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ABSTRACT

The fungus Neurospora crassa, a model organism in studies of gene expression,
metabolism, photobiology and circadian rhythm, is able to respond and adapt to
different environmental stresses, such as heat shock, pH changes, nutrient limitation,
osmotic stress, and others. Besides that, N. crassa has the genome sequenced and
collections of knocked-out strains are avalaible to the scientific community. A
systematic screening analysis performed with mutant strains in genes encoding
transcription factors led to identify proteins involved in the glycogen metabolism
regulation in this fungus. Glycogen and trehalose are storage carbohydrates that
functions as a carbon and energy reserve. Trehalose can also protect membranes
and proteins, increasing the tolerance to adverse conditions. In this work, some
transcription factors were functionally characterized regarding their role in glycogen
and trehalose metabolism regulation. The first condition investigated was the
influence of the circadian clock in the glycogen metabolism. We observed that the
glycogen accumulation and the expression of genes encoding glycogen synthase
(gsn) and glycogen phosphorylase (gpn) are rhythmic in a wild-type strain and
dependent on the FREQUENCY (FRQ) oscillator, the core component of the N.
crassa circadian clock. The VOS-1 transcription factor, that is controlled by clock and
can act in the connection between clock and glycogen metabolism, binds to gsn and
gpn promoters rhythmically. However, the expression of gsn and gpn and the
glycogen accumulation are still rhythmic in Dvos-1 strain, suggesting that not only
VOS-1 but additional transcription factors could contribute to glycogen accumulation
rhythmicity. Under pH and calcium stress, the PAC-3 transcription factor was
investigated. First, we characterized the protein components of the pH signaling
pathway, using the Dpal and Dpac-3 mutant strains. The mutants present high
melanin production and inability to grow under alkaline pH. PAC-3 undergoes only
one proteolytic cleavage, binds to pal promoters and regulates the expression of
some pal genes under alkaline pH. PAC-3 is predominantly nuclear under alkaline
condition and is able to bind to importin-U in vitro. Moreover, the components of pH
signaling showed high glycogen and trehalose accumulation under normal and
alkaline pH when compared to the wild-type. PAC-3 binds to some glycogenic and
trehalose genes, and regulates their expression. Under calcium stress, pac-3 was
induced and the carbohydrates metabolism was differently regulated. Finally, the
CRE-1 transcription factor and the RCO-1 and RCM-1 cofactors, orthologs of the
Migl-Tupl-Ssn6 yeast complex, respectively, were investigated regarding their
regulation of the glycogen metabolism under different carbon sources. CRE-1 is
involved in catabolic repression and plays a role as repressor in glycogen regulation.
CRE-1 binds in vivo and in vitro to gsn and gpn promoters, regulating their
expression. This transcription factor is present in nucleus and cytoplasm in
derepressed and starved conditions. RCO-1 and RCM-1 also regulated the glycogen
accumulation, the glycogen synthase activity and the expression of some glycogenic
genes, but do not play a major role in glycogen metabolism, while CRE-1 is the
central regulator.

Keywords: glycogen, trehalose, transcription factor, circadian clock, gene
expression



RESUMO

O fungo Neurospora crassa, um organismo modelo em estudos de expressao
génica, metabolismo, fotobiologia e ritmo circadiano, é capaz de responder e se
adaptar a diferentes condicdes de estresse, tais como choque térmico, alteracées de
pH, limitacdo de nutrientes, estresse osmotico, entre outras. Além disso, N. crassa
tem seu genoma sequenciado e colecfes de linhagens mutantes estdo disponiveis
para a comunidade cientifica. Uma analise sistematica utilizando linhagens mutantes
em genes que codificam fatores de transcricdo permitiu a identificacdo de proteinas
envolvidas na regulacdo do metabolismo do glicogénio neste fungo. Glicogénio,
juntamente com trealose, sdo carboidratos de reserva que funcionam como fonte de
carbono e energia. A trealose também pode proteger membranas e proteinas,
aumentando a tolerancia a condicfes adversas. Neste trabalho, alguns fatores de
transcricdo foram funcionalmente caracterizados em relacdo as suas participacoes
na regulacdo do metabolismo de glicogénio e trealose. A primeira condicao
investigada foi a influéncia do rel6gio circadiano sob o metabolismo de glicogénio.
Observamos que o acumulo de glicogénio e a expressao dos genes codificadores
das enzimas glicogénio sintase (gsn) e glicogénio fosforilase (gpn) foram ritmicos em
uma linhagem selvagem do fungo, e dependentes do oscilador FREQUENCY (FRQ),
principal componente do relégio de N. crassa. O fator de transcricdo VOS-1, o qual é
controlado pelo relégio e pode atuar na conexdo do relégio ao metabolismo de
glicogénio, se liga aos promotores gsn e gpn ritmicamente. Entretanto a expressao
dos genes gsn e gpn e o acumulo de glicogénio se mantiveram ritmicos na linhagem
Dvos-1, sugerindo que além de VOS-1 outros fatores de transcricdo poderiam
contribuir para a ritmicidade do acumulo de glicogénio. Sob condicdes de estresse
de pH e calcio, o fator de transcricdo PAC-3 foi investigado. Primeiro, foram
caracterizadas as proteinas envolvidas na via de sinalizacdo de pH, usando as
linhagens mutantes nos genes pal e pac-3. Os mutantes apresentam alta producao
de melanina e incapacidade de crescer em pH alcalino. PAC-3 sofre uma Unica
clivagem proteolitica, se liga aos promotores dos genes pal e regula a expressao de
alguns destes genes em meio alcalino. PAC-3 é predominantemente nuclear sob
condicdes alcalinas e é capaz de se ligar & importina-U in vitro. Além disso, os
componentes de sinalizacdo de pH mostraram acumular mais glicogénio e trealose
sob pH normal e alcalino quando comparado a linhagem selvagem. PAC-3 se liga a
alguns genes do metabolismo de glicogénio e trealose, regulando-os. Sob estresse
de calcio, a expressdo de pac-3 foi induzida e o metabolismo de carboidratos
diferentemente regulado. Finalmente, o fator de transcricdo CRE-1 e os cofatores
RCO-1 e RCM-1, ortblogos ao complexo Migl-Tupl-Ssn6 de levedura,
respectivamente, foram investigados na regulacdo do glicogénio sob diferentes
fontes de carbono. CRE-1 estad envolvido na repressao catabdlica e atua como
repressor na regulacdo do glicogénio. CRE-1 se liga in vivo e in vitro aos promotors
gsn e gpn, regulando suas expressdes. Este fator de transcricdo esta presente no
nacleo e no citoplasma em condicdes de derepressédo e baixa fonte de carbono.
RCO-1 e RCM-1 também regulam o acumulo de glicogénio, a atividade glicogénio
sintase e alguns genes do glicogénio, mas ndo desempenham um papel primordial,
enquanto CRE-1 mostrou ser um regulador central.

Palavras-chave: glicogénio, trealose, fator de transcricdo, reldgio circadiano,
expresséo génica



RESUMO EXPANDIDO

Neurospora crassa € um fungo filamentoso que se destaca como um
excelente organismo modelo em estudos de expressédo génica, desenvolvimento e
diferenciacdo celular, defesa do genoma, ritmo circadiano, bem como outros
aspectos da biologia de eucariotos (PERKINS; DAVIS, 2000). O genoma desse
fungo estd organizado em sete cromossomos que variam entre 4 a 10 Mb de
tamanho (SCHUTLE et al.,, 2002) e foi sequenciado por Galagan et al. (2003)
revelando ser constituido por cerca de 40 Mb, muito maior se comparado com outros
fungos com genomas ja conhecidos como Saccharomyces cerevisiae e
Schizosaccharomyces pombe.

N. crassa vem sendo utilizado para o estudo de mecanismos celulares
basicos como 0os mecanismos moleculares envolvidos na regulacdo do metabolismo
de glicogénio e trealose. O glicogénio € um polimero ramificado de glicose
encontrado em diferentes organismos com a funcdo de armazenamento de energia
para as células. Seus residuos de glicose estdo unidos covalentemente por ligacdes
gl i cosz2ldi4c alsi nle ar e sl,6.6A sihtéesg @ degradacaoldleste polimero
Sao processos conservados e envolvem as enzimas regulatérias glicogénio sintase,
que catalisa a formacdo das ligacdes gli c 0 s 2 d-1,4, avia trabsferéncia de
residuos glicosil a partir de UDP-glicose (LELOIR, 1971) e a enzima glicogénio
fosforilase, que catalisa a liberacdo dos residuos de glicose-1-P a partir das
extremidades da cadeia polissacaridica. As enzimas regulatérias glicogénio sintase
e glicogénio fosforilase estdo sujeitas ao controle pés-traducional, via fosforilacdo
multi-sitios através da acdo de proteinas quinases e também modulacéo alostérica
(FRANCOIS; VILLANUEVA; HERS, 1988). Trealose € um dissacarideo composto
por ligacdes de glicose U-1,1, catalizado pelo complexo trealose sintase, composto
pela trealose fosfato sintase e pela trealose fosfato fosfatase e degradado por duas
trealases: trealase neutra e acida (BELL et al., 1998; FRANCOIS; PARROU, 2001).

O término do sequenciamento do genoma de N. crassa, aliado aos avancgos
das metodologias disponiveis envolvidas na inativagdo de genes especificos
(NINOMIYA et al., 2004), deram inicio as analises da gendmica funcional do fungo.
Linhagens contendo genes individualmente inativados comegaram a se tornar
disponiveis para a comunidade cientifica pelo Fungal Genetics Stock Center. Assim,

linhagens mutantes do fungo N. crassa contendo genes que codificam fatores de



transcricao individualmente nocauteados foram utilizadas na busca de fatores de
transcricdo que participam, diretamente ou indiretamente, da regulagcdo do
metabolismo de glicogénio. Muitos fatores de transcricdo foram identificados como
reguladores do conteddo de glicogénio em diversas situacfes distintas, tais como
choque térmico (SEB-1), resposta a mudanca de pH (PAC-3), alteracdo de fontes de
carbono (CRE-1), crescimento vegetativo (VOS-1), dentre outros (GONCALVES et
al., 2011; CUPERTINO et al., 2012; BONI, 2014; FREITAS et al., 2016).

Alguns fatores de transcricdo identificados foram descritos participar de vias
de sinalizacdo reguladas por luz e/ou relégio bioldgico, levando-nos a especular
sobre a existéncia de uma possivel conex&o entre reldgio biolégico e metabolismo
de glicogénio em N. crassa. Em mamiferos, muitos genes associados com o
metabolismo de glicose no figado exibiram uma regulacdo circadiana robusta
(PANDA et al.,, 2002; UEDA et al.,, 2002; MILLER et al., 2007), sugerindo que o
relégio circadiano desempenha um papel significativo no metabolismo da glicose
hepatica. O contetudo de glicogénio hepatico apresentou ritmo circadiano com pico
durante a transicdo noite-dia em roedores noturnos (ISHIKAWA; SHIMAZU, 1976).

Em N. crassa, o reldgio circadiano € menos complexo que nos mamiferos e
consiste nos fatores de transcrigdo WHITE-COLLAR-1 (WC-1) e WHITE-COLLAR-2
(WC-2), que formam o Complexo White-Collar (WCC) e seu regulador negativo FRQ
(FREQUENCY). WC-1 é um receptor de luz azul que sincroniza o relégio endégeno
com o0 exdgeno em um ciclo de aproximadamente 24 horas dia/noite (SCHAFMEIER,;
DIERNFELLNER, 2011). Na presenca de luz, o WCC transientemente se liga a
promotores de genes rapidamente responsivos a luz, ativando a expressao de frq,
de genes controlados pelo relégio e de genes que codificam alguns fatores de
transcricdo (SMITH et al., 2010). Evidéncias do ensaio de ChlIP-seq (Neurospora
Program Project, EUA) mostraram que varios fatores de transcricdo se ligam aos
promotores das enzimas do glicogénio durante experimentos de luz (dados nao
publicados), e VOS-1 se ligaria aos promotores glicogénio sintase (gsn) e glicogénio
fosforilase (gpn). Portanto, avaliamos o controle da regulacdo do metabolismo de
glicogénio pelo relégio biologico do fungo. Nossos resultados mostraram que o
acumulo de glicogénio foi ritmico na linhagem selvagem, com picos no subjective
night, e esta ritmicidade foi dependente de FRQ, oscilador negativo do reldgio. A
expressao dos genes gsn e gpn, envolvidos na sintese e degradacao do carboidrato,

respectivamente, também foram ritmicos e dependentes de FRQ. O fator de



transcricdo VOS-1, controlado pelo relogio, ritmicamente se ligou in vivo as regides
promotoras de gsh e gpn. Entretanto, o acumulo de glicogénio e a expressao dos
genes do glicogénio se mantiveram ritmicos na auséncia de VOS-1, embora as
amplitutes tenham diminuido. Sugerimos que o relogio circadiano regula o
metabolismo de glicogénio através de fatores de transcricdo multiplos, e que VOS-1
seria um dos fatores de transcricdo que regularia a expressao dos genes gsn e gpn
nestas condicfes, atuando provavelmente como ativador.

Além do fator de transcricdo VOS-1, também estudamos outro fator de
transcricdo envolvido com o metabolismo de glicogénio e na regulagao de genes em
resposta a pH alcalino, a proteina PAC-3. PacC, ortdlogo a PAC-3 de N. crassa, foi
primeiramente descrito em Aspergillus nidulans, sendo ativado depois de duas
etapas proteoliticas: a primeira, sinalizada por seis produtos dos genes da via pal, no
qual a proteina PacC de 72 kDa é processada para 53 kDa (PENALVA; ARST,
2004), e a segunda, por uma protease pH-independente (HERVAZ-AGUILAR et al.,
2007), quando o pH do meio é alterado de &cido para alcalino. A forma ativa da
PacC (27 kDa) contém apenas a regido N-terminal da proteina, onde esta localizado
o dominio de ligacdo ao DNA formado por trés C2H2 zinc fingers. Desta forma,
PacC? ativa a transcricdo de genes regulados em pH alcalino e reprime aqueles em
pH acido (TILBURN et al., 1995; ESPESO et al., 1997).

A proteina PacC é ortéloga a proteina Rim101 de S. cerevisiae, a qual foi
primeiramente descrita como um regulador transcricional positivo no processo de
meiose. A linhagem de levedura mutante no gene rim101 € sensivel a ions Na* ou
Li* e tem o crescimento afetado quando crescida em baixas temperaturas (SU;
MITCHELL, 1993). Assim, a proteina Rim101 parece estar envolvida em outros
processos celulares além da resposta a pH alcalino. O fator de transcricdo Rim101
de S. cerevisiae difere em alguns aspectos da proteina PacC de A. nidulans: sofre
apenas um unico processamento proteolitico para se tornar ativo e esta associado a
repressdao de genes induzidos por alcalinidade (LAMB; MITCHELL, 2003; LI;
MITCHELL, 1997).

Os fatores de transcricdo PacC/Rim101 tem sido largamente estudados em
fungos e leveduras. Alguns estudos mostraram o envolvimento de PacC na
regulacdo de genes de diferentes processos celulares e na patogenicidade de
fungos (ROLLINS; DICKMAN, 2001; ZOU et al., 2010), na regulacdo da expresséo
de enzimas extracelulares (MACCABE et al., 1998), permeases (VANKUYK et al.,



2004) e transportadoras (CARACUEL et al., 2003; EISENDLE et al., 2004). Em N.
crassa, um elemento cis especifico para a ligacdo da proteina PAC-3 na regido
promotora do gene gsn foi encontrado (GONCALVES et al.,, 2011). A linhagem
mutante no fator de transcricdo PAC-3 apresentou alteragbes no acumulo de
glicogénio, tanto antes quanto depois do choque térmico e experimentos mostraram
claramente que o0 gene gsn foi regulado negativamente em pH alcalino
(CUPERTINO et al.,, 2012). Recentemente o motif consenso 5-8GCCVAGV-3 6
(B=C/GIT; V=AIC/G) (WEIRAUCH et al., 2014) da proteina PAC-3 de N. crassa foi
identificado apresentando grande similaridade ao apresentado para A. nidulans.

Algumas diferencas entre as vias nos dois fungos filamentosos A. nidulans e
N. crassa foram apresentadas e algumas questdes permaneciam ainda nao
esclarecidas em relacdo a cascata de sinalizacao envolvendo o fator de transcricéo
PAC-3 em N. crassa. Por este motivo, realizamos a caracterizacdo das proteinas
gue participam da via de sinalizacdo de pH, uma vez que N. crassa possui 0s seis
genes pal, ortdlogos aos genes de A. nidulans. Além disso, o motif consenso para
PAC-3 de N. crassa foi encontrado nos promotores dos genes da via de sinalizacao
de pH (via das proteinas PAL).

Primeiramente observamos que quase todas as linhagens mutantes
apresentam alta producdo de melanina e incapacidade de crescer em pH alcalino,
com excecao da linhagem Dpal-9, em comparacdo a linhagem selvagem. O gene
tirosinase, que codifica para uma enzima limitante da producdo de melanina, foi
superexpresso nas linhagens mutantes Dpal e regulado por pH alcalino. A expresséo
dos genes pac-3, pal-1, pal-2, pal-6, e pal-9 também foi regulada pelo fator de
transcricdo PAC-3 e por pH 7,8. PAC-3 sofre um Unico processamento proteolitico,
gue pode ser independente do pH, e se liga in vivo aos promotores dos gene pal.
PAC-3 apresentou uma forte afinidade a importina-U dN. crassa e esta
predominantemente no nucleo em pH alcalino. Sugerimos que PAC-3 requer
importina-U par a sosagdo ba naaies, la qual deve ocorrer pela via classica
de importacdo nuclear. Nossos resultados mostraram que os genes pal de N. crassa
participam da via de sinalizacdo por pH, conduzindo a ativacdo de PAC-3, sendo
gue esta regula sua prépria cascata e a biossintese de melanina.

