42°02°W; n = 4), Teresdpolis, Rio de Janeiro state (TERES; 22°27°S, 42°28°'W; n=1),
and Juiz de Fora, Minas Gerais state (JF; 21°42°S, 43°21°W; n= 1) (Fig. 1). These
localities represent Serra do Mar (PECB, NF, and TERES) and Serra da Mantiqueira (JF)
populations. Samples of Hydromedusa maximiliani were obtained under permit number
41.224/99 issued by Secretaria do Meio Ambiente, Brazil.

Genomic DNA was initially extracted from blood following procedures outlined
by Bruford et al. (1992) and Miyaki et al. (1998). Quality of extracted DNA was
evaluated in agarose gels (0.7%) stained with ethidium bromide, and quantified by
comparison with DNA standards run in the same gel. Purified DNA was used in an
initial polymerase chain reaction (PCR) for the mtDNA control region under the
following thermal conditions: 98 °C for 3 min for initial denature, 36 cycles of 94 °C for
45 s for denature, 53 °C annealing for 45 s, and 72 °C extension for 90 s, followed by 72
°C for 90 s for final extension. PCR was conducted (GeneAmp™ PCR System 9700;
Perkin Elmer) in a final volume of 12.5 uL containing 20 ng DNA, 1.5 pL 10X PCR
buffer, 0.5 uL. S0 mM MgCl,, 1.25 mM dNTPs, 0.9 uM primers, and 0.175 pL Taq

polymerase (Platinum™ Taq, GibcoBRL®).



Primers were developed based on sequence alignments of the mitochondrial
genome from Podocnemis expansa, Chelus fimbriata, Pelusios williamsi, Chrysemys
picta, Chelonia mydas and Dermochelys coriacea. The forward primer (cytb 5°-
CTACACMYMTCMAAACAAC-3") and the reverse primer (/251 5°-
GGACCAAATCTTTGTGTTTTTG-3") amplified an approximately 1,400 bp fragment
of the mitochondrial region encompassing cytochrome 5, 128, and Thr-proline genes, as
well as the D loop region. The size of the amplified fragment was checked by
electrophoresis in 0.7% agarose minigels stained with ethidium bromide. PCR product
was run on a 1.2% agarose 1X TAE gel and the target DNA fragment was then excised.
To purify double stranded product, a PCR purification kit (ConcertTM Gel Extraction
Systems; GibcoBRL®) was used and, depending on yield, 2 - 5 uL of purified product
served as template for single-stranded PCR with the Prism cycle sequencing kit (Applied
Biosystems) and /2S/ primer under the following conditions: 96 °C for 3 min for initial
denature, 40 cycles of 94 °C for 40 s for denature, 53 °C annealing for 30 s, and 60 °C
extension for 4 min. Labeled extension was cleaned by two isopropanol and two ethanol
precipitations and then analyzed with a 377 Automated DNA sequencer. Fragments were
aligned with Clustal X (Thompson et al., 1997) and edited manually.

Estimates of population genetic variation were obtained in the form of haplotype
(h) and nucleotide () diversities (Nei, 1987; equations 8.4 and 10.5 respectively), using
the software DnaSp (Rozas and Rozas, 1999). Estimates of nucleotide sequence
divergence between mtDNA haplotypes were calculated using the Kimura two-parameter
model (Kimura, 1980) according to algorithms implemented in Arlequin version 2.0

(Schneider et al., 2000). Estimates of the proportion of gene diversity among populations



were calculated by ®gr values of AMOVA (Excoffier et al., 1992) after 2,000
permutations of original data matrices, also with Arlequin. Genetic distances among
sequences were clustered by the neighbor-joining method (Saitou and Nei, 1987) using
MEGA version 2.0 (Kumar et al., 2001). Maximum parsimony analysis using branch-
and-bound searches was also performed with MEGA version 2.0 and consensus trees
(rooted by Hydromedusa tectifera) for both clustering methods were evaluated by means

of bootstrap values (Felsenstein, 1985) based on 1,000 replicates.

RESULTS

Amplification resulted in a 416 bp fragment from the 5’ end of the control region,
which was sequenced in all 54 Hydromedusa maximiliani samples. Thirty-one
polymorphic sites were found (19 transitions, 11 transversions, and one site with a
transition/transversion), 12 of which were parsimony informative (Table 1). Based on
polymorphism in control region fragments, 18 (I-XVIII) distinct haplotypes were
detected among the 54 individuals. Reference sequences for representative haplotypes
have been deposited in GenBank (AF448833-AF448837).

Haplotype distribution among localities had both strong geographic and endemic
structure: haplotypes I-XIII were found only in PECB, haplotypes XIV-XVI occurred
only in NF and haplotypes X VII and XVIII were endemic to TERES and JF, respectively
(Table 1). Haplotype diversity (mean + sd) among localities was 4 = 0.583 + 0.082 and
nucleotide diversity (mean + sd) was z#= 0.006 + 0.004. Analysis of molecular variance

(AMOVA) indicated a significant percentage (83.2%; P << 0.001) of total variance could



be attributed to variation in haplotype distribution among localities. Genetic distances
between haplotypes ranged from 0.002 to 0.032 (mean = 0.0152).