Além disso, os componentes da via de sinalizacdo de pH, principalmente o
fator de transcricdo PAC-3, poderiam participar de outros processos biolégicos como

descrito em S. cerevisiae, podendo ser estes dependentes ou n&o da regulagao por



pH. E conhecido que os carboidratos de reserva sdo regulados em situages de
estresse, tal como pH e choque térmico (CUPERTINO et al., 2012), e que a via de
calcineurina ativa a expressdao de um grande numero de genes através da
desfosforilacdo do fator de transcricdo Crzl. Em S. cerevisiae, pH elevado provoca
um aumento transiente no calcio citoplasmatico resultando na ativacdo da
calcineurina e indugdo de genes através de Crzl. Além disso, houve redugéo da
expressao do gene ENAL, que codifica para uma Na*-ATPase, nos mutantes crzl e
rim101, demonstrando que a resposta transcricional a pH alcalino envolve diferentes
mecanismos de sinalizacdo, e que a sinalizacdo por célcio é relevante nesta
resposta (SERRANO et al., 2002). Todos estes dados mostraram uma provavel
integracdo entre as vias de transducéao de sinal por pH e calcio. Portanto, avaliamos
0 acumulo de glicogénio e trealose e a expressao de alguns genes em resposta a
pH e a estresse por célcio, tentando inferir uma interconexao entre as vias.

Observamos um alto acumulo de glicogénio e trealose em todas as linhagens
mutantes, exceto Dpal-9, em pH normal (pH 5,8). Entretanto, glicogénio manteve
seus niveis altos até 4 horas apos transferéncia para pH alcalino, enquanto trealose
apresentou o0 mesmo conteudo nas linhagens mutantes e selvagem apo6s 1 hora de
transferéncia para pH alcalino. A expressao dos genes do glicogénio e trealose
foram influenciados por pH e regulados por PAC-3, uma vez que houve ligacdo in
vivo aos promotores destes genes. A linhagem mutante Dpac-3 apresentou maior
crescimento em presenca de calcio, quando comparado a linhagem selvagem, e
houve inibicdo do crescimento na presenca de ciclosporina, um inibidor da via de
calcineurina. A expressado de pac-3 foi altamente induzida na presenca de calcio. O
acumulo de glicogénio e trealose foi diferentemente influenciado por célcio a 10 mM
e 300 mM, assim como alguns genes do metabolismo de glicogénio e trealose.
Estes resultados indicam que a via de sinalizacdo por pH regula glicogénio e
trealose em diferentes pHs e em estresse por célcio, sugerindo uma provavel
conexao entre as vias de sinalizacdo com a regulacdo do metabolismo de
carboidrato.

Finalmente, avaliamos o papel regulatorio do fator de transcricdo CRE-1,
juntamente com os cofatores RCO-1 e RCM-1 no metabolismo do glicogénio em N.
crassa. O fator de transcricdo CRE-1 de N. crassa, ortdlogo as proteinas CreA de A.
nidulans e Migl de S. cerevisiae, reconhece a sequéncia consenso 5-8YGGRG-3 6

(S= G/C, Y=TIC, R= A/G) e se liga a regides promotoras de genes alvos envolvidos



em vias celuloliticas, em vias de utilizacdo de fontes de carbono e em genes
transportadores de acucar (SUN; GLASS, 2011). CRE-1 pode atuar reprimindo
genes que codificam para enzimas que metabolizam carbono e pode desenvolver
suas funcbes juntamente com os cofatores de transcricio RCO-1 e RCM-1.
Observamos que as proteinas CRE-1, RCO-1 e RCM-1 regulam o metabolismo de
glicogénio em N. crassa, pois o0 acumulo de glicogénio, a atividade glicogénio sintase
e a expressao de genes que codificam para enzimas do metabolismo de glicogénio
estdo alterados nas linhagens mutantes. A proteina CRE-1 parece ter um papel
central, uma vez que a expressdo génica de todos os genes que codificam enzimas
do metabolismo do glicogénio esta desregulada no mutante Dcre-1. Ensaios com
diferentes fontes de carbonos, fontes repressoras (glicose) e néo repressoras (xilose
e glicerol), mostraram que CRE-1 atua como repressor do metabolismo de
glicogénio. Além disso, um grande namero de motifs foi encontrado nos promotores
de genes que codificam enzimas do metabolismo de glicogénio. A proteina
recombinante GST::CRE-1 reconheceu e se ligou especificamente aos promotores
de gsn e gpn e andlises de ChIP-gPCR confirmaram que CRE-1 foi capaz de se ligar
in vivo a todos os promotores de genes do glicogénio. Concluimos que RCO-1 e
RCM-1 parecem nao ter um papel regulatério no metabolismo de glicogénio em
condicdes repressoras e ndo repressoras, entretanto CRE-1 apresenta um papel
central como repressor deste processo.

O uso de linhagens mutantes tem sido importante em todas as abordagens,
principalmente no estudo de conexfes metabdlicas. Varios fatores de transcricao
parecem atuar na regulacdo do metabolismo de glicogénio e/ou trealose sob
diferentes condicdes, como alteracédo de pH, estresse de calcio, meio de cultivo com
fonte de carbono repressora e ndo-repressora, choque térmico e durante o relogio
bioldgico, atuando diretamente na regulacdo dos genes que codificam para as
enzimas limitantes dos processos. Outros fatores de transcricdo estdo sendo
investigados e, conjuntamente com os resultados aqui apresentados, fornecerdo
dados para compor um grande network, interconectando carboidrato de reserva e

multiplos processos celulares em N. crassa.
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1. Neurospora crassa: a model fungus

Scientists have long adopted a group of microorganism as models for detailed
morphologies, genetics and evolutionaries analyses. Approximately 10% of all know
living organisms are fungi, with only 70,000 different species described until now
(BLACKWELL, 2011). However, it is estimated that there are around 1.5 million
species of fungi (HAWKSWORTH, 2001), and the more recent prediction based on
molecular approaches calculates a total of 5.1 million of fungi species ( O6 BRI
al., 2005; TAYLOR et al., 2010). Fungi are found in all niches, some in symbiotic
association with plants and algae, many causing diseases, and most others playing a
beneficial role in the environment. Some fungi are used for food or fermentation
(reviewed in RAJU, 2009). Because fungi constitute the Kingdom most closely
related to Animalia, and are exceptionally accessible experimentally, fungi are
universally used as model organisms for understanding all aspects of basic cellular
regulation (DUNLAP et al., 2007).

The filamentous fungus Neurospora crassa has been used as genetic model
system since 1930 (SHEAR; DODGE, 1927; LINDEGREN; BEANFIELD; BARBER,
1939), and possesses numerous characteristics that make it a suitable model: simple
nutritional requirements; fast vegetative growth; two distinct mating types; haploid
vegetative phase; production of ascospores and growth on defined media (DAVIS;
PERKINS, 2002). In 1941, Beadle and Tatum demonstrated the relationship between

EN

genes and proteins using N. crassa; they formulated what became known as

gene, one e nesig Mieesde fitdyngs allowed N. crassa became a popular
experimental model for genome defense mechanisms, metabolism, circadian
rhythms, gene expression, regulation of meiotic recombination, signal transduction,
responses to light, post-transcriptional gene silencing and biochemistry, genetic and
molecular studies (PERKINS, 1992; DAVIS, 2000; DAVIS; PERKINS, 2002; DUNLAP
et al., 2007).

Neurospora can grow with only carbon source, mineral salts and one vitamin,

biotin, which is absolutely required. The Vogel 6s s akittae, Kh@snt ai

(NH4)H2PO4, KH2PO4, MgSO4, CaClz and trace element. Many carbon sources can
be used such as glucose, mannose, fructose, xylose, sucrose, maltose, cellobiose,
and trehalose (METZENBERG, 1979). Its optimal growth is around pH 5.4-5.8, but is
quite tolerant and can grow in a pH varying from 4.0 to 9.0 (THEDEI JUNIOR,;
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DOUBOWETZ; ROSSI, 1994), with growth being poor at either extreme. Vegetative
growth is optimal at about 30°C to 35°C, although it can grow at temperatures as high
as 42°C and as low as 5°C. Neurospora is an absolute aerobe and is considered
completely nonpathogenic to humans, animals, and plants (METZENBERG, 1979).

The first record of N. crassa was in 1843, when an orange mould infestation in
French bakeries was investigated (PAYEN, 1843; PERKINS, 1991). In nature, N.
crassa is often found on scorched vegetation after wildfires or agricultural burns
(RAJU, 2009). In Brazil, Neurospora was described as an orange fungus growing on
burned vegetation (MOLLER, 1901). The combination of Neurospora and heat is
known for a long time. The ascospores are tolerant to high temperatures and remain
dormant until they are exposed to heat. Activation of ascospores explains the
occurrence of the fungus in bakeries or after wildfires (PERKINS, 1992).

N. crassa is haploid during the vegetative growth, when it is possible to see
assexual strutures called macroconidia, or simply conidia, and microconidia, and
diploid during a short time in the sexual phase, when it is possible to verify the
formation of a fruiting body. As N. crassa is heterothallic, it exists in two mating types,
designated A and a, and no mating can occur unless both are present. The two
mating types are phenotypically indistinguishable. If mating type A was inoculated
onto the medium first and the growth allowed for several days, it will be the female.
The later arrival will function as male (METZENBERG, 1979). Both asexual
development and sexual differentiation are highly influenced by environmental factors
including nutrient, light, and temperature (DUNLAP et al., 2007). The N. crassa life
cycle is shown in the Figure 1.

In the asexual cycle phase, the mycelium is composed of haploid hyphae and
the reproduction occurs by conidia produced by two pathways: the macroconidiation
and microconidiation (Figure 1). Both pathways require water-air interface and are
suppressed in submerged cultures. The multinucleate macroconidia is promoted by
apical structures called conidiophores (ADAMS; WIESER; YU, 1998; SPRINGER,
1993; BORKOVICH et al., 2004). The macroconidiation can be induced by
environmental signals such as heat shock, desiccation and nutritional limitation
(TURIAN; BIANCHI, 1972), and is regulated by the endogenous biological clock in N.
crassa (LOROS; DUNLAP, 2001). In microconidiation, the microconidia are formed
within the basal hypha and expelled from the wall when the maturation process is
completed (PERKINS; TURNER; BARRY, 1976) or by microconidiophores
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Figure 1- The life cycle of Neurospora crassa showing some of the many life stages and cell
types in the sexual and asexual cycles (DUNLAP et al., 2007).
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(SPRINGER; YANOFSKY, 1989; MAHESHWARI, 1999; BISTIS; PERKINS; READ,
2003). The microconidia are uninucleate and smaller than macroconidia. They are
generally produced only in relatively small numbers (METZENBERG, 1979). Another
form of asexual propagation is through arthroconidia that are multinucleate hyphae
fragments produced by segmentation of pre-existing fungal hyphae (MAHESHWARI,
1999).

The complex sexual reproductive pathway occurs when any structure (A or a)
is submitted by nitrogen limitation. In this case, some of the hyphae curl up into a
specialized form, the ascogonium, where occurs the formation of a fruiting body
called protoperithecium (female structure). The end of a specialized ascogonial
hypha is differentiated into a trichogyne. When a conidium, microconidium, or even a
piece of mycelium of the opposite mating type lands on the trichogyne, a donor
nucleus (male) is conducted into the ascogonium, where it meets the resident
nucleus (female). In this phase, the cover mycelium involving the ascogonium begins
to develop a wall resulting in a structure called perithecium. When the nuclei of the
two mating types fuse, meiosis proceeds promptly. The four meiotic products
undergo a mitotic division to give eight sister nuclei (four for each mating type) that
will result in ascospores or sexual spores. The maturing black ascospores (or spores)
are contained in a sack, the ascus (Figure 1). The spores will germinate and produce
hyphae resulting in colonies exactly like those produced by asexual spores
(METZENBERG, 1979).

2. The sequencing of the N. crassa genome and its consequences

The sequencing of the N. crassa genome was reported by Galagan et al.
(2003), which has about 40 Mb, much higher when compared to other fungi with
known genomes, such as Saccharomyces cerevisiae and Schizosaccharomyces
pombe. A total of 10,082 protein-coding genes has been predicted with, on average,
one gene per 3.7 kilobases and an average of 1.7 short introns (134 bp on average)
per gene (HYNES, 2003). Its genome is organized in seven chromosomes ranging
from 4 to 10 Mb (SCHULTE et al., 2002) and 44% of genome are represented by
genes encoding proteins. When the genome was sequenced, it was reported that
only 13% of the genes encoded known proteins, 46% represented ORFs encoding

hyphotetical proteins and 41% represented ORFs encoding predicted proteins that
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have no significant matches to known proteins. In addition, of 1,421 N. crassa genes
with highest matches to either plant or animal proteins, a significant number (584)
have no high-scoring protein matches in either S. cerevisiae or S. pombe. Many of
these proteins may be involved in determining hyphal growth and multicellular
developmental structures in Neurospora, as these characteristics are not found in
yeasts, suggesting good relation between filamentous fungi and upper eukaryotes,
compared with yeasts and lower eukaryotes (GALAGAN et al., 2003; HYNES, 2003).

New computational analysis of the N. crassa genome demonstrated that 40%
of genes encode proteins functionally annotated in databases and estimated 27.588
protein-protein interactions among 3,006 proteins, showing that probably each
protein has, on average, 18.4 partners (WANG et al., 2011). After the genome
sequencing of N. crassa, an overall effort was proposed by the scientific community
to develop the functional genomic of Neurospora. Four projects were proposed: the
generation of knockout constructs (Project 1); the annotation of genes (Project 2); the
knockouts analysis by microarrays (Project 3); and cDNA libraries and SNP (Single
Nucleotide Polymorphism) MAP generation (Project 4) (DUNLAP et al., 2007).

After the proposed projects, new methodologies were developed to inactivate
specific genes (NINOMIYA et al., 2004) and create knockout strains (DUNLAP et al.,
2007). However, there are more genes in filamentous fungi as compared to yeasts
and different ways in which gene function can be eliminated in Neurospora (DUNLAP
et al., 2007). One is RIP (Repeat Induced Point mutation), that utilizes a Neurospora-
specific phenomenon in which duplicated sequences, when passed through meiosis,
undergo frequent C to T transitions, resulting in loss of total or partial function
(ROUNTREE; SELKER, 1997). Based on the natural process of N. crassa,
inactivation of genes to construct mutant strains by RIP is based on introducing an
extra copy of the target gene in the fungus. Transformants containing an additional
copy of the gene introduce point mutations in the genome sequence when subjected
to cross followed by meiosis (SELKER, 1990). This technique is an effective method,
but requires a long time to be developed, and today is used for the partial inactivation
of essential genes.

Other process for inactivate genes and generate knockout mutant strains is by
replacement through standard homologous recombination. In eukaryotes, there are
two mechanisms of genetic recombination: homologous recombination involves

interaction  between homologous sequences, whereas non-homologous
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recombination involves integration of exogenous DNA into any region of the genome,
independent of homology. The homologous recombination é predominant in S.
cerevisiae, but in N. crassa the frequency of homologous recombination rarely
approaches 100% but lies instead between a few percent and 30% depending on the
gene and the length of the homologous DNA flanking the gene in the construct
(DUNLAP et al., 2007).

The non-homologous recombination mechanism is evolutionarily conserved,
being the predominant mechanism for upper eukaryotes such as humans, plants and
insects. Among the proteins involved in this mechanism, Ku70 and Ku80 proteins
form a heterodimer that binds to the DNA ends (WALKER; CORPINA; GOLDBERG,
2001). In N. crassa, mus-51 and mus-52 are the orthologs genes of human KU70
and KUS8O, respectively, and a procedure based on PCR was developed to inactivate
these genes and, thus, to construct strains in which non-homologous recombination
process is ineffective, promoting homologous recombination (NINOMIYA et al.,
2004).

The knockout approach allowed the construction of strains containing
individual inactivated genes that are available to the scientific community by the
Fungal Genetics Stock Center (FGSC, Kansas City, Missouri, USA). In addition, the
disruption groups of genes that can form the basis of research projects are available
and included, for instance, genes encoding transcription factors, genes encoding
protein kinases and phosphatases, and chromatin-remodeling enzymes. In 2006,
Colot et al. published the first results relating to mutant strains in genes encoding
transcription factors, showing that some transcription factors highly conserved could
play different roles in various fungi and 43% of the deletion mutants revealed
phenotypes, with more than half of these strains possessing multiple defects.

In 2011, Park et al. published a global morphology analysis using the colletion
of mutant strains in genes enconding protein kinases, showing that 71% of the
serine-threonine (S/T) kinases mutated were either essential or necessary for normal
growth, development, or chemical resistance underscores the central importance of
S/T protein kinases to Neurospora biology. The results also revealed important
differences between S/T kinases and transcription factors in the regulation of growth
and development. A greater number of kinase mutants were defective in at least one
phenotype compared to transcription factor mutants and, significantly, more kinase

genes (40%) are involved in the regulation of two or more functions, compared to
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transcription factors (18%). Thus, the data demonstrate that the impacts of kinases
on fungal growth and differentiation are more dramatic than that on transcription
factors, likely due to less functional redundancy in the kinases.

The annotation of the N. crassa genome and gene sequences has been done
by association with the scientific community (Project 2), and gene expression data
generated by microarray technology (Project 3) and analysis of EST sequences and
SNP maps are going on, and interesting results are being published (DUNLAP et al.,
2007). The use of mutant strains has become an interesting material for the early
studies on the regulatory mechanism of many biological processes in N. crassa by

the absent of a unique protein in the specific mutant strain.

3. The biological clock in N. crassa

The ability to sense and respond to light is critical for the survival of most
organisms. N. crassa has been widely used as a model organism for the study of
diverse biological processes ranging from metabolism to circadian rhythms and
photobiology (BORKOVICH et al., 2004). This fungus is a good model system to
further elucidate the connection between the clock and light to metabolism because
the main components of the oscillator and input pathways of the clock have been
identified and the metabolic process is less complex than in the mammals. The light
activates a variety of physiological processes in Neurospora, including the
biosynthesis of carotenoid pigment (HARDING; TURNER, 1981), conidiation
(KLEMM; NINNEMANN, 1978; LAUTER, 1996), protoperithecium development
(DEGLI-INNOCENTI; POHL; RUSSO, 1983) and the resetting of the circadian clock
(CHEN; LOROS, 2009). More than 5% of N. crassa genes responded to the light
stimulus by increasing transcript levels (CHEN et al., 2009). Genes involved in the
synthesis of pigments, vitamins, cofactors, secondary metabolism, DNA processing
and cellular signaling were found enriched in the early light response (high peak
levels after 15-30 min light exposure). In contrast, genes involved in carbohydrate
metabolism and oxidation of fatty acid were found enriched in the late light response
(high peak levels after 1-2 h light exposure) (CHEN; LOROS, 2009).

The light responses in N. crassa are near UV/blue light, suggesting the
presence of a photoreceptor dedicated to blue light sensing and signal transduction
(CHEN; LORQOS, 2009). It was isolated only two fully blind mutants, wc-1 and wc-2,
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both GATA family zinc finger transcription fator, that directly regulate the gene
activation under light sensing (LINDEN; RODRIGUEZ-FRANCO; MACINO, 1997;
COLLETT et al., 2002; LEE; DUNLAP; LOROS, 2003). WC-1 (White Collar-1) has a
PAS domain to protein-protein interation (BALLARIO et al., 1996) and a LOV domain
to FAD binding, allowing WC-1 to act as blue light photoreceptor (FROEHLICH et al.,
2002). The WC-2 protein (White Collar-2) has a PAS domain (LINDEN; MACINO,
1997), and forms an obligate complex with WC-1 resulting in the White Collar
Complex (WCC) that binds to specific DNA sequences (FROEHLICH; LOROS;
DUNLAP, 2003). After the WCC, VIVID (VVD) is other photoreceptor intensely
studied in the fungus, acting as repressor for most of all light-induced gene
expression controlled by the WCC (SHRODE et al.,, 2001; SCHWERDTFEGER,;
LINDEN, 2003; CHEN et al., 2009). VVD is a small 21 kDa PAS photoreceptor
consisting of a LOV domain (ZOLTOWSKI; CRANE, 2008). The activation of gene
expression by light is transient and stops after a long exposure to light, when occurs
the interation between VVD and WCC (Figure 2) (LAUTER; YANOFSKY, 1993;
ARPAIA et al., 1999; HEINTZEN; LOROS; DUNLAP, 2001; SCHAFMEIER;
DIERNFELLNER, 2011).

Light is important to synchronize the biological clock with the day-night cycle
environmental (SCHAFMEIER; DIERNFELLNER, 2011). The circadian clock is an
intrinsic time-tracking system, present in almost all organisms from bacteria to
mammals, that provides a mechanism to predict and prepare for changes that occur
in the environment, providing an adaptive advantage (DUNLAP; LOROS;
DECOURSEY, 2004). The daily rhythms are generated by the biological clock and
are manifested by the cyclic expression of genes or the products encoded by genes.
Circadian rhythms are coordinated according to exogenous environmental cycles,
allowing the species organize the metabolism and behavior appropriately
(EDMUNDS, 1987). In N. crassa, the circadian clock consists of the WCC, the
negative regulator FRQ (FREQUENCY) and FRQ-interacting RNA helicase (FRH)
(HEINTZEN; LIU, 2007).

The White-Collar Complex binds to the frg promoter and activates gene
transcription leading to FRQ accumulation. FRQ interacts with FRH forming the
FRQ/FRH complex (FFC), inhibits WCC activities and, therefore, decreases the frq
transcription (DUNLAP, 1999). Function, activity, turnover, and subcellular

localization of clock proteins are tightly post-translationally regulated, and
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Figure 2- Interactions of the Neurospora light and circadian clock pathways. Simplified model of
the Neurospora circadian system: the frq, wc-1 and wc-2 genes and their encoded proteins interact via
a transcription/translation-based feedback loop that is essential for circadian rhythmicity. Light input,
via WCC, induces frq transcription thus facilitating light-resetting and entrainment of the clock. VVD
interferes with light signal-transduction pathways by repressing the WCC activity. Downstream
pathways, clock- and light-controlled genes can be regulated. Dark shading indicates pathways that
operate in darkness and light shading indicates pathways that are activated in the light (PRICE-
LLOYD; ELVIN; HEINTZEN, 2005).
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phosphorylation is crucial for clock function (REISCHL; KRAMER, 2011). Over the
course of a circadian cycle, FRQ is progressively phosphorylated and then degraded
via ubiquitin proteasome pathway (QUERFURTH et al., 2011). As the levels of FRQ
decrease, dephosphorylation of WCC by protein phosphatase reactivates the
transcription factor, thereby initiating a new circadian cycle (DUNLAP, 1999).
Downstream of the clock oscillator and light-input pathways, clock- and light-
controlled genes (ccg and lIcg) ultimately control circadian behaviour and light-
responses. Additional, subordinate feedback loops may regulate subsets of clock-
controlled processes (Figure 2).

Insight into circadian clocks and metabolism started from the discovery that
biological rhythms are sustained by a genetically encoded transcription network that
functions as a molecular oscillator in most cell types, maintaining phase alignment in
a range of behavioral, physiological, and biochemical processes with the
environmental light cycle (MARCHEVA et al., 2013). In humans, the clock impacts
many aspects of our lives, ranging from the regulation of our sleep/wake cycle, to cell
division, and rhythms in gene expression. Therefore, defects in the clock are
associated with a wide range of diseases, such as mental disorders and metabolic
syndrome (ECKEL-MAHAN; SASSONE-CORSI, 2013; ASHER; SASSONE-CORSI,
2015; ZARRINPAR; CHAIX; PANDA, 2016).

Experiments performed in the last decade have highlighted the importance of
connection between the circadian clock and metabolism. In mammals, many genes
associated with glucose metabolism in the liver exhibit robust circadian regulation
(PANDA et al., 2002; UEDA et al., 2002; MILLER et al., 2007), suggesting that the
circadian clock plays a significant role in hepatic glucose metabolism. Hepatic
glycogen content, which is important for glucose homeostasis, exhibits circadian
rhythm that peaks during the dark-light transition in nocturnal rodents (ISHIKAWA,
SHIMAZU, 1976). The activities of glycogen synthase and glycogen phosphorylase
also show circadian variation, and the balance between them forms the basis for
circadian variation in the hepatic glycogen content (ISHIKAWA; SHIMAZU, 1976). It
was shown that CLOCK mouse transcription factor regulates the circadian variation
of hepatic glycogen synthesis through the direct transcriptional activation of Gys2,
the gene encoding the rate-limiting enzyme in glycogenesis (DOI; OISHI; ISHIDA,
2010). Another study has demonstrated the connection between biological clock and

diabetes, since the mutants in clock components showed a decrease in rhythmic
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oscillation of genes involved in insulin signaling and glucose detection (MARCHEVA
et al., 2010).

In N. crassa, ccg-9, one of the genes controlled by the clock, encoding
trehalose synthase that participates in the synthesis of the trehalose, is required for
rhythmic conidiation under dark conditions (SHINOHARA et al., 2002). Correa et al.
(2003) demonstrated the first correlation between clock and glycogen metabolism.
They showed, according to microarray analysis, that several genes encoding
enzymes involved in carbon and nitrogen metabolism showed circadian rhythms in
MRNA accumulation, with peaks occurring in the late night to early morning. The
glycogen phosphorylase and branching enzyme genes was circadianly regulated.
Moreover, recently, many genes involved in metabolism have been shown to be
clock-controlled (HURLEY et al., 2014). However, there is still much to learn about
the connection between the clock and metabolism, particularly in the details of how
the oscillator directs metabolic rhythms. Furthermore, the transcriptional network
regulating light and clock metabolism response is increasingly being explored, putting
N. crassa at the forefront of understanding genome wide regulation and the output

from the clock.

4. Reserve carbohydrates metabolism: glycogen and trehalose

We have been investigating how N. crassa controls the metabolism of
glycogen and trehalose, storage carbohydrates that function as a carbon and energy
reserve. Glycogen is a branched polymer of glucose found in cells of different
organisms (HARRIS, 1997; NELSON; COX, 2008). The glycogen is a uniform
molecule characterized by glucose units linked by U-1,4 linear glycosidic bounds and
U-1,6 linked glucose at the branching points, that occurs each four glycose units and
are responsible to the ramification of the molecule (NELSON; COX, 2008). The
synthesis and degradation of this polymer are processes conserved in eukaryotes,
and three steps are involved in the synthesis, which are: initiation, elongation, and
branching, and requires the activities of glycogenin, glycogen synthase, and the
branching enzyme, respectively. The glycogenin is a self-glucosylate protein that
uses UDP-glucose (UDPG) as the glucan donor and acts as an initiator molecule for
glycogen initiation (FARKAS et al.,, 1991; CHENG et al., 1995). The glycogen
synthase catalyzes the formation of U-1,4 glycosidic bounds, using UDPG as the
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donor of the glucose residues and promotes the chain extension (LELOIR, 1971;
ALONSO et al., 1995). Finally, the branching enzyme catalyzes the formation of U-
1,6 glycosidic bounds, transferring approximately seven glucose residues from the
nascent chain to the glucose C6 in an adjacent chain, creating a ramification point
(NELSON; COX, 2008).

Degradation of glycogen requires the activities of glycogen phosphorylase,
that releases glucose-1-phosphate (G1P) from a terminal U-1,4 glycosidc bond, and
the activity of debranching enzyme, that carries out two distinct enzymatic functions:
1) glucosyltransferase, that transfers of three glucose residues from one branch to
another, and 2) glucosidase, that breaks U-1,6 glycosidic bounds (NELSON; COX,
2008).

The trehalose, another reserve carbohydrate, is a non-reducing disaccharide
composed of two linked glucose by U-1,1 glycosidic bounds and can be synthesized
by bacteria, fungi, plants, and invertebrate animals. In fungi, trehalose is present
mainly in spores to be further used as carbon and energy source for conidia
germination (HANKS; SUSSMAN, 1969; FILLINGER et al., 2001). Trehalose
biosynthesis is catalyzed by a large trehalose synthase complex consisting of
trehalose-phosphate synthase and trehalose-phosphate phosphatase subunits
(BELL et al., 1998). The degradation occurs by two trehalases: neutral trehalase with
an optimum activity at pH 6.8-7.0 (also referred to as regulatory trehalase) and acid
trehalase with an optimum activity at pH 4.5-5.0 (also referred to as nonregulatory
trehalase). It is also considered that the neutral trehalase enzyme is cytosolic, while
the acidic trehalose is vacuolar (cited by FRANCOIS; PARROU, 2001). The
synthesis and breakdown processes of glycogen and trehalose in S. cerevisiae can
be seen in Figure 3.

In overall, the glucose enters the cell via passive transport, mediated by
specialized proteins (OLSON; PESSIN, 1996; THORENS, 1996) and converted to
glucose-6-phosphate (G6P) in a reaction catalyzed by hexokinase. G6P is first
converted to glucose-1-phosphate (G1P) by the enzyme phosphoglucomutase, which
serve as substrate for the production of UDPG by the action of UDP-glucose
pyrophosphorylase. The UDPG molecules are direct glucose donor residues for the
synthesis of glycogen and trehalose (ROACH, 2002; NELSON; COX, 2008). For
glycogen synthase extend the molecule is necessary the presence of an

oligosaccharide containing at least eight glucose residues, which is provided by the
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Figure 3- Schematic representation of glycogen and trehalose metabolic pathways in the S.
cerevisiae. In glycogen process, glucose enters the cell and is converted to glucose-6P (G6P) and
thus to glucose-1P (G1P) by phosphoglucomutase (Pgm1/2p). G1P is converted into UDP-glucose
(UDPG), the donor molecule of glucose, by UDPG pyrophosphorylase (Ugplp). Glycogen synthesis is

initiated by glycogenin (Glg1/2p), that self-glucosylated, pr oduc es a -glicosyl thaitUthatid , 4)

elongated by glycogen synthase (Gsy1/2p), through the formation of U-1,4 glycosidic bonds. The
chains are ramified by the branching enzyme (Glc3p) which transfers a block of 6-8 residues from the

endofalnear chain to an internal g |-lmlkage sQlytogen degradatiam d

occurs by the combined action of glycogen phosphorylase (Gphlp) which releases glucose-1-P, and a
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catalyzed by the trehalose synthase complex composed of four subunits. The trehalose-6-phosphate
synthase (Tpslp) produces trehalose-6P from UDPG and G6P, which is dephosphorylated in
trehalose by the trehalose-6-phosphate phosphatase (Tps2p). Tps3p and Tsllp are two regulatory
subunits that stabilize the complex. Trehalose is degraded by neutral (Nth1p) or acid (Athlp) trehalase
(FRANCOIS; PARROU, 2001).
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self-glucosylated glycogenin in their tyrosine residues. The synthesis is completed by
the action of the branching enzyme, which transfers a fragment of six to seven
glucose residues to the branch points (ROACH, 2002). For breakdrown of glycogen,
the glycogen phosphorylase enzyme catalyzes the phosphorolysis of glycogen
yielding G1P and shortened glycogen as product. The debranching enzyme transfers
three glucose residues to the end of an adjacent linear chain and releases glucose
by cleavingt he r e mai nlinkage (Fgurd 3). F& jrehalose biosynthesis, the
G6P and UDPG are used to produce trehalose-6-P by the trehalose-6-phosphate
synthase. The trehalose-6-P is dephosphorylated to trehalose by the trehalose-6-
phosphate phosphatase. In degradation, the disaccharide is hydrolyzed into two

molecules of glucose by either the neutral or acid trehalase enzymes (Figure 3).

5. Regulation of glycogen and trehalose metabolism

Glycogen synthase and phophorylase are the rate-limiting enzymes and are
subjected to different types of regulation: allosteric modulation and post-translational
control by the action of protein kinases and protein phosphatases (FRANCOIS;
VILLANUEVA; HERS, 1988). The two enzymes are regulated by allosterism, where
glucose-6-phophate and AMP are the allosteric effectors of glycogen synthase and
glycogen phosphorylase, respectively. Glucose-6-phophate reverses the glycogen
synthase inactivation by phosphorylation and AMP is the allosteric activator for the
dephosphorylated glycogen phosphorylase (TELLEZ-INON; TORRES, 1970;
MADSEN, 1986; FRANCOIS; VILLANUEVA; HERS, 1988; JOHNSON; BARFORD,
1990; JOHNSON, 1992). In addition, they are also regulated by reversible covalent
modification, in which phosphorylation activates glycogen phosphorylase and inhibits
glycogen synthase. Multiple phosphorylation sites were identified in glycogen
synthases, which are phosphorylated by different protein kinases, depending on the
organism, whereas glycogen phosphorylase is phosphorylated in a single residue,
which is modified by the phosphorylase kinase protein (HARDY; ROACH, 1993;
NELSON; COX, 2008, cited in BERTOLINI et al., 2012).

In contrast to glycogen metabolism, the trehalose synthase complex is not
subject to reversible phosphorylation. A peculiar property of this protein complex is its
strong temperature activation, with an optimum at 42°C to 45°C in the presence of
physiological concentrations of substrates and effectors. The trehalose synthesis can
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be strongly influenced by changes in substrates concentration (G6P and UDPG),
temperature and the steady-state levels of the protein. In the breakdown of trehalose,
only the neutral trehalase from yeasts exhibits a N-terminal extension that contains
the phosphorylation regulatory domain (NWAKA; HOLZER, 1998). Thus, this enzyme
exists in two interconvertible forms by reversible phosphorylation. PKA is the only
protein kinase known to directly phosphorylate and activate neutral trehalase isoform
1 (cited in FRANCOIS; PARROU, 2001).

5.1 Environmental conditions regulating reserve carbohydrate accumulation

and metabolism

Glycogen and trehalose are the two glucose stores of the cells, and the large
variations in the cell content in these two compounds in response to different
environmental changes indicate that their metabolism is controlled by complex
regulatory systems. The amount of glycogen found in a particular situation results
from the balance between glycogen synthase and glycogen phosphorylase activities.
Besides reversible changes in their activities, glycogen levels are also correlated with
physiological conditions through control of gene expression, and the activation of
different signaling pathways affects glycogen storage (reviewed in ROACH et al.,
2012).

Microorganisms and mammals synthesize and accumulate glycogen in
periods of abundance of nutrients and degrade under periods of stress, such as
nutritional shortage (HARRIS, 1997; LILLIE; PRINGLE, 1980). In mammalian cells,
the liver and the skeletal muscle are the main depository of glycogen. In the yeast S.
cerevisiae, the synthesis and degradation of glycogen vary with environmental
conditions and stages of the life cycle (JOHNSTON; CARLSON, 1992). Cells
acumulate glycogen when the culture begins the stationary phase during vegetative
growth or when submitted to heat shock (NI; LAPORTE, 1995), or during the
sporulation or germination induction of the spores (THEVELEIN, 1984; COLONNA,;
MAGEE, 1978; KANE; ROTH, 1974), or in nutrient limitation (LILLIE; PRINGLE,
1980). Such conditions induce the transcription of the GSY2 gene (glycogen
synthase isoform 2) (NI; LAPORTE, 1995). The GSY2 encodes the predominant
glycogen synthase since loss of its function resulted in a 90% reduction in both

enzyme activity and glycogen levels in S. cerevisiae (FRANCOIS; PARROU, 2001).
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N. crassa accumulates glycogen late in the exponential phase of the
vegetative growth (24 h), when the glycogen synthase activity and the expression of
gsn (glycogen synthase) transcript are increased, and degrades it at the beginning of
the stationary phase (NOVENTA-JORDAO et al., 1996; DE PAULA et al., 2002).
Besides that, glycogen levels were highly regulated on exposure of cultures to some
stress conditions, such as heat shock (transfer from 30°C to 45°C) and carbon
source limitation (sugar-free medium) (DE PAULA et al.,, 2002). In N. crassa, the
glycogen is degraded under heat shock stress (NOVENTA-JORDAO et al., 1996).
The levels of gsn transcript, the glycogen content and the glycogen synthase activity
were reduced when the mycelium was exposed to heat shock and carbon starvation,
however were recovered when the cultures returned to normal growth conditions
(30°C and 2% of sugar) (DE PAULA et al.,, 2002; FREITAS; BERTOLINI, 2004).
These results suggest that transcriptional regulation may account for the decrease in
glycogen synthase activity and subsequent glycogen mobilization observed under
these conditions. On the other hand, glycogen phosphorylase activity was activated
under heat shock showing that reversible changes in the two regulatory enzymes
were observed upon temperature shifting (NOVENTA-JORDAO et al., 1996).