Four Hydromedusa maximiliani populations showed similar topologies for both
neighbor-joining and maximum parsimony consensus trees (Fig. 2). Although topologies
demonstrated no clear local genetic partitioning, two well-defined geographic groups
could be distinguished: a cluster corresponding to a western population represented by
PECB haplotypes (supported by bootstrap values >90%), and a cluster corresponding to
an eastern population represented by NF, TERES, and JF haplotypes (supported by
bootstrap values >55%). Eastern group individuals were clearly distinguished from
western group individuals at 16 polymorphic sites resulting from transitions and

transversion events in control region sequences between sites 102 and 395 (Table 1).

DISCUSSION

Mitochondrial DNA control region sequences of Hydromedusa maximiliani
revealed two major populations represented by specimens from eastern and western parts
of the species’ range. While our limited number of samples (6) from the eastern region
may not be representative, natural history records, together with previous population
genetic studies, provide support for the phylogeographic pattern we observed.

As a consequence of aquatic habit, limited dispersal ability, and complex habitat
topology, genetic partitioning over a small spatial scale has been detected in some
Hydromedusa maximiliani populations (Souza et al., 2002a,b). This localization of
genetic structure may be present in other populations and could result in increase of

population differentiation across the species’ range. Colonization events among regions



must be extremely rare (a 0.832 ®gr value indicates such episodes) and must have
occurred a long time ago when there was a panmitic population. Nucleotide divergences
of up to 3.2% among sequences from individuals in these regions are suggestive of the
background evolutionary scenario which shaped the structure of H. maximiliani
populations. One could argue that unbalanced samples from four localities could result in
such estimates of sequence divergence. To compensate for this bias, a sub-sample of just
6 random individuals from PECB sample was taken to compare with the other six
samples from eastern population. This new analysis, when compared with previous
results including all 48 individuals from PECB, resulted in a similar value of genetic
distances between haplotypes (mean = 0.015; range: 0.003 to 0.031) and the same tree
topology as depicted in Figure 2. If an estimate of DNA sequence divergence of 0.2%—
0.4% per million years for the control region of turtle mtDNA (Avise et al., 1992; Bowen
etal.,, 1993; Encalada et al., 1996; but see Seddon et al., 1998) is applied to the mtDNA
control region sequences of H. maximiliani, eastern and western groups could have
diverged at least 8-16 million years (Myr) ago, during Pliocene and Miocene.

Although molecular clocks must be viewed with caution (Rodriguez-Trelles et al.,
2001), our results are concordant with geological events in the region, the fossil record
for the South American Chelidae in general, and the genus Hydromedusa in particular.
During Pliocene and Miocene, southeastern Brazil was subjected to intense orographical
activity resulting in Serra do Mar and Serra da Mantiqueira mountain uplifts (Almeida,
1976; Suguio and Martin, 1976). These uplifts presently provide habitat for H.
maximiliani. Fossil records for South American Chelidae turtles date from the Cretaceous

and early Paleocene, whereas H. tectifera fossils date from Eocene, 56 Myr ago (Wood



and Moody, 1976; de 1a Fuente et al., 2001; de la Fuente and Bona, 2002). In
southeastern Brazil, turtle fossils are recorded from Oligocene (34 Myr ago; Almeida,
1976) in the Vale do Paraiba (Paraiba Valley), a valley formed by the Paraiba River,
located between the two mountain ridges (see Fig. 1). A panmitic H. maximiliani
population may have been present in the region before mountain uplift. After geologic
disruption, populations may have experienced periods of isolation by ridges and valleys
typical of present day relief. Thus, divergence dates estimated from mitochondrial control
region sequences for eastern and western H. maximiliani could reflect distinct
evolutionary histories shaped by local phenomena.

Increased dryness in South America during Oligocene and Miocene allowed
expansion of savanna-like vegetation, evidenced by paleofloral records from later
Oligocene (Safford, 1999). This period of high temperature and dry climate had marked
biogeographic and evolutionary implications. For South Ameriéa in general, and
southeastern Brazil in particular, periods of forest contraction forced populations of plant
and animal species adapted to a wet climate to become isolated in wet areas, mainly in
valleys (see revision in Safford, 1999). Since Hydromedusa maximiliani is presently
found primarily in shallow rivers and streams in mountainous regions of Atlantic
rainforest, some populations may have become isolated in propitious habitats of
fragmented forest during critical periods of dryness. Local differentiation could then have
ensued. Both vicariant and climatic events during Oligocene and Miocene could have
resulted in the phylogeographical pattern observed for H. maximiliani. Although samples
from Rio de Janeiro (Nova Friburgo and Teresopolis) and Minas Gerais (Juiz de Fora)

states were from distinct mountain ranges (Serra do Mar and Serra da Mantiqueira,



respectively), these areas are geographically separated by only 80 km. Such geographical
proximity could have placed these regions in the same phylogeographical group
(although small sample size must be considered).