Trehalose is another reserve carbohydrate that can be mobilized under
different growth conditions. Yeast cells submitted to heat shock accumulate trehalose
(GRBA; OURA; SUOMALAINEN, 1975). In N. crassa conidia, trehalose corresponds
to 10% of dry-weight, its levels decrease to a minimal value upon germination,
remains at lower levels during all vegetative growth, and rises again at the end of the
growth, accumulating into the conidia (HANKS; SUSSMAN, 1969). Under heat shock
(from 30°C to 45°C), trehalose accumulates (DE PINHO et al., 2001; NEVES et al.,
1991) and this effect may depend on trehalose-phosphate synthase enzymatic
activities since it is the regulatory enzyme in trehalose metabolism (NOVENTA-
JORDAO et al., 1996). Under source carbon starvation, the levels of glycogen and
trehalose content are reduced, but can be recovered after glucose additional in the
medium (DE PINHO et al., 2001; NOVENTA-JORDAO et al., 1996).

Studies of biochemistry and molecular characterization of proteins glycogenin
(GNN) and glycogen synthase (GSN) were performed in N. crassa (DE PAULA et al.,
2002, 2005a, 2005b). Only one isoform of GNN has been identified and gene
inactivation by RIP completely abolished the glycogen accumulation (DE PAULA et
al., 2005a). GNN has two glucosylation sites (Tyr196 and Tyr198) in the N-terminal
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region, however each residue contributes differently to the self-glycosylation process,
and the long C-terminal extension seems to be importante to enchance the
interaction with the GSN (DE PAULA et al., 2005b). All glycogen synthases are
conserved proteins among microbes and higher organisms and the differences are
located mostly in the N- and C-termini of the protein, where the regulatory
phosphorylation sites are located. The GSN enzyme of N. crassa shared much
conservation with the Gsylp and Gsy2p proteins of S. cerevisiae and with enzymes
of mammals (rabbit muscle and human muscle) (DE PAULA et al., 2002). It was
identified four putative phosphorylation sites in GSN enzyme based on a sequence
alignment of different glycogen synthase and in in vitro phosphorylation reactions, all
located at the C-terminus. However, N. crassa GSN seems to have an additional
phosphorylation site (BARBOSA, 2007).

The decrease in glycogen content observed in N. crassa cells exposed to heat
stress may result from down-regulation of the gsn gene mediated by the STRE
(Stress Responsive Elements) motif within the promoter region. The gsn promoter
has two STRE motifs and nuclear proteins activated by heat shock specifically bound
DNA fragments containing both motifs (FREITAS; BERTOLINI, 2004). However,
Msn2/4p homolog proteins, involved in yeast gene activation via STRE motifs, were
not identified in the N. crassa database, suggesting the existence of a different
mechanism to regulate the heat shock response (FREITAS et al., 2008) or different

transcription factors acting in heat shock conditions.

5.2 Transcription factors regulating carbohydrate accumulation in N. crassa

The construction of a set of deletion strains, each carrying a deletion in a
specific ORF, has allowed the screening for proteins linked to a particular phenotype.
A transcription factor mutant strains collection available at FGSC was used to identify
proteins that either directly or indirectly regulate glycogen metabolism in N. crassa.
Transcription factors or regulatory protein modulate the activity of RNA polymerase I,
by binding to gene regulatory sequences (COOPER, 2000), and are classified into
general transcription factors or activators/repressors. The general transcription
factors are constituents of the transcriptional machinery while the
activators/repressors are specific transcriptional regulatory proteins that modulate the

expression of certain genes (ALBERTS et al., 2002). The proteins, that are
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transcriptional regulators but do not have the ability to bind to DNA itself, are called
cofactors or transcriptional coregulators, and interact with transcription factors to
activate or repress specific genes transcription (GLASS; ROSENFELD, 2000).

A systematic screening of a N. crassa deletion strains collection was
performed to search for mutant strains having glycogen accumulation profiles
different that in the wild-type strain under normal growth temperature (30°C) and after
heat shock stress (45°C for 30 min). It was identified 17 transcription factors
potentially involved in glycogen metabolism regulation. The identified proteins are
classified in different families of transcription factors. Many of them are annotated as
hypothetical proteins, however some of them were biochemically characterized either
in N crassa or in other fungi, as PacC, XInR, SUB-1, FIbC, RCO-1, CSP-1 and NIT-2
(GONCALVES et al., 2011). Some mutant strains showed impairment in the
regulation of gsn and gpn expression, suggesting a putative regulation of glycogenic
genes by the transcription factors (GONCALVES et al.,, 2011; BERTOLINI et al.,
2012). Some transcription factors are involved in metabolism control, biological clock,
and cell cycle progression, suggesting the existence of a link between glycogen
metabolism and these processes. Recently, a screening of mutant strains in protein
kinases revealed hyphotetical and identified kinases as controlling glycogen and
trehalose storage in N. crassa under normal temperature and after heat shock stress
in N. crassa (CANDIDO et al., 2014).

Many transcription factors are being investigated for their roles as regulators of
many processes in N. crassa and other fungi. Among the transcription factors already
characterized, it is noteworthy to describe NIT-2 in nitrogen metabolism regulation
(FU; MARZLUF, 1990), XInR in alternative carbon sources regulation (VAN PEIJ et
al., 1998), SUB-1 in late light response gene regulation (CHEN; DUNLAP; LOROS,
2010), CSP-1 in ergosterol synthesis and fatty acid desaturases (SANCAR et al.,
2011) and Sebl/SebA/SEB-1 in stress response (PETERBAUER; LITSCHER,;
KUBICEK, 2002; HAN; PRADE, 2002; DINAMARCO et al., 2012; FREITAS et al.,
2016).

This study aims to elucidate the role of the VOS-1, PAC-3, CRE-1, RCO-1 and
RCM-1 proteins in the regulation of the glycogen and/or trehalose metabolism under
different environmental conditions: circadian clock, alkaline pH, calcium stress,

repressing and non-repressing carbon sources.
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5.2.1 VOS-1 transcription factor

The VOS-1 transcription factor is the Aspergillus nidulans VosA ortholog
(viability of spores), which belongs to the velvet protein family and, together with VelB
protein, is involved in the spore maturation. This protein controls trehalose
biogenesis and cell wall completion (NI; YU, 2007; PARK et al., 2012) and is
interconnected to the central regulatory genes in the conidiation cascade by a
negative feedback regulation of brlA (NI; YU, 2007). In N. crassa, VOS-1 was
identified as a WCC target showing that the vos-1 expression was light induced and
abol i s he ae-2 mutart $train (8MITH et al., 2010). Recent data showed that
the N. crassa a/0s-1 mutant strain exhibits impairments in glycogen accumulation
during vegetative growth when compared to wild-type cells (BONI, 2014), suggesting
that VOS-1 may participate in the regulation of glycogen accumulation. In addition,
data from Neurospora Program Project exploring genome wide ChlP-seq to define
transcription binding sites have shown that several transcription factors bind to the
promoters of glycogen enzymes, including VOS-1 (unpublished data). The
consensus A. nidulans VosA DNA binding site (5 € TGGCCAAGGC-3 )6(AHMED et
al., 2013) was identified in the gsn and gpn promoters. This observation led us to
start investigating the connection between light and circadian clock and glycogen

metabolism.

5.2.2 PAC-3 transcription factor

The PAC-3 is ortholog of the A. nidulans PacC and S. cerevisiae and Candida
albicans Rim101 transcription factors that play a central role in pH signaling pathway.
In A. nidulans, PacC is activated by two successive proteolytic cleavage steps,
leading to the active protein PacC (27 kDa) capable of binding to the promoters of
pH-regulated genes (ARST; PENALVA, 2003), activating genes under alkaline pH
and repressing under acidic pH (TILBURN et al., 1995; ESPESO et al., 1997). In S.
cerevisiae, Rim 101 undergoes only one proteolytic cleavage and exerts its role as a
repressor (LAMB; MITCHELL, 2003).

Some studies have shown the involvement of PacC in gene regulation of
different cellular processes, such as the production of antibiotics, antifungal, and
toxins (ESPESO; PENALVA, 1996; KELLER et al., 1997; MEYER; STAHL, 2002;
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MORENO-MATEOS et al., 2007), extracellular enzymes (MACCABE et al., 1998),
heat shock proteins (SQUINA et al., 2010), and others. PacC/Rim101 has been
widely studied in model fungi and in human pathogens fungi, such as C. albicans, A.
fumigatus and Cryptococcus neoformans, in which the pH signaling pathway is
required for various functions associated to pathogenicity and virulence. Advances in
the understanding of this pathway can lead potential results for therapeutic targets in
antifungal strategies (CORNET; GAILLARDIN, 2014).

The N. crassa PAC-3 regulates the gsn gene under alkaline pH, leading to
reduced glycogen accumulation. The pac-3 mutant strain showed deficiencies in the
development of the fungus, being unable to grow in alkaline pH. Furthermore, the
mutant strain showed changes in glycogen accumulation before and after heat shock
when compared to the wild-type cells, suggesting a role of the PAC-3 in glycogen
regulation (CUPERTINO et al., 2012). Clear differences between A. nidulans and N.
crassa regarding the role of PAC-3 were observed and some questions remain
unclear in relation to the signaling cascade involving the PAC-3 transcription factor in
N. crassa. Therefore, here we investigated the pH-signaling pathway, focusing on the
characterization of the proteins components of this pathway, based on what is
described in A. nidulans. In addition, the consensus N. crassa PAC-3 motif 5-0
BGCCVAGV-36 (B=C/ G/ T; V=A/ C/ G) ( W&sl ideatified lih
promoters of genes involved in glycogen and trehalose metabolism. There are
evidences that the pH signaling pathway and calcium response pathway can act
together. In yeasts, the transcriptional response to alkaline pH by Rim101 involves
different signaling mechanisms, and the calcium signaling seems to have an
important role in this response (SERRANO et al., 2002) and Rim101 acts in parallel
to Crz1 transcription factor for adaptation to alkaline pH (KULLAS; MARTIN; DAVIS,
2007). Thus, we also investigated the glycogen and trehalose metabolism regulation

under alkaline pH and calcium stress.

5.2.3 CRE-1 transcription factor and RCO-1 and RCM-1 corepressors

The N. crassa CRE-1 transcription factor is the ortholog of the A. nidulans
CreA and the S. cerevisiae Migl, the mediators of carbon catabolite repression
(CCR), which represses the expression of a variety of genes through its interaction

with protein partners. The Tupl-Ssn6 complex, orthologs to the N. crassa RCO-1-

et
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RCM-1 proteins, acts together Migl in S. cerevisiae (NEHLIN; CARLBERG; RONNE,
1991). This complex represses various genes that encode proteins of alternative
carbon sources utilization, such as galactose, maltose, xylose, arabinose, glycerol,
etc, when glucose are present in the medium (RUIJTER; VISSER, 1997; ARO;
PAKULA; PENTTILA, 2005). The Migl transcription factor has been reported to
regul ate a high number of g e n eSYGAR-3 &Sk
G/C; Y=T/C; R= A/G) (STRAUSS et al., 1999). In N. crassa, deletion of the cre-1
gene led to an increase in the production of hydrolytic enzymes involved in cellulose
degradation (SUN; GLASS, 2011) and many Migl motifs were identified in
glycogenic promoters.

The RCO-1 protein, the rco-1 gene product (regulator of conidiation-1), has
previously been described as involved in glycogen metabolism under normal and
heat shock conditions (GONCALVES et al., 2011), conidiation, development and cell
differentiation (YAMASHIRO et al., 1996; ALDABBOUS et al.,, 2010) and is the
downstream efector in circadian rhythms (BRODY et al., 2010). The RCM-1 protein,
the rcm-1 gene product (regulation of conidiation and morphology), is an essential
protein and the rcm-1R"® mutant strain showed serious defects in the vegetative and
sexual development (OLMEDO et al., 2010). The RCO-1 and RCM-1 probably form a
corepressor complex similar to Tup1-Ssné6 in yeast. Olmedo et al. (2010) showed that
RCO-1 and RCM-1 participate in photoadaptation of genes regulated by light and
Sancar et al. (2011) showed that CSP-1 transcription factor forms a transient
complex with RCO-1 and RCM-1, acting as repressor for genes controlled by clock in
N. crassa. The CRE-1, RCO-1 and RCM-1 complex has not been reported in N.
crassa. We investigated here the regulatory role of CRE-1, RCO-1 and RCM-1
proteins in the regulation of glycogen metabolism in N. crassa under repressing and

non-repressing carbon sources.
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The main objective of this work was to investigate the roles of transcription
factors and cofactors in the regulation of the reserve carbohydrates glycogen and
trehalose metabolism under different growth conditions and stress. The results will be
presented in four chapters, according to the different transcription factors and

conditions, as described below:

Chapter 1- The connection between circadian clock and glycogen metabolism.

The role of the VOS-1 transcription factor in this process.

Chapter 2- Regulation by the PAC-3 transcription factor and the protein

components of the N. crassa pH sighaling pathway.

Chapter 3- Effects of alkaline pH and calcium concentration on glycogen and
trehalose metabolism regulation by PAC-3.

Chapter 4- CRE-1 transcription factor and RCO-1 and RCM-1 corepressor

proteins regulating glycogen metabolism.
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Chapter 1: The connection between circadian clock and glycogen
metabolism. The role of the VOS-1 transcription factor in this

process.

In this chapter, we investigated the connection between glycogen metabolism
and clock in N. crassa, a eukaryotic model for light responses and biological rhythms.
We found that glycogen is rhythmically accumulated in wild-type cells, peaking in the
subjective night, and the rhythms were dependent on FRQ, a core component of the
N. crassa clock. Furthermore, the gsn and gpn transcripts, encoding glycogen
synthase and glycogen phosphorylase, respectively, are clock-controlled, peaking in
the subjective morning. Using ChIP-PCR, we demonstrated rhythmic binding of VOS-
1 to the promoters of these genes. However, glycogen content and the expression of
gsn and gpn were maintained in vos-1 deletion strain, suggesting that additional
transcription factors or proteins may control the circadian accumulation of glycogen
and the rhythmic expression of gsn and gpn. Therefore, glycogen accumulates
during the night and is degraded during the day to supply the appropriate levels of
energy to cells at the right time of the day, and this regulation is, in part, through the

control of gsn and gpn expression by VOS-1.

Observation: According to A Al t er a - Nansas Idtersas para a defesa da
Dissertacdo de Mestrado ou da Tese de Doutorado, aprovadas pelo Conselho de
Pos-Graduacdao em Biotecnologia do Instituto de Quimica, UNESP, Araraquara, em
nov/2010 e pela Congregracdo em reunido de d e z / 2 @\dpéndix), the results are

presented in chapter format similar to a manuscript.
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VOS-1 is a transcription factor that connects the circadian clock to rhythmic
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ABSTRACT

Circadian clocks allow organisms to anticipate daily environmental cycles, and
regulate physiology and behavior to optimize the timing of resource allocation for
improved fitness. In humans, misregulation of the clock can lead to metabolic
disorder, although details of the mechanism of clock control of metabolic
homeostasis are not fully understood. We found that the regulation of glycogen
metabolism is controlled by the circadian clock in N. crassa, and identified a
transcription factor, VOS-1, connecting the clock to the downstream genes gsn and
gpn, which encode the regulatory enzymes involved in glycogen synthesis and
degradation, respectively. In wild-type cells, glycogen accumulation peaks at
subjective night and the rhythms are dependent on the core clock component FRQ.
VOS-1 binds rhythmically to the promoters of gsn and gpn, and leads to rhythmic
MRNA accumulation of both genes, peaking in the subjective morning. Glycogen
levels and accumulation rhythms were maintained in Dvos-1 cells; however, the
amplitude of the rhythms of gsn and gpn mRNA was reduced as compared to wild-
type cells. These data suggest the existence of additional transcription factors and/or
proteins controlling the circadian accumulation of glycogen and the expression of gsn
and gpn.

INTRODUCTION

The circadian clock is an evolutionarily conserved time-keeping mechanism that,
through the regulation of rhythmic gene expression, coordinates the physiology of an
organism with daily environmental cycles. Because virtually all aspects of human
physiology and behavior are linked to the clock, abnormalities in the circadian system
are associated with a wide range of diseases, including metabolic syndrome (Eckel-
Mahan and Sassone-Corsi, 2013; Asher and Sassone-Corsi, 2015; Zarrinpar et al.,
2016). The core oscillator consists of transcriptional/translational feedback loops, in
which the positive acting heterodimeric transcription factors (TFs) drive rhythmic
expression of clock genes. The clock genes encode proteins that feedback to inhibit

the TFs and shut down their own synthesis. The clock TFs also bind to the promoters
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of downstream target genes leading to overt rhythms in gene expression, behavior
and physiology.

One of the first observations linking the clock to the physiological state of the
organism was the observation that, in rats, the clock controlled the rhythms in hepatic
glycogen content, and the activities of glycogen synthetase and glycogen
phosphorylase, enzymes involved in glycogen synthesis and degradation,
respectively (Ishikawa and Shimazu, 1976). Since this discovery, humerous studies
have focused on how the circadian clock is mechanistically connected to metabolism.
It was found that mice lacking the positive elements of the oscillator, CLOCK and
BMAL1, show hypoinsulinaemia and diabetes (Rudic et al., 2004; Marcheva et al.,
2010), and that a Clock gene mutation alters rhythms in hepatic glycogen levels and
in the circadian expression of glycogen synthase 2, the rate-limiting enzyme for
glycogen synthesis in the liver (Doi et al., 2010). Clock regulation of glycogen levels
appears to be conserved in different organisms as rhythmic glycogen accumulation
was reported in cyanobacteria (Pattanayak et al., 2014; Diamond et al., 2015).
Furthermore, many genes associated with glucose metabolism exhibit circadian
regulation in the liver (Panda et al., 2002; Miller et al., 2007).

The circadian clock in the fungus Neurospora crassa has been well studied. In
the core oscillator, tow PAS-domain containing GATA-type zinc finger TFs White
Collar-1 (WC-1) and WC-2 dimerize forming the White-Collar Complex (WCC)
(Ballario et al., 1996; Denault et al., 2001; Cheng et al., 2002). WCC activates
transcription of frequency (frq) (Froehlich et al., 2002; Lee et al., 2003). The negative
component FRQ accumulates, enters the nucleus, and interacts with FRQ-interacting
RNA helicase (FRH) (Cheng et al., 2005; Shi et al., 2010) and casein kinase | (Baker
et al., 2009), and inhibits the activity of the WCC (He et al., 2005; Schafmeier et al.,
2005 and 2008). Reduced frg mMRNA levels, together with progressive
phosphorylation of FRQ, relieves WCC inhibition, reinitiates the cycle and leads to
proteasome-dependent degradation of FRQ (Liu et al.,, 2000; He et al., 2003;
Larrondo et al., 2015).

The first link between the clock and metabolism in N. crassa was the
demonstration that the clock controlled the levels of mMRNA of genes involved in
carbon and nitrogen metabolism (Correa et al., 2003). Among them, were the genes
encoding glycogen phosphorylase and the glycogen branching enzyme, enzymes

involved in glycogen metabolism. More recently, many genes involved in the
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92 regulation of carbohydrate, fatty acid, and vitamin metabolism have been shown to
93 be clock-controlled (Hurley et al., 2014). Thus, while clock control of metabolic genes
94 is well described in N. crassa and other organisms (Diamond et al., 2015), how the
95 clock regulates these genes is not known in any system.

96 A screen for TFs regulating glycogen metabolism in N. crassa revealed that
97 some TFs identified as glycogen metabolism regulators (Gongalves et al., 2011) were
98 previously described as participating in light and/or circadian clock signaling networks
99 (Chen et al., 2009; Smith et al., 2010; Olmedo et al., 2010; Sancar et al., 2011; Wu et
100 al., 2014). Here, we investigated the role of the VOS-1 TF as a candidate protein
101 connecting the circadian clock to glycogen metabolism control in N. crassa. We
102 demonstrate that the glycogen accumulation and the expression of the genes
103 encoding the regulatory enzymes glycogen synthase (gsn) and glycogen
104 phosphorylase (gpn) are clock-controlled. The clock also regulates VOS-1 levels, and
105 VOS-1 rhythmically binds to the gsn and gpn promoters. However, glycogen
106 accumulation and gsn and gpn expressi 0 n remai ned voshlycells,mi c i
107 suggesting that the circadian clock likely controls glycogen accumulation through
108 multiple transcription factors, and that VOS-1 could be a transcription factor
109 controlling the robustness of the gsn and gpn rhythmic expression in N. crassa.

110

111  MATERIALS AND METHODS

112

113 Strains and culture conditions. The N. crassa wild-type strains 740R23-1 (FGSC
114  #2489; A) and ORS-SL6a (FGSC #4200; a ) gsn ¢GSC #18933; A) , gprgfFGSC
115 #20155; A het er okary owos-1G3Ca#LI®I6; Ax wede olatained from
116 the Fungal Genetics Stock Center (FGSC, University Missouri, Kansas City)
117  (McCluskey et al., 2010). The mutant strains were constructed by replacing the gene
118 coding region with the hygromycin resistance gene (hph) (Colot et al., 2006). The
119 qfrq (DBP 1228; A) a wadl (RBP 1224; A) strains were generated by replacing, in
120 740R23-1 strain, the gene coding region with the bar gene, conferring resistance to
121 Basta (glufosinate-ammonium, Bayer) (Pall, 1993). The VOS-1-V5-tagged, FRQ-
122 LUCIFERASE (LUC) ras-1%d, and a vos-1 promoter fusion to luciferase pvos-1-luc
123 strains were a gift from Jay Dunl apbs | abor
124 Grant. Briefly, to generate VOS-1-V5, the V5 tag (14 amino acids
125 GKPIPNPLLGLDST) was added at the C-terminus of the 447 amino acid VOS-1
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126 protein, away from the NF-kB-like DNA binding domain within the velvet domain

127 (Ahmed et al.,, 2013) at amino acids 15-180. The pvos-1-luc construction was

128 generated using recombinational cloning in yeast as described (Colot et al., 2006)

129 whereby56 P CR f r & § ro®,fprommotel region of vos-1, codon optimized luc

130 sequence (Gooch et w®@os-1,, a2n0d0 8t)h ecs3adp weedied od f
131 transformed with gapped plasmid (pRS426) digested with Xhol and BamHI into yeast

132  strain FY2 (MATU ura3-52). Following recombination in yeast, the full-length product

133 was amplified and transformed into wild-type N. crassa cells and transformants that

134 recombined at the csr-1 1 ocus and grew on 5 ¢&gg/ ml cyc
135 (Bardiya and Shiu, 2007). T h e gprphomokaryon strain was generated by crossing

136 the FGSC #20155, A strain with the ORS-SL6a, a wild-type strain. In order to assay

137 transcriptional expression profiles of gsn and gpn, we constructed bioluminescence

138 reporters, gsn-luciferase and gpn-luciferase, by fusing the promoter to codon-

139 optimized luciferase followed by the bar gene for selection (Gooch et al., 2008). gsn-

140 luc ras-1°@ and gpn-luc ras-1°¢ strains were made by constructing the above

141 cassettes targeting csr-1 locus in the ras-1°9 strain as preciously described (Hong et

142 al., 2014). These strains were crossed with qos-1 (FGSC#13536, A) to generate

143  gwos-1 gsn-luc ras-1°9 a n dvosyl gpn-luc ras-1°9 strains.

144 All strains were maintained on solid Vogel minimal (VM) medi a (1x Vog
145 salts, 2% glucose, 1.5% agar, pH 6.0) (Vogel, 1956) supplemented with the

146 appropriate antibiotic as needed. Strains containing the hph cassette were

147 maintained on VM media supplemented with 200 pg/mL hygromycin B. Strains

148 containing the bar cassette were maintained on VM media lacking NHsNOs and

149 supplemented with 0.5% proline and 200 pug/mL Basta. Crossing was carried out on

150 Westergaard and Mi tchell sds (1947) synt het
151 sucrose as carbon source. T h egsnp gmp a n dvosyl strains were crossed with the

152 FRQ-LUC ras-1bd (DBP 1985 a) strain to generate FRQ-LUC gmgsn (DBP 2035, 2036,

153 2038, and 2040), FRQ-L U C gpe (DBP 2033 and 2034), FRQ-LUC qvos-1 (DBP

154 2037 and 2039) and FRQ-LUC WT (DBP 2029, 2031 and 2032) strains.

155

156 Light induction experiments. Conidia were inoculated in Petri dishes containing 25

157 mL of VM medium, 2% glucose, pH 6.0, and incubated under constant light at 30°C

158 for 24 h to prepare mycelia mats. Mycelial mats were cut in 4 mm discs, and

159 individually transferred to Erlenmeyer flasks containing 65 mL of growth media and
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160 incubated under light for 24 h at 30°C with shaking (100 rpm). Subsequently, the
161 flasks were transferred to dark for 24 h at 25°C with shaking (100 rpm), and then
162 light-induced (=21 pmole photons/m?/s or ~1500 lux) for 15, 30, 45, 60, 120 or 240
163 min in a Percival (Perry, IA) incubator.

164

165 Circadian time course experiments. For rhythmic analysis, the clock was
166 synchronized by a light-to-dark transition in mycelial mats grown in shaking liquid
167 culture at 25°C, according to the procedure described by Correa et al. (2003), with
168 modifications. The light-to-dark transfer sets the clock to dusk or circadian time (CT)
169 12 and the clock follows its endogenous rhythm. By convention, CTO represents the
170 subjective dawn, and CT12 represents the subjective dusk. The times of light-to-dark
171 transfer were set such that the age of the cultures at harvesting were approximately
172 the same, but the CTs varied. Specifically, conidia were inoculated in Petri dishes
173 containing 25 mL VM medium, 2% glucose, 0.5% arginine, pH 6.0, and incubated
174 under constant light at 30°C for 48 h to prepare mycelia mats. Mycelial mats were
175 cut, and individually inoculated into Erlenmeyer 125 mL flasks containing 75 mL of
176 growth media and incubated under light at 25°C with shaking (100 rpm) on day 1.
177 The flasks were transferred to constant darkness at 25°C in Percival (Perry, I1A)
178 incubators at different times on day 1 (for collection at DD 36, 40, 44, 48, and 52),
179 day 2 (for collection at DD 12, 16, 20, 24, 28, and 32), day 3 (for collection at DD 8),
180 and harvested in constant darkness either at 9:00 a.m. (DD 12, 16, 20, 36, 40, and
181 44) or 5:00 p.m. (DD 8, 24, 28, 32, 48, and 52) on day 3.

182

183 Glycogen and protein quantification. Glycogen was quantified according to Freitas
184 et al. (2010), with slight modifications. Frozen mycelia pads were ground to a fine
185 powder in a pre-chilled mortar in liquid nitrogen and extracted in lysis buffer (50 mM
186 Tris-HCI, pH 8.0, 50 mM NaF, 1 mM EDTA, 0. 5 mM PMSF, and 1 eg/
187 pepstatin A, leupeptin and aprotinin). Cellular extracts were clarified by centrifugation
188 at 10,000 X g, for 10 min at 4°C, and the supernatants were used for glycogen and
189 protein quantifications. Briefly, the crude extract was precipitated with TCA,
190 resuspended i n acetat e samylasd andamyloglucdsidase. g e st e
191 Free glucose was quantified using a glucose oxidase kit (glucose liquiform, Labtest)
192 and the glycogen content was normalized to total protein. Free glucose and total

193 protein were quantified using a NanoDrop® ND-1000 spectrophotometer at 505 nm
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and 280 nm, respectively. The glycogen content was calculated using a standard
glycogen curve and the results were expressed in pg of glycogen/mg total protein.

RNA extraction. RNA was extracted from frozen mycelial pads ground to a fine
powder in RNA extraction buffer (0.1 M sodium acetate, pH 6.5, 10 mM EDTA, 1%
SDS) with 0.5 mm glass beads (BioSpec Products, Inc.) and acid phenol:chloroform
(5:1 solution, pH 4.5, Ambion). After extraction, total RNA was suspended in
formamide:water (1:1) (Ambion), and quantified using a NanoDrop® ND-1000
spectrophotometer.

Gene expression assays by northern blotting. Tot a l RNA (15 ¢€g)

on a 1% agarose-formaldehyde denaturing gel at 175 V for 2 h. The RNA was
transferred to nitrocellulose membranes (NitroPure, GE) using 5 x SSC, and the RNA
was fixed onto the membranes in a UV Stratalinker™ 2400 on the autocrosslink
setting. The DNA probes were amplified by PCR using the oligonucleotides pairs
NCUO06687F/NCU06687R for gsn gene, NCUO7027F/NCU07027R for gpn gene and
NCUO05964NF/NCU05964NR for vos-1 gene (Table S1). The ccg-1 fragment (382
bp), cloned into pKL119 plasmid, was obtained after digestion with EcoRV and
Hindlll. Blots were probed with the 994 bp gsn DNA, 1,024 bp gpn DNA, 633 bp vos-
1 DNA and ccg-1 DNA fragment s r adPpdCarb (8,000 Ci/mM)i
(PerkinElmer) in 25 mL of hybridization buffer (50 mM Tris-HCI, pH 7.5, 0.1% Na-
pyrophosphate, 1 M NaCl, 10 x Denhardtds, 50% fo
sperm DNA) at 42°C overnight. After hybridization, the membranes were washed in 2
X SSC containing 0.1% SDS for 30 min at RT, 0.5 x SSC containing 0.1% SDS for 15
min at 42°C, and 0.1 x SSC containing 0.1% SDS for 15 min at 42°C, followed by
exposure to X-ray film. Densitometry was performed using the NIH ImageJ software,
and signals were normalized to the ribosomal RNA detected by ethidium bromide

staining.

Protein expression assays by western blots. Proteins from the VOS-1-V5-tagged
cells were extracted from ground tissue (Garceau et al., 1997), and 100 mg of total
protein was run on SDS-PAGE, and electro-transferred to polyvinylidene difluoride
membranes (Millipore). VOS-1 protein was hybridized with primary mouse

monoclonal anti-V5 antibody (Invitrogen), recognized with an anti-mouse horseradish

wa
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peroxide 2 conjugated secondary antibody (BioRad), and visualized with SuperSignal
Femto Maximum Sensitivity Substrate (Thermo Scientific, Waltham, MA). After
detecting by Western blotting, membranes were stained with an amido black solution
(0.1% amido black, 10% acetic acid, 25% isopropanol) to reveal all proteins as an

indication of protein transfer.

ChIP-PCR assay. ChIP assays were performed as described by Tamaru et al.
(2003), with modifications. Briefly, conidia from the VOS-1-V5-tagged strain were
inoculated into liquid growth media for either light induction or circadian time course
experiments, as described above. To crosslink the VOS-1-V5 to genomic DNA, 1%
(v/v) formaldehyde was added and the flasks were incubated for 30 min at 25°C with
shaking (100 rpm). Formaldehyde was quenched using 125 mM glycine, at 25°C, 100
rpm, for 10 min. Tissue was transferred to tubes containing ChIP lysis buffer (50 mM
Hepes, pH 7.5, 90 mM NaCl, 1 mM EDTA, pH 8.0, 1% Triton X-100, 0.1% Na
deoxycholate, 0.172 mM PMSF, 1 ug/mL each of leupeptin and pepstatin). The
tissue was homogenized and the chromatin was sheared to an average size of 0.5-
0.8 kb using a Branson Digital Sonifier S-250D microtip probe (3 cycles: 10 sec, 40%
amplitude, 0.8 sec pulse ON, 0.2 sec pulse OFF; and 6 cycles: 30 sec, 30%
amplitude, 0.8 sec pulse ON, 0.2 sec pulse OFF). Extracts were clarified by
centrifugation and the samples were immunoprecipitated with mouse monoclonal
anti-V5 antibody (Invitrogen) and Dynabeads® Protein G (Life Technologies). The
DNA concentration was quantified either by NanoDrop or by fluorescence using
Quant-iT™ PicoGreen® dsDNA reagent (Invitrogen). Amplification reactions were
performed using the pairs of primers NCU06687F1 VOS1/NCU06687R1 _VOS1 for
gsn promoter and NCUQ7027F_VOS1/NCU07027R_VOSL1 for gpn promoter (Table
S1). The primers were designed to amplify specific VOS-1 binding regions in gsn and
gpn promoters as previously identified by ChlP-seq. Input DNA was used as positive
control of PCR and a region from the 60S ribosomal L6 gene (ORF NCU04068) as
negative control, using the primers pair rtPCRIintL6f/tPCRIintL6r (Table S1).
According to ChIP-seq data, the 60S ribosomal L6 gene is not a target of the
transcription factor VOS-1. 20 ng of DNA from the anti-V5 (IP), no Ab and Input
amplification reactions was utilized for amplifications. The amplification products were

analyzed on a 2% agarose gel and visualized by ethidium bromide. Densitometry
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261 was performed using NIH ImageJ software, and signals were normalized to the
262 negative control (either no Ab or 60S ribosomal L6).

263

264 Bioluminescence assay. To monitor the expression of the FRQ protein, strains
265 carrying a FRQ-LUC translational fusion were analyzed. Solid medium containing 1 x
266 VM medium, 0.01% glucose, 0.03% arginine, 0.1% M quinic acid, pH 6.0, 1.5% agar
267 and 25 pM luciferin (LUCNA-300; Gold Biotechnology, St. Louis, MO) was used to
268 quantify the luciferase activity. Quinic acid was added to the media to increase the
269 amplitude of the luciferase rhythms (Larrondo et al., 2015). 96-well microtiter plates
270 were inoculated with 5 pL of 108 conidia/mL and incubated in the light for 24 h at
271 30°C. The plates were then transferred to DD at 25°C and the bioluminescence was
272 measured with a TopCount NXT™ Microplate Scintillation and Luminescence
273  Counter (PerkinElmer Life Sciences, Boston, MA) at intervals of 90 min for 4-5 days.
274 Data were collected and analyzed using the Import and Analysis (I&A) program
275 (Plautz et al., 1997). In our analyses, we did the detrended profile graphs to plot the
276 luciferase levels using linear regression.

277 Bioluminescence was also performed using standard race tubes containing
278 VM medium, pH 5.8, with 0.1% glucose, 0.17% arginine, 50 ng/mL biotin, 1.5% agar
279 and 12. 5 ¢ Nhelsttaios were iinocalated and grown at 25°C in constant
280 light (LL) overnight and the tubes were transferred into constant dark (DD) at 25°C.
281 Bioluminescence was collected every hour with a PIXIS CCD camera (Princeton
282 Instruments) controlled by Winview/32 software (Roper Scientific). The collected
283 images were analyzed and plotted by ImageJ software and the customized Excel
284 macro (giftbyDr.Lui s Larrondobés | ab), respectively.
285

286  Statistical data. Nonlinear regression to fit the circadian time course data to a sine
287 wauve (fitting period, phase, and amplitude) or a line (fitting slope and intercept), as
288 wel | as the Akaikeds information criteria
289 the 2 equations were carried out using the Prism software package (Prism version
290 4.0c, GraphPad Software, San Diego, CA). The P values reflect the probability that,
291 for instance, the sine wave fits the data better than a straight line. This software
292 analyzes the data using the equation Y=amplitude*sin[6.2831853*(X-phase-
293 8)/(PerSixteen+16)] for morning sine test, Y=amplitude*sin[6.2831853*(X-phase-
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19.5)/(PerSixteen+16)] for evening sine test and Y=M*X+B for line test. X means
hours in DD, M means intercept, and B means slope of the line.