Eastern and western Hydromedusa maximiliani populations sampled were
separated by approximately 1,200 km. Since a significant population genetic structure
has been detected in this species over a small spatial scale (Souza et al., 2002a,b), similar
genetic partitioning may occur elsewhere. At least one evolutionarily significant unit can
be identified (eastern population), within which distinct drainages should be considered
as conservation management units (Souza et al., 2002a,b). Studies of population biology
and sampling of additional localities must be considered future steps in development of

species management programs.
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Table 1. Polymorphic loci related to the 18 mtDNA control region haplotypes from 54

Hydromedusa maximiliani from throughout the species’ distribution in southeastern

Brazil: PECB (Parque Estadual de Carlos Botelho, SP), NF (Nova Friburgo, RJ),

TERES (Teresopolis, RJ), and JF (Juiz de Fora, MG).
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Figure legends
Figure 1. Localities sampled. S. Miguel Arcanjo corresponds to Parque Estadual de

Carlos Botelho (PECB).

Figure 2. Neighbor-joining (A) and maximum parsimony (B) consensus trees for
haplotypes of the partial mtDNA control region of Hydromedusa maximiliani from Juiz
de Fora, MG (JF), Nova Friburgo, RJ (NF1-NF4), Teresopolis, RJ (TER), and Parque
Estadual de Carlos Botelho, SP (PECB). Values above branches represent >50%
bootstrap. Trees were rooted by Hydromedusa tectifera (Htect). For simplification, only
three (of 48) individuals from PECB are shown. For the maximum parsimony: tree length

=120; CI=0.97,and RI=0.85.



-Participacio em cursos e disciplinas

Cristalizagdo de proteinas-médulo II - Laboratério Nacional de Luz Sincrontron (2002).

Treinamento pratico de microarray - LGE/ Perkin Elmer-Unicamp (2001).

Métodos computacionais em biologia - Laboratério Nacional de Computagio Ciéntifica (2000).

Bioquimica Experimental I - NB325 (2001).

Introducdo a Engenharia Genética - NG224 (2000).

Seminarios do Departamento de Genética - NG120 (1998).



Comunicagées €m congressos

“Clonning And Disruption Of The SWI2 And SWI3 Genes Encoding Subunits Of The
SWI-SNF Complex in The Yeast Hansenula Polymorpha”. V. Genu, A.P.T. Salmazo,
M.A. Oliveira & G.A.G. Pereira.

XXXI Reunido Anual da SBBq (2002).

“The knockout of TUPI, MIG] and SNFI genes, enhances the growth and methanol
Metabolism In The Yeast Hansenula polymorpha”. M.A. Oliveira & G.A.G. Pereira.
XXXI Reunido Anual da SBBq (2002).

“Clonning the gene similar to SRB10 of the transcription mediator complex in Hansenula
polymorpha.” B.Monte-Mor, M.A. Oliveira & G.A.G. Pereira
XXXI Reunido Anual da SBBq (2002).

“Disruption of Transcriptional Factors that Control the MOX Gene Expression in H.
polymorpha”. M.A. Oliveira & G.A.G. Pereira.
XXXI Reunido Anual da SBBq (2001).

“Cloning and Characterization of SWI3 Transcription Factor in Yeast H. polymorpha”.
A.P.T. Salmazo, M.A. Oliveira & G.A.G. Pereira.
XXX Reunido Anual da SBBq (2001).

“Identification of a Lilliputian Gene (Drosophila melanogaster) Homologue Sequence in
Melipona quadrifasciata (Stingless Bee).” C. M. Judice , M.A. Oliveira & G.A.G.
Pereira.

XXX Reunido Anual da SBBq (2001).

“The ¢cDNA Cloning of BJCUL, a Lectin from the venom of Bothrops Jararacussu’.
B.K. Hussein, M. A. Oliveira, G.A.G. Pereira & C. Novello.
XXX Reunido Anual da SBBq (2001).

“Universal Genome Experience and Expression Laboratory (LGE) Bioinformatics : The
Chicken Est Genome™ . F. Tsukumo, M.A. Oliveira & G.A.G. Pereira.
I Brazilian International Genome Conference(2000)

“Cloning and Characterization of Transcription Factors that Control the MOX Gene
Expression in H. polymorpha” M.A. Oliveira & G.A.G. Pereira.
XXIX Reunido Anual SBBq (2000).

“Screening of DNA libraries by PCR techinique”. A. Salmazo, M.A. Oliveira & G.A.G.
Pereira.
XXIX Reunido Anual SBBq (2000).



"New system for industrial production of lipase". E. Bogo, M.A. Oliveira, G.M. Pastore
& G.A.G. Pereira.
XXIX Reunido Anual SBBq (2000).

“A comparison between PCR and hybridization to perform paternity analysis in a double
incest case” A. Medaglia , E. Matheucci Jr, D. Hansen, M.A. Oliveira & F. Henrique —
Silva.

XXVIII Reunido Anual SBBq (1999).

“Identification of transcription factors: Snfl, Migl, Tupl and Ssn6. to investigate the
involving in the control of AMOX gene expression in H polymorpha.” M.A. Oliveira &
G.A.G. Pereira.

XXX Reunido Anual da SBBq (1999).