RESULTS

Circadian clock controls glycogen accumulation and the genes involved in the

regulation of glycogen synthesis (gsn) and degradation (gpn)

Several studies have demonstrated that glycogen accumulation is rhythmic in
different organisms (Ishikawa and Shimazu, 1976; Doi et al., 2010; Pattanayak et al.,
2014, Diamond et al., 2015), although the mechanism for this regulation is unknown.
The circadian clock in N. crassa is well defined, and the regulation of glycogen
metabolism has been investigated (Goncalves et al., 2011; Candido et al., 2014;
Cupertino et al., 2015; Freitas et al., 2016). Therefore, to better understand how the
clock controls glycogen metabolism, we first examined if glycogen accumulates
rhythmically. In the wild-type cells, glycogen accumulated rhythmically with a period
of 26 £ 2 hours and an amplitude of 0.59 + 0.09 (p<0.0001; Fig. 1A, left panel),
peaking in the subjective night. The rhythm in glycogen accumulation was abolished
in the clock deficient adrq strain (Fig. 1A, right panel), demonstrating that the
circadian clock influences the rhythmic glycogen accumulation.

To begin to determine the mechanism for clock control of glycogen levels, we
examined the mRNA levels over a circadian time course of gsn and gpn, encoding
glycogen synthase and glycogen phosphorylase, enzymes involved in glycogen
biosynthesis and degradation, respectively. Both gsn and gpn mRNA accumulated
rhythmically in wild-type cells. The period of the rhythm for gsn was 22.8 + 1.3 hours
with amplitude of 0.62 + 0.14 (p=0.0001) (Fig. 1B, left panel), and for gpn was 22.3 +
1.5 hours with amplitude of 0.59 + 0.18 (p=0.0051) (Fig. 1C, left panel). Similar to
glycogen accumulation, the rhythmic expression of both genes was abolished in the
Dfrg strain (Figs. 1B and C, right panels), suggesting that FRQ-dependent circadian
clock may control the circadian glycogen accumulation via rhythmic expression of

gsn and gpn genes.

The clock-controlled VOS-1 transcription factor binds to the gsn and gpn

promoters
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328 To investigate the mechanism of clock control of gpn and gsn, we focused our
329 attention on transcription factors that are directly controlled by the circadian clock.
330 Several transcription factors were demonstrated by high-throughput sequencing
331 analyses to be regulated by light and/or clock (Smith et al., 2010; Wu et al., 2014),
332 and a subset of them was described as putative regulators of glycogen metabolism
333 (Gongalves et al., 2011), which led us to speculate that some transcription factors
334 could connect glycogen metabolism to circadian clock. The N. crassa homolog of the
335 Aspergillus nidulans VosA transcription factor (NCU05964, called VOS-1) was
336 identified as a WCC target (Smith et al., 2010). A near consensus A. nidulans VosA
337 DNA binding site (5 - &€ TGGCCAAGGC-3 )0(Ahmed et al., 2013) was present in the
338 promoters of N. crassa gsn and gpn genes, suggesting that VOS-1 may directly
339 regulate the expression of these genes. Consistent with this idea, the gsn (Fig. S1A)
340 and gpn (Fig. S1B) promoters were targets of VOS-1 binding in constant dark (DD)
341 and after exposure to light in ChlIP-seq analyses (manuscript in preparation).
342 Therefore, we analyzed binding of VOS-1 to gsn and gpn promoters in DD and after
343 light exposure to investigate if the gsn and gpn expression and glycogen
344  accumulation were light induced.

345 First, light responses of VOS-1 were examined at transcript levels and in cells
346 containing the VOS-1-V5-tagged protein. The vos-1 mRNA levels were light induced
347 in wild-type cells and induction was abolished in cells containing a deletion of the
348 Dblue-light photoreceptor wc-1 ( w&-1 strain) (Fig. 2A). Induction of the ccg-1 gene,
349 which is a late light induced gene (Loros and Dunlap, 1991), was also abolished in
350 t h ewc-Iestrain (Fig. 2A). Protein expression was also analyzed and a protein band
351 with a molecular weight of ~48 kD was observed in the tagged strain, but not in the
352 control wild-type strain, consistent with the predicted size of VOS-1 (447 aa) (Fig.
353 2B). While VOS-1-V5 levels were low in DD, the levels increased about 2.5-fold
354 following 45-60 min of light exposure (Fig. 2B), confirming light induction of VOS-1.
355 To determine if VOS-1 binds to the gsn and gpn promoters in vivo, we
356 performed ChIP-PCR assays using oligonucleotides (Table S1) designed to amplify
357 genomic DNA fragments predicted to be bound by VOS-1 by the previous ChiP-seq
358 analyses [Figs. S1A (gsn promoter) and S1B (gpn promoter)]. Based on the A.
359 nidulans VosA binding site we identified, within the amplified DNA fragments,
360 putative VOS-1 motifs located at -1 8 0 6-CTT6GCC-3 6 ) -ah& -CCBIGEG-3 6)

361 bp in gsn and gpn promoters, respectively, relative to the ATG start codon. Cross-
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linked chromatin was collected from mycelia of VOS-1-V5 cells grown in DD and
exposed to light for varying times. VOS-1 bound to both promoter regions in DD and
after light exposure (Figs. 3A and 3B, left panels), confirming the ChlP-seq results,
and suggesting that the VosA and VOS-1 DNA binding sites may be similar. Plots of
the band intensities normalized to no Ab samples are shown in the right panels for
gsn (Fig. 3A) and gpn (Fig. 3B) promoters. VOS-1 strongly bound to both promoters
in DD, with a slight increase in binding to the gsn promoter after 45 min of light
exposure. The binding of VOS-1 to the gpn promoter after light exposure, while still
enriched, was significantly lower than the binding observed in DD. These results
confirm that VOS-1 binds to the gsn and gpn promoters in DD and after light
exposure, likely leading to the regulation of expression of these genes in both
conditions.

We next investigated if gsn and gpn gene expression and glycogen
accumulation were light induced in wild-type and cells containing a deletion of the
blue-light photoreceptor (Dwc-1) cells exposed to light. Surprisingly, while the positive
control ccg-1 gene was normally light induced in wild-type, but not Dwc-1 cells, as
expected, neither gsn nor gpn transcripts were induced by light in wild-type cells (Fig.
S1C). The same samples were used for glycogen quantification, and similar to gsn
and gpn mRNA levels, glycogen levels were not light induced (Fig. S1D). Thus,
although VOS-1 is light regulated, this regulation is not transduced to all of its direct
targets. Instead, these data suggested that VOS-1, which is directly bound by the
core clock component WC-1 (Smith et al., 2010), and binds to gpn and gsn
promoters in the dark and in the light, primarily signals time of day information to gpn
and gsn.

The vos-1 mRNA is clock-controlled and VOS-1 binds rhythmically to the gsn

and gpn promoters

To investigate if vos-1 expression is clock-controlled, vos-1 mRNA and protein levels
were examined in a circadian time course. To analyze vos-1 mRNA levels, a codon
optimized firefly luciferase (Gooch et al., 2008) was fused downstream of the vos-1
promoter (pvos-1-luc). The mRNA cycled in DD peaking around subjective dusk (DD
42) (Fig. 4A). To analyze protein expression, VOS-1-V5 was assayed by western blot
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using anti-V5 antibody and the protein also cycled in DD with a period of about 22 h
and peaking a few hours later than the mRNA (DD 28) (Figs. 4B and S2A).

The rhythmic binding of VOS-1 to the gsn and gpn promoters was assayed by
ChIP-PCR using the circadian time course samples (Figs. 4C and D, and S2B). VOS-
1 bound rhythmically to the gsn (Fig. 4C) and gpn (Fig. 4D) promoters showing
binding peak in the subjective night at DD 28, consistent with the nighttime peak
levels of vos-1 mRNA and protein, and preceding the peak in gsn and gpn mRNA
levels (Figs. 1B and C).

Glycogen accumulation and the gsn and gpn genes have low amplitude

rhythms in the vos-1 deletion strain

Our demonstration that VOS-1 accumulation and binding to the gsn and gpn
promoters are rhythmic, support the idea that VOS-1 signals temporal information
from the oscillator to gsn and gpn. To test this idea, glycogen levels were quantified
i n vosdl cells in a circadian time course. Surprisingly, glycogen accumulation
remained rhythmic in the VOS-1 deletion cells (Fig. 5A and S3B) similar to what is
observed in wild-type strain (Fig. S3A), peaking in the subjective night. In addition,
the total glycogen levels observed in gwos-1 cells were similar to those obtained in
wild-type cells (compare Figs. S3A and B). However, the period was slight shorter
(21.89 + 1.6 hours) when compared to glycogen accumulation in the wild-type cells
(26 = 2 hours), and the amplitude of the rhythm was reduced ~2-fold, from 0.59 +
0.09 in wild-type cells to 0.3 + 0.08 in the mutant (compare Figs. 1A, left panel and
5A).

We tested the impact of vos-1 deletion in the expression of gsn and gpn by
constructing bioluminescent reporters to investigate the expression of the gsn and
gpn genes in wild-type and Dvos-1 mutant strains. The rhythmic expression of gsn
and gpn observed in the wild-type strain (solid line) was maintained in Dvos-1 mutant
strain (dashed line) (Figs. 5B and C, respectively), although the transcript levels were
of at least 2-fold lower amplitude when compared to the wild-type strain. These data
indicate that while VOS-1 functions as an activator of gsn and gpn expression,
controlling the overall levels and amplitude of the rhythm of gsn and gpn, there are
additional components regulating the rhythmic expression of the genes, and the
rhythmic accumulation of glycogen.
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GSN, GPN and VOS-1 are part of a circadian output pathway

To investigate if gsn, gpn and vos-1 feed back to the core oscillator to regulate its
function, the rhythmic accumulation of FRQ-LUC was monitored in Dgsn, Dgpn and
Dvos-1 strains (Fig. 6). No change in rhythmic expression of FRQ protein was
observed in the Dgsn, Dgpn and Dvos-1 mutant strains as compared to wild-type

cells. These data support the idea that VOS-1 functions in an output pathway from

the clock to regulate the expression of gsn and gpn.

DISCUSSION

In the last years, a large number of reports have described the functional link
between circadian clock and cellular metabolism, revealing that most of the
metabolism is under circadian control (Bass and Takahashi, 2010; Eckel-Mahan and
Sassone-Corsi, 2013; Hurley et al., 2014; Hurley et al., 2016) and that, in human,
disruption of the circadian clock impacts health and disease (Green et al., 2008;
Bass, 2012). However, the molecular mechanisms coupling both processes are
starting to be investigated and have been only characterized in higher eukaryotic
organisms. The mechanisms relay on the dependence of intermediary metabolites,
including ATP, NAD+, among others, which connect the metabolic state of cells to
the biological clock via signaling pathways and/or protein modifications (reviewed in
Asher and Schibler, 2011; Peek et al., 2013; Rey and Reddy, 2013; Etchegaray and
Mostoslavsky, 2016). One of the major links between metabolism and circadian clock
is the metabolite NAD+, whose levels are regulated via circadian rhythms. Recently,
SIRT6, a member of the sirtuin family with (NAD+)-dependent deacetylase activity,
was reported to control the recruitment of the CLOCK:BMAL1 complex to chromatin
and to define the circadian oscillations of hepatic genes related to fatty acid and
carbohydrate metabolism in mouse (Masri et al., 2014).

The filamentous fungus Neurospora crassa is a model organism for circadian
systems studies and the core components of the biological clock have been well
characterized. A genome-wide transcriptional profile by RNA-seq revealed that a high
number of genes can be expressed under circadian control and that much of

metabolism is clock-controlled; daytime favoring catabolism and nighttime the
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biosynthesis of cellular components (Hurley et al., 2014). We demonstrated here that
glycogen metabolism in N. crassa is clock controlled. Glycogen was accumulated
and degraded during the subjective night and day, respectively, and the circadian
accumulation was lost in cells without a functional circadian clock (adrq). These
findings are similar to the results of circadian accumulation of glycogen in rats:
increased glycogen levels during the dark period and consumption during the light
(Ishikawa and Shimazu, 1976). However, they are opposite to what was reported for
the cyanobacteria Synechococcus elongates, which accumulates glycogen during
the subjective day and break it down during the subjective night (Pattanayak et al.,
2014; Diamond et al., 2015), consistent with the diurnal metabolism centered on
photosynthesis. Thus, clock may coordinate the glycogen accumulation at different
times of the day, depending on the metabolic activities of the organism.

The gsn and gpn genes encoding the regulatory enzymes glycogen synthase
(GSN) and glycogen phosphorylase (GPN), respectively, also showed circadian
rhythmicity in N. crassa, and both transcripts accumulated during the subjective day.
However, both transcripts accumulated in the same phase, and this result is not
correlated with the activities of the enzymes since glycogen synthase and glycogen
phosphorylase are the regulatory enzymes in two opposite metabolic pathways:
glycogen biosynthesis and degradation, respectively. Therefore, it is expected that
the rhythmic glycogen accumulation should result from the balance between both
enzymes. The gsn and gpn rhythmic expression results and the enzymes activities
regulation led us to speculate that the rhythmic glycogen accumulation may result,
not only from transcript levels, but from additional factors, such as regulation of the
enzymes GSN and GPN.

The GSN and GPN enzymes are both regulated by allosterism, in which
glucose-6-phosphate (G6P) is the modulator for glycogen synthase and AMP the
effector for glycogen phosphorylase. The G6P levels, in a certain time, depends on
the balance between the hexoquinase and glucose-6-phosphatase enzymes
activities and should be important to investigate whether both enzymes are under
circadian control in N. crassa. Glycogen synthase is also highly regulated by
phosphorylation, and at least four phosphorylation sites have been identified in the N.
crassa enzyme (unpublished results) whereas glycogen phosphorylase is
phosphorylated in a single residue. The phosphorylation activates glycogen

phosphorylase enzyme and inhibits glycogen synthase enzyme (Téllez-lIion and
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Torres, 1970; Fletterick and Madsen, 1980), leads to reversible regulation of both
enzymes. Additionally, several protein kinases were identified to affect glycogen
levels in N. crassa (Freitas et al., 2010; Candido et al., 2014), and should be also
interesting to investigate whether their activities are under clock control.

Here, we investigated whether the VOS-1 TF could play a role in the link
between glycogen accumulation and the circadian clock in N. crassa. VOS-1 is a
protein containing a velvet domain, belongs to a new class of transcription factors
classified under the velvet family (Ni and Yu, 2007), and is a putative target of the
blue-light photoreceptor WCC (Smith et al., 2010). In this work, we demonstrated that
although vos-1 and VOS-1 expression is light-induced and binds to glycogenic gene
promoters under dark and light conditions, the gsn and gpn transcripts and the
glycogen accumulation are not light-induced. VOS-1 TF also binds rhythmically to the
gsn and gpn promoters during a circadian time course; however, glycogen
accumulation and the expression of gsn and gpn genes are still rhythmic, although at
low amplitude, in the absence of VOS-1. These data suggest that VOS-1 contributes
to the robustness of gsn and gpn rhythmic expression regulation, though additional
components participate in a rhythmic accumulation of glycogen in wild-type cells.
Thus, VOS-1 could be part of a transcription factor network that connects glycogen
metabolism to the N. crassa clock.

Based on our findings, we propose a preliminary model, which is described in
Fig. 7. According this model, WCC controls the expression of vos-1 under light and in
a circadian time course. VOS-1 is rhythmically expressed peaking in the dark and
binds rhythmically to the gsn and gpn promoters in the dark. Both genes are
rhythmically expressed peaking in the subjective morning. Glycogen is also
accumulated in a circadian rhythm, peaking in the subjective evening, suggesting
that the rhythmicity of gsn and gpn genes, encoding the rate-limiting enzymes in
glycogen metabolism, could affect the glycogen accumulation in N. crassa. In
summary, our results show that glycogen accumulates during the night and is
degraded during the day to supply the appropriate levels of energy to cells at the
right time of the day, and that this regulation is, in part, through the control of gsn and
gpn expression by the VOS-1 transcription factor.

Our results demonstrate the first evidence of the VOS-1 TF role in a metabolic

process and the circadian-clock regulation of the glycogen content in N. crassa,
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529 although some questions remain unanswered. The results described here reveal new
530 insights about glycogen metabolism that deserve to be further investigated.
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Fig. 1. Glycogen accumulation and mRNA levels of gsn and gpn are controlled by the circadian

clock. (A) Glycogen levels were determined from wild-t y pe (| ef t frg (rightpghaph) cellsd
harvested at the indicated times in c¢omBRNAdavdlsofdar kne
gsn (B) and gpn (C) were examined by northern blot from wild-type and gfrq cells in the same
conditions from (A), and the results ( NSEM, nO2) weusieg 28SaRNA ad iriteznal tbading
control. The bars represent the phase that the circadian clock is experiencing, with subjective night in

black, and subjective day in white. The glycogen levels panels show that wild-type cells fit a sine wave

with p<0.0001 (dotted line) with an amplitude of 0.59 + 0.09, but in gdrq cells the best fit of the
glycogen levels (solid line) is a line (dotted). Gene expression levels in the wild-type strain (solid line)

fit a sine wave with p<0.006 (dotted line) with an amplitude of 0.62 + 0.14 for gsn and 0.59 + 0.18 for

gsn, but in gfrq cells the best fit of the mRNA levels (solid line) is a line (dotted line).
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Fig. S1. VOS-1 binds to the gsn and gpn promoters, however mRNA levels and glycogen
accumulation are not light induced. The plots show the ChIP-seq reads for VOS-1-V5 at the gsn (A)
and gpn (B) genomic regions in DD and after light treatment for the indicated times. The black arrows
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Table S1. Oligonucleotides used in this study.

Primer Sequence( 58 0) Name Position?
Northern blotting
NCUO06687F CGCCGGCTCAGTAGACTTCTA gsn +777 to +797
NCUO06687R GAGTTCCTCCATGTAGCAGCCG gsn +1749 to +1770
NCUO07027F AGACTACTGGCTCGACTTCAACC gpn +768 to +790
NCU07027R AATCTTGGCCAGCTCCGTCA gpn +1772 to +1791
NCUO05964NF ATGCGCCATCAAATACACAA vos-1 +252 to +271
NCUO05964NR GGCTAGGGTGGTGTTGAT vos-1 +867 to +884
CHIP-PCR
NCUO06687F1_VOS1 CCGTCTTTGGGCCAGCTTG gsn -1827 to -1806
NCU06687R1_VOS1 GTCCTCCAGATCTGTGCAGTGC gsn -1591 to -1570
NCU07027F_VOS1 CAGTCACGGTGCAGCATTCCA gpn -419 to -399
NCU07027R_VOS1 CAACAACAGATATAGCTTGGGGAAC gpn -135to0 -111

rtPCRintL6f

rtPCRIntL6r

ATCGACTTGGCAAAAGGACCA

GTGAAAAAGCACACGCACACG

60S ribosomal L6

60S ribosomal L6

+308 to +328

+482 to +502

aPrimers are positioned according to the ATG start codon from genomic DNA.
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Chapter 2: Regulation by the PAC-3 transcription factor and the

protein components of the N. crassa pH signaling pathway

In this chapter, we characterized the PAL signaling pathway in the
ylamentous fungus N. crassa. We described the pH sensitivity of null mutants in the
pathway, since they were unable to grow in alkaline pH, and showed the role of PAL
signaling in melanin  production, by demonstrating the pH and PAL
pathwayflependence of tyrosinase gene expression. Most of mutant strains
accumulated brown pigments under normal growth conditions in flask. Similarly, the
ChIP-PCR experiments strongly suggested that PACZ recognizes the N. crassa motif
6 -8GCCVAGV-3 oby directly binding to many of the pal gene promoters, and this
binding is responsible for the pHZlependent alteration in gene expression. We
showed that PAC-3 undergoes a single proteolytic event in response to alkaline pH
and translocates to nucleoZytoplasmic depending on pH. Finally, we showed that
the PAC-3 translocation process to the nucleus at alkaline pH may occur by the
classical nuclear import pathway, in which N. crassa importin-U b i n tthesPAE-8
nuclear localization site (NLS). Our data show that the pH signaling pathway in N.
crassa presented differences when compared to other filamentous fungi and yeasts,
and some results clearly demonstrated that the PAL pathway could regulate the

PAC-3 expression and processing.

This work was published in PLoS ONE, v. 11, n. 8, 2016
(doi:10.1371/journal.pone.0161659).

Observation: According to A Al t er a - Nansas Idterrsas para a defesa da
Dissertacdo de Mestrado ou da Tese de Doutorado, aprovadas pelo Conselho de
Pé6s-Graduagdo em Biotecnologia do Instituto de Quimica, UNESP, Araraquara, em

nov/2010 e pela Congregracdoemr euni «o de dez/),2he tefulsare Apper
presented in chapter format similar to the published article.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Chapter 2 83

Molecular components of the Neurospora crassa pH signaling pathway and

their regulation by pH and the PAC-3 transcription factor
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Abstract

Environmental pH induces a stress response triggering a signaling pathway whose
components have been identified and characterized in several fungi. Neurospora
crassa shares all six components of the Aspergillus nidulans pH signaling pathway,

and we investigate here their regulation during an alkaline pH stress response. We

show that the N. crassapalmut ant strains, wpa-%whichiethee x c e p

A. nidulans pall homolog, exhibit low conidiation and are unable to grow at alkaline
pH. Moreover, they accumulate the pigment melanin, most likely via regulation of the
tyrosinase gene by the pH signaling components. The PAC-3 transcription factor
binds to the tyrosinase promoter and negatively regulates its gene expression. PAC-
3 also binds to all pal gene promoters, regulating their expression at normal growth
pH and/or alkaline pH, which indicates a feedback regulation of PAC-3 in the pal
gene expression. In addition, PAC-3 binds to the pac-3 promoter only at alkaline pH,
most likely influencing the pac-3 expression at this pH suggesting that the activation
of PAC-3 in N. crassa results from proteolytic processing and gene expression
regulation by the pH signaling components. In N. crassa, PAC-3 is proteolytically
processed in a single cleavage step predominately at alkaline pH; however, low
levels of the processed protein can be observed at normal growth pH. We also
demonstrate that PAC-3 preferentially localizes in the nucleus at alkaline pH stress

and that the translocation may require the N. crassa importin-U si nce -3 he
dat

nuclear localization signal (NLS) has a strong in vitro affinity with importin-U. T h e
presented here show that the pH signaling pathway in N. crassa shares all the
components with the A. nidulans and S. cerevisiae pathways; however, it exhibits

some properties not previously described in either organism.

Introduction

All organisms adapt and survive under different environmental conditions using
cellular mechanisms that integrate environmental sensing and signal transduction
pathways. Extracellular pH is an environmental condition to which microorganisms
need to adapt, and the signal transduction pathway mediating this adaptation has
been extensively characterized in model organisms, such as the filamentous fungi
Aspergillus nidulans and the yeast Saccharomyces cerevisiae. More recently,

additional contributions to the role of the pH signaling pathway have been made from

P
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studies on Candida albicans, Aspergillus fumigatus, Cryptococcus neoformans,
Yarrowia lipolytica and also plant pathogens, such as Ustilago maydis. As a
consequence, their similarities and divergences and the cellular processes influenced
by this signaling pathway in different organisms have been described [1, 2]. The
involvement of the pH signaling pathway and the influence of the pH response for
pathogenesis and virulence in pathogenic fungi have also been described, and this
was first reported in C. albicans [3]. Additional studies have established that this
signaling pathway plays an important role in the virulence of organisms such as A.
fumigatus [4] and C. neoformans [5].

The PacC/Rim101 transcription factor in A. nidulans [6] and in S. cerevisiae
[7], respectively, is the major effector that mediates the pH response. Upon a neutral
to alkaline pH transition, a signaling pathway is activated leading to the activation of
this transcription factor by proteolysis (reviewed in [1, 8, 9]). The Pal/Rim protein
components of the pH signaling pathway are conserved among different fungal
species, and three components are involved in the ambient pH sensing, the
Pall/Rim9, PalH/Rim21 and PalF/Rim8 proteins in A. nidulans and S. cerevisiae,
respectively. In A. nidulans, the activation of the PacC’? protein precursor occurs by
two successive proteolytic cleavage steps [10], resulting in the active PacC?’ protein,
which translocates to the nucleus to activate alkaline-regulated genes and to repress
acid-regulated genes [11]. The first step is pH dependent and is activated by the
products of the six pal genes, while the second is proteasome-mediated and pH
independent [10, 12]. Alkaline pH triggers the pH signaling pathway at cortical
structures in the plasma membrane by recruiting all Pal proteins and several ESCRT
(endosomal sorting complex required for transport) proteins, leading to the activation
of PacC by proteolysis [1, 13-15] in a process that does not involve endocytosis, as
has been recently demonstrated [16].

Although the major components of the pH signaling pathway are conserved
among different organisms, there are differences between the PacC and Rim101
pathways, and one major difference is that the Rim101 transcription factor requires
only a single proteolytic cleavage step to be activated in S. cerevisiae [17] and C.
albicans [18]. Additionally, in A. nidulans and S. cerevisiae, PalF/Rim8, respectively,
are post-translationally modified by ubiquitination, while C. albicans Rim8 is
phosphorylated in response to a neutral-alkaline pH transition, and this modification

correlates with Rim101 activation [19]. In A. nidulans, ubiquitination of PalF plays a
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94 key role in pH signaling, promoting the downstream events of the pathway [20]. More
95 recently, new components in the pH response pathway have been described. Thus,
96 in A. nidulans, the zinc binuclear DNA binding protein PacX was identified and
97 characterized, and the authors suggested that PacX plays a role in pacC gene
98 repression and in PacC?’ activity [21]. Interestingly, this protein is absent in
99 Saccharomycotina [21]. In C. neoformans, the RRA1 protein, which has a predicted
100 structure similar to PalH/Rim21, was shown to be required for Rim101 activation [22].
101 In Neurospora crassa, the influence of the pH signaling pathway in
102 metabolism was first described by demonstrating that the PACC transcription factor
103 affects glycogen levels, more likely by controlling the expression of the gene
104 encoding glycogen synthase (gsn), the regulatory enzyme involved in glycogen
105 synthesis [23]. The PACC pathway was reported to be involved in glycosylation of Pi-
106 repressible acid phosphatase [24], the transcription of the hsp70 gene [25] and the
107 requirement for female development [26] in N. crassa. Although this signaling
108 pathway influences several cellular processes in N. crassa, no studies have
109 evaluated the components of this signaling pathway in the pH response. In this work,
110 we describe the characterization of the protein components of this signaling pathway
111 in N. crassa, and we demonstrate thatallmut ant strai ns, wpat9h t he
112 overproduce melanin, most likely due to high expression of the tyrosinase gene in
113 these mutant strains. We further describe the modulation of the expression of the pal
114 genes by alkaline pH and by the PAC-3 transcription factor and demonstrate the
115 existence of feedback regulation involving PAC-3 at alkaline pH. Finally, we show
116 that PAC-3 migrated to the nucleus at alkaline pH and that this translocation may
117 occur by the classical nuclear import pathway [27] through the interaction between
118 the N. crassa importin-a and a specific basic region of PAC-3, which has a nuclear
119 localization signal (NLS).

120

121 Materials and Methods

122 Neurospora crassa strains and culture conditions

123 Neurospora crassa FGSC#9718 (mat a, mus-51::bar), the wild-type background

124 strain, and t hepaf,GaC #)2,1 9 B GS G#l@m&6 mat A)m

125 FGSC# 16 4pal3, matqp), FGSC# 2 2 4palB, matqp) , FGSC# 1pél-8,99 (g
126 mat a) and FGSC#d-3 ;at &) mutgnt strains were purchased from the
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Fungal Genetics Stock Center (FGSC, University of Missouri, Kansas City, MO, USA,
http://www.fgsc.net) [ 2 8 ] pac-3Tstnam wap generated as described in Cupertino
et al. [23]. Details for all mutant strains can be found in S1 Table. The gene knockout
in all mutant strains was confirmed by PCR using specific oligonucleotides (S2 Table,
real-time PCR primers) by comparing to the amplification of genomic DNA from the
wild-type strain. The strains were maintained on
pH 5.8 [29] containing 2% sucrose at 30°C. Conidia from 10-day old cultures of wild-
type and mutant strains were suspended in sterile water and counted. For
morphology analyses, 107 conidia/mL were inoculated into flasks containing solid VM
medium plus 2% sucrose, pH 5.8. For radial growth analyses, 107 conidia/mL were
inoculated onto Petri dishes containing solid VM medium plus 2% sucrose at pH 5.8
and 7.8 for 24 h at 30°C. Images of colony morphology were captured after 24 h.

For pH stress, 10° conidia/mL were first germinated in 1 L of VM medium, pH
5.8, at 30°C and 200 rpm for 24 h. After this period, the culture was filtered and the
mycelia were divided into two samples. One was frozen in liquid nitrogen and stored
at -80°C for further processing (control sample, not submitted to stress), while the
remaining sample was transferred to 500 mL of fresh VM medium containing 0.5%
sucrose at pH 7.8 (for alkaline pH stress). Sample from mycelia submitted to pH
stress was harvested after 1 h incubation. The mycelial samples were used for RNA

extraction and gene expression assays.

Construction of the Dpac-3 complemented strain

For complementation, the strain Dpac-3::bar [23] was crossed with the his-3 mutant
strain (FGSC#6103, A his-3) to generate the Dpac-3 his-3 double mutant strain. A
DNA fragment of 2,041 bp was amplified by PCR with the primers N-mChPACC-F
and N-mChPACC-R (S2 Table) using genomic DNA from the wild-type strain as a
template. The N-mChPACC-F oligonucleotide contains the sequence that codifies for
6-Gly between the nucleotide sequences encoding mCherry and the PAC-3 protein.
PCR was performed using a Phusion High-Fidelity PCR kit (Finzymes), and the DNA
fragment was purified with a QIAquick Gel Extraction Kit (Qiagen, CA) according to

the manufacturerés instructions. TheSpgdur i fi

and Xbal sites of the pTSL48-B plasmid (a donation from N. L. Glass, University of
California at Berkeley, Berkeley, CA, USA), generating the pTSL48-B-pac-3 plasmid.

s ol
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160 The pTSL48-B plasmid allows the constitutive expression of the N-terminus mCh-
161 PAC-3 fusion protein, as the ccg-1 promoter drives the pac-3 gene expression. The
162 pTSL48-B-pac-3 construction was used to transform competent conidia from the
163 recipient Dpac-3 his-3 double mutant strain. The transformants (Dpac-3 his-3::ccg-1-
164 mCh-pac-3) were selected on VM media containing basta without histidine and
165 confirmed by PCR using the primers N-mChPACC-F and N-mChPACC-R (S2 Table).
166 The progeny were analyzed by fluorescence microscopy and by evaluating the
167 growth on Petri dishes and tubes for the production of melanin. The complemented
168 strain (Dpac-3 pac-3*) was evaluated by growing on solid VM medium containing 2%
169 sucrose at pH 5.8 and 7.8 and comparing to the wild-type and pac-3 mutant strains.
170

171 RNA extraction and gene expression assays

172  For the RT-qPCR analysis, total RNA from the wild-type strain and the Dpac-3, Dpal-
173 1, Dpal-2, Dpal-3, Dpal-6, Dpal-8 and Dpal-9 mutants was prepared using mycelia
174 samples cultured at pH 5.8 for 24 h at 30°C and mycelia grown at pH 5.8 and shifted

175 to pH 7.8 for 1 h, according to Sokolovsky et al. [30]. Expression of the tyrosinase
176  (NCUO0O0776) gene and the pal-1 (NCU05876), pal-2 (NCU00317), pal-3 (NCU03316),

177 pal-6 (NCU03021), pal-8 (NCU00007), pal-9 (NCU01996) and the pac-3 (NCU00090)
178 genes was evaluated by RT-qgPCR using specific oligonucleotides (S2 Table). For
179 this, total RNA (10 pg) samples were first treated with RQ1 RNase-free DNase
180 (Promega) and subjected to cDNA synthesis by using SuperScript Il First-Strand
181 Synthesi s kit (I'nvitrogen) and an oligo (
182 instructions. The cDNA libraries were subjected to RT-gPCR on a StepOne
183 Real Time PCR System (Applied Biosystems) using the Power SYBR® Green PCR
184 Master Mix (Applied Biosystems) and specific primers for each gene amplicon (S2
185 Table). Reactions were performed under the following conditions: 95°C for 10 min, 40

186 cycles of 95°C for 15 s, 60°C for 1 min to calculate cycle threshold (Ct) values,
187 followed by 95°C for 15 s, 60°C for 1 min and then 95°C for 15 s to obtain melt
188 curves. Data analysis was performed by the StepOne Software (Applied Biosystems)
189 usingthecompar ati ve CT ( pmo@ilgast thea Wiotogical [replitates,
190 with three experimental replicates per sample were performed, and reactions with no

191 templ ate were used as a negative control
192 the passive reference to normalize the SYBR green reporter dye fluorescence signal.



193
194
195
196
197
198

199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217

218
219
220
221
222
223
224
225

Chapter 2 89

The PCR products were subjected to melting curves analysis to verify the presence
of a single amplicon. All reaction efficiencies varied from 94 to 100%. We used the
expression of the beta-tubulin gene as the reference gene (b-tub-2 gene,
NCU04054).

Protein expression

Conidia (108/mL) from the Dpac-3 complemented and wild-type strains were grown in
500 mL of VM liquid medium containing 2% sucrose, pH 5.8 at 30°C and 200 rpm for
24 h. After that, the culture was filtered, and the mycelia were divided into three
samples. The control sample was not subjected to pH stress and was frozen in liquid
nitrogen and stored at -80°C. The remaining samples were transferred into 250 mL of
fresh VM medium containing 0.5% sucrose either at pH 4.2 (for acid stress) or 7.8
(for alkaline stress). Samples were harvested after 1 h incubation at 30°C and 200
rom and frozen at -80°C. Mycelia pads were disrupted by grinding in a mortar with
liquid nitrogen, and proteins were extracted with extraction buffer (50 mM HEPES,
pH 7.4, 137 mM NaCl, 10% glycerol, 1 mM PMSF, 0.1 mM TCLK, 1 mM
benzamidine, and 1 eg/ ml of each pepst
beads (710-1180 mm, Sigma) and quantified by the Hartree method [33] using BSA
as standard. The amounts of 50 and 70 ug of total protein were separated by 10%
SDS-PAGE gels [34] and electro-transferred to nitrocellulose blotting membrane (GE
Healthcare). Immunoblotting was performed with a polyclonal anti-mCherry antibody
(BioVision). Blots were subsequently probed with HRP-conjugated secondary

antibodies (Sigma) and developed with luminol reagent.

Chromatin immunoprecipitation-PCR assays

Chromatin immunoprecipitation assays were performed as described by Tamaru et
al. [35], with modifications. Briefly, conidia from the Dpac-3 complemented strain
were grown in 250 mL of VM liquid medium containing 2% sucrose pH 5.8 at 30°C
and 200 rpm for 24 h. After that, mycelium from half of the culture was collected by
filtration and transferred into 125 mL of fresh VM medium containing 0.5% sucrose
pH 7.8 and incubated at 30°C and 200 rpm for 1 h. The remaining sample (control,
not subjected to pH stress) and the sample subjected to pH stress were fixed by

adding formaldehyde (Sigma) to final concentration of 1%, followed by incubation for

at i
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30 min at 30°C and 200 rpm. Formaldehyde was quenched using 125 mM glycine at
30°C and 200 rpm during 10 min. Both samples were subsequently harvested by
filtration and suspended in ChlIP lysis buffer (50 mM HEPES, pH 7.9, 90 mM NacCl, 1
mM EDTA pH 8.0, 1% Triton X-100, 0.1% sodium deoxycholate, 1 mM PMSF, 0.1

mM TCLK, 1 mM benzamidine , and 1 &g/ ml of eachThepepst

chromatin was sheared to an average size of 0.3-0.8 kb using Vibra Cell Sonics
ultrasonic processor (10 cycles: 1 min, 40% amplitude, 8.0 s pulse ON, 9.9 s pulse
OFF on ice). Extracts were clarified by centrifugation, and the sonicated chromatin
was pre-cleared with Dynabeads Protein A (Novex) pre-blocked with 0.5% BSA in
PBS 1x and then immunoprecipitated with the anti-mCherry polyclonal antibody
(BioVision) and Dynabeads Protein A. The DNA was quantified using NanoVue Plus
spectrophotometer (GE Healthcare), and 25 ng of input DNA (I), no Ab (N, reaction
without antibody) and IP (immunoprecipitated DNAs with anti-mCherry antibody)
samples were amplified by PCR using primers specific for each promoter (S2 Table).
Input DNA was used as a positive control of the experiment, and no Ab was used as
a negative control.

PCR was performed using a Phusion High-Fidelity PCR kit (Finzymes) and
specific oligonucleotides (S2 Table) for the tyrosinase (tyrp-F/tyrp-R), pal-1 (pallp-
F/pallp-R), pal-2 (pal2p-F/pal2p-R), pal-3 (pal3p-F/pal3p-R), pal-6 (pal6p-F/pal6p-R),
pal-8 (pal8p-F/pal8p-R), pal-9 (pal9p-F/pal9p-R) and pac-3 (pac3p-F/pac3p-R)
promoters. An ubiquitin gene fragment (NCU05995) amplified by the primers qUbi-
F/qUbi-R was used as a negative control for binding. The ubiquitin fragment does not
have the PAC-3 motif. Reactions were performed under the following conditions:
98°C for 10 s, 25 cycles of 98°C for 1 s, 60°C for 5 s and 72°C for 30 s, and then
72°C for 5 min. The reaction products were analyzed on a 2% agarose gel and
visualized by ethidium bromide. Densitometry was performed using ImageJ software
[36], and the IP signals were compared to the negative control (no Ab).

Subcellular localization

To determine the subcellular localization of the fluorescent mCh-PAC-3 protein at
di fferent pH condi t§conmda/mL sugpensiob fromfthe Bpac33
complemented strain was inoculated onto coverslips, covered with VM liquid plus 1%

sucrose, pH 5.8 and incubated at 30°C for 12 h. After this period, the coverslips were

1C
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transferred to fresh VM media containing 1% sucrose, pH 7.8 at 30°C and incubated
for 30 min and 1 h. For nuclei analysis, mycelia were fixed [1% phosphate buffered
saline (PBS), 3.7% formaldehyde, 5% DMSO], washed twice with PBS and stained
with 100 pl DAPI (4',6-diamidino-2-phenylindole, 0.5 mg/mL) for 5 min. DAPI
fluorescence was visualized using a fluorescence microscope with excitation and
emission wavelengths of 358 nm and 463 nm, respectively, and mCherry
fluorescence was visualized using excitation and emission wavelengths of 563 nm
and 581 nm, respectively. The images were captured using an AXIO Imager.A2
Zeiss microscope, at a magnification of 100 X, coupled to an AxioCam MRm camera
and processed using the AxioVision software, version 4.8.2. Further processing was
performed using Corel®PHOTO-PAINT™ X7.

Expression and purification of importin-a and synthesis of PAC-3 NLS

The gene (NCU01249) encoding importin-U was c¢cl oned into t
vector, and the recombinant protein was expressed as a truncated protein consisting
of residues 751 529 fused to a 6-His tag at N-terminus, as previously described [37].
The protein was expressed in the Escherichia coli host strain RosettaTM (DE3)
pLysS (Novagen) and purified by affinity chromatography [37]. The protein was
eluted with a 0.15-3.0 M imidazole linear gradient, followed by dialysis in buffer (20
mM Tris-HCI, pH 8.0 and 100 mM NaCl) and stored at cryogenic temperatures. The
PAC-3 NLS peptide (281FDARKRQFDDLNDFFGSVKRRQIN304) used in the
experiments was synthesized with purity higher than 95% (GenOne). The peptide
contained additional residues at the N- and C-termini compared with the minimally
identified NLS to avoid artifactual binding at the termini [38].

Isothermal titration calorimetry (ITC)

ITC experiments were carried out to verify the binding affinity of importin-U to the
putative NLS peptide of PAC-3 (PAC-3 NLS). The experiments were performed with
a MicroCal iTC200 microcalorimeter (GE Healthcare). The protein and the PAC-3
NLS peptide were diluted in buffer (20 mM Tris-HCI, pH 8.0 and 100 mM NaCl) at a
concentration of 50 uM and 500 pM for protein and peptide (protein:peptide molar
ratio of 1:10), respectively. The protein sample was added to the cell, and the peptide

was titrated into the cell with a syringe. Titrations were conducted at 20°C and

he

p
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292 consisted of 20 inject i ons of 2.0 ¢L i n an interval
293 homogenization speed. The heat of the dilution was determined in a control assay by

294 titration of the peptide sample into the protein sample buffer and was subtracted from

295 the corresponding titrations. The data were processed using MicroCal Origin

296 Software to obtain values for stoichiometry (N), dissociation constants (Kg), and

297 ent hal py ( omH }type ifpbtearametersdwene gdjusted to obtain the best

298 fitting model. The valuesof Kiand oH sved et w cal cul ate free
299 entropy (S) values.

300

301 Results

302 T h epalea n dpae3 mutant strains show impaired growth at alkaline pH and

303 high production of melanin

304 In A. nidulans, the pH signaling pathway includes the central regulator PacC, which
305 undergoes proteolytic processing at a neutral to alkaline pH transition in a process
306 mediated by the pH-dependent pal gene cascade and the proteasome [11]. N. crassa
307 has the six A. nidulans pal gene homologs, and to characterize the putative N. crassa
308 PAL proteins, we first analyzed the morphology of the Dpal mutant strains. The gene
309 knockout in all strains was confirmed by PCR using the oligonucleotides described in
310 S2 Table (Real-time PCR primers). All N. crassa pal and pacC mutant strains were
311 renamed considering the Neurospora nomenclature [39], replacing the letters on the
312 A. nidulans gene names by numbers (S1 Table, last column). S1 Table also shows
313 the FGSC number and the mating type of the mutant strains, the ORF number, the
314 theoretical MW and pl, the protein family or domain of the PAL and PAC-3 proteins
315 and the annotation of ortholog proteins in fungi and yeast.

316 To assess the effects of the knockout genes, we analyzed the gpal-1 , palg2,
317 qpal-3, pap6, pap8, pap9 a n dpagd strains morphology at normal (5.8) and
318 alkaline (7.8) pH. Ten-day old flask cultures at pH 5.8 exhibited reduced aerial
319 gr owt h, | ow conidiation and hi ghpal@rteegallict i on
320 homolog), compared to the wild-type strain (Fig 1A). The gpac-3 (the pacC homolog)
321 a n dpalé (the palF homolog) strains showed the highest pigmentation among all
322 t h epal mutants. Basal hyphae growth was examined after cultivating the strains on
323 Petri dishes at pH 5.8 and 7.8 for 24 h. All mutant strains, e x ¢ e pal-9 (tipe pall

324 homolog), were able to growth at pH 5.8; however, they were unable to grow at
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325 alkaline pH (7.8) (Fig 1A). Notably, all mutant strains showed reduced radial growth
326 compared to the wild-type strain. The apical extension of the colonies at different pH
327 values was measured and is presented in Fig 1B. These results suggest that PAC-3
328 and the PAL proteins, except PAL-9 (the Pall homolog), are required for growth
329 under alkaline conditions, confirming that the N. crassa pal genes are involved in the
330 response to alkaline pH stress as in A. nidulans. As most of the mutant strains
331 showed high production of a dark pigment, likely melanin, we analyzed the levels of
332 the tyrosinase gene (NCUO00776) in the strains at pH 5.8 and 7.8 by RT-gPCR.
333 Tyrosinase is a rate-limiting enzyme that controls the production of melanin [40]. The
334  Db-tubulin gene (tub-2, NCU04054) was used as the endogenous control. The
335 tyrosinase gene was expressed in all mutant strains at normal growth pH (5.8) and
336 over-expressed at alkaline pH (P < 0.01), except in gpal-9, which did not produce the
337 dark pigment. These results indicate that the expression of the gene was also
338 regulated by alkaline pH (Fig 2A) and that the PAC-3 and PAL proteins may control
339 the melanin biosynthesis by negatively regulating the tyrosinase expression. It is
340 important to observe the high tyrosinase gene expression in the gpac-3 strain,
341 indicating that PAC-3, the final component of the pH signaling pathway, plays a key
342 regulatory role in the tyrosinase expression.

343 An in silico analysis of the tyrosinase gene promoter revealed the existence of
344 four N. crassa PAC-3 DNA Dbindi ng -BSC@RAEGW-3edn)c e[ 4(150 i n
345 flanking region (Fig 2B). ChIP-PCR assays were performed to confirm the regulation
346  of the tyrosinase gene by PAC-3. One PAC-3 motif was analyzed for in vivo binding
347 (the dashed box in Fig 2B). In these experiments, we used the Dpac-3 complemented
348 strain (Dpac-3 his-3::Pccg-1-mCh-pac-3) and an anti-mCherry antibody. Chromatin
349 was collected from the mycelial samples grown for 24 h at pH 5.8 for 1 h after
350 transfer to pH 7.8. The input DNA (1) and the reactions without antibody (no Ab) were
351 used as positive and negative controls of the experiment, respectively. The results
352 showed that PAC-3 bound to the tyrosinase promoter in vivo, under normal and
353 alkaline pH conditions (Fig 2B). This DNA-protein binding may explain the high
354 expression of the tyrosinase gene and most likely the high melanin biosynthesis by
355 the mutant strains.

356

357

358
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pac-3 complementation rescues the wild-type phenotype

To confirm that the morphological changes in the Dpac-3 (the pacC homolog) strain
were due to the pac-3 knockout, we constructed the Dpac-3 complemented strain
(Dpac-3 his-3::Pccg-1-mCh-pac-3) by inserting the pac-3 genomic sequence from the
wild-type strain into the his-3 locus. When cultured under the same conditions as the
mutant and the wild-type strains, the complemented strain (Dpac-3 pac-3*) restored
the wild-type phenotype, confirming that the morphological aspects observed in the
mutant strain are indeed due to the pac-3 deletion (S1 Fig). We first analyzed growth
of the Dpac-3 and the Dpac-3 complemented strains in tubes of 10-day cultures at pH
5.8. The complemented strain did not show melanin pigmentation and exhibited a
similar phenotype to the wild-type strain (S1A Fig). To investigate the pH response in
the complemented strain, we evaluated its sensitivity to pH stress in cultures after 24
h of growth at 30°C and compared the results to the Dpac-3 and wild-type strains.
The Dpac-3 mutant strain was sensitive to both pH analyzed, exhibiting lower radial
growth than the wild-type strain at pH 5.8 and an inability to grow at alkaline pH (7.8),
while the rescued strain exhibited a wild-type phenotype at both pH values (S1B Fig).
The results confirm that the effects of pH on the growth sensitivity and melanin

production were indeed due to the lack of the active PAC-3 transcription factor.

PAC-3 processing is pH-dependent

The A. nidulans PacC undergoes two proteolytic cleavage steps, while the S.
cerevisiae Rim101p undergoes only one cleavage step for activation after transfer to
alkaline pH. Therefore, we investigated whether PAC-3 undergoes proteolytic
cleavages, resulting in isoforms with different molecular masses, and we used the
Dpac-3 complemented strain in this experiment. The presence of PAC-3 was
analyzed in cellular extracts from mycelia from wild-type and complemented strains
cultivated at pH 5.8 (not subjected to pH stress) and from mycelia collected after
transferring to pH 4.2 and 7.8 (for acid and alkaline stress, respectively) for 1 h. The
protein was detected using the anti-mCherry antibody. In the complemented strain,
PAC-3 is fused to mCherry having a final molecular weight of approximately 100 kD,
which corresponds to 67.3 kD of the full-length PAC-3 protein (621 amino acid
residues) along with 28.8 kD of mCherry (237 amino acid residues). The mCh-PAC-3
protein was predominantly detected in 50 pg of total protein from crude cellular
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extracts prepared from cultures grown at pH 5.8 and 4.2 and was barely detected at
pH 7.8 (Fig 3A). A single proteolytic cleavage was observed only at pH 7.8, leading
to the production of a fused protein showing a molecular mass close to 80 kD (Fig
3A), indicating that the size of the PAC-3 processed form is similar to the
intermediate PacC form from A. nidulans grown at alkaline pH (53 kD). It is important
to mention that the N. crassa PAC-3 processed form was detected in cell extracts
prepared from mycelium subjected to alkaline pH stress for 1 h, the time necessary
for full PacC processing in A. nidulans. The second processed PacC form (PacC?’)
described in A. nidulans was not detected in N. crassa.

We also analyzed 70 pug of total protein and observed the predominant full-
length form of mCh-PAC-3 and one proteolytically processed form at pH 7.8 (Fig 3B).
However, the same PAC-3 processed form was also observed at lower levels at pH
5.8 and 4.2 (arrows), indicating that PAC-3 may be proteolytically processed
independent of the alkaline pH signaling pathway (Fig 3B). As expected, the mCh-
PAC-3 protein was not detected in the wild-type cellular extracts. The blot probed
with anti-U-tubulin antibody was used as loading control (Fig 3C). Based on these
results, we conclude that PAC-3 undergoes only one pH-dependent proteolytic
cleavage, similar to what is described for the S. cerevisiae and C. albicans Rim101
processing at alkaline pH. Interestingly, our results also show that PAC-3 could be
processed in a pH-independent manner (pH 5.8 and pH 4.2), most likely independent

of the pal signaling cascade.

The PAC-3 transcription factor binds to all pal gene promoters in vivo and

influences their expression

To investigate whether PAC-3 feedback controls the pH signaling by regulating the
pal and pac-3 genes, we analyzed the expression of all genes in mycelia from Dpac-3
and wild-type strains grown at pH 5.8 for 24 h and in mycelia shifted to pH 7.8 for 1 h.
The expression of all genes was analyzed by RT-gPCR using specific
oligonucleotides described in S2 Table. The tub-2 gene was used as the reference
gene and the wild-type sample at pH 5.8 as the reference sample. Expression of the
pac-3 gene in the wild-type strain was significantly higher at alkaline pH (P < 0.01),
as expected (Fig 4) and consistent with previous results obtained by Cupertino et al.
[23]. Additionally, the pal-1 (the palA homolog), pal-2 (the palB homolog), and pal-9
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(the pall homolog) genes were over-expressed at alkaline pH in the wild-type strain,
and their expression was dependent on the PAC-3 transcription factor since they
were down-regulated in Dpac-3 strain under the samepH( Fi g 4 ) . Cupali
9 strain grew well at pH 7.8 and did not produce melanin, although the pal-9
expression was regulated by alkaline pH. On the other hand, the expression of the
pal-6 (the palF homolog) gene was significantly down-regulated in the wild-type strain
at pH 7.8 (P < 0.01) and dependent on the PAC-3 transcription factor. Finally, the
expression of the pal-3 (the palC homolog) gene however, was not influenced by
PAC-3 or pH 7.8, and while the expression of pal-8 (the palH homolog, the pH
sensor) gene was dependent on PAC-3, it was not influenced by pH 7.8 in the wild-
type strain (Fig 4). In summary, the expression of pal genes was differentially
regulated by alkaline pH and by the PAC-3 transcription factor.

An in silico analysis of the pal gene promoters revealed the existence of the N.
crassa PAC-3 maotif in all promoters, either adjacent to or distant from each other (Fig
5A), suggesting that the N. crassa PAC-3 transcription factor could directly regulate
the expression of these genes. Many PAC-3 motifs were also identified within the
pac-3 gene promoter. A ChIP-PCR assay was performed to analyze whether PAC-3
could bind to DNA fragments containing some of these motifs in vivo. The PAC-3
motifs analyzed are shown in the dashed boxes in Fig 5A. In these experiments, we
used the Dpac-3 complemented strain and the anti-mCherry antibody. Chromatin was
collected from mycelia subjected to alkaline pH stress or not, and the binding of PAC-
3 to all gene promoters was analyzed by PCR using the oligonucleotides described in
S2 Table. As a positive control of the experiments, the input DNA (I) was analyzed,
and as negative controls, a fragment of the ubiquitin gene lacking the PAC-3 motif
and the non-immunoprecipitated reactions (N) were used. The DNA fragments
amplified in the ChIP-PCR assays (Fig 5B) were quantified by ImageJ and the results
are shown in the graphs (Fig 5C). PAC-3 was able to significantly bind to all motifs
analyzed both before and after pH stress, with the exception of the motifs in the pal-2
(the palB homolog) and pac-3 (the pacC homolog) promoters, which were bound only
at alkaline pH (Fig 5B and C). Notably, PAC-3 bound to its own gene promoter
suggesting a feedback regulation of PAC-3 under this pH (Fig 5C).

The comparison of the pal gene expressions with PAC-3 binding to their
promoters allowed us to observe that the promoters of genes whose expression was

dependent on PAC-3, such as pal-1 (the palA homolog), pal-2 (the palB homolog),

ousl|
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pal-6 (the palF homolog), pal-8 (the palH homolog), and pal-9 (the pall homolog)
genes, as shown in Fig 4, were bound in vivo by PAC-3 at alkaline pH. Although the
expression of the pal-3 (the palC homolog) gene was not influenced by alkaline pH or
by PAC-3 (Fig 4), the transcription factor bound to its gene promoter under both
conditions (Fig 5C). In this case, PAC-3 was able to bind to the promoter although
did not influence its expression. Finally, PAC-3 did not bind to the ubiquitin gene
fragment, which has no PAC-3 motif (Fig 5B and 5C) (P < 0.01), showing the
specificity of the transcription factor binding. All these results show that PAC-3 binds
to most of the pal promoters in vivo, including its own gene promoter, and may
influence their expression at normal and alkaline pH.

Since the PAC-3 transcription factor bound to pac-3 and to the pal promoters
at alkaline pH, and that pac-3 was highly expressed in the wild-type strain grown
under the same condition, we asked whether the pac-3 expression could be
influenced by the PAL components of the signaling pathway. To investigate this, we
analyzed the expression of the pac-3 gene in mycelia samples from the wild-type and
all Dpal strains grown at pH 5.8 for 24 h (control) and in mycelia grown at pH 5.8 and
shifted to pH 7.8 for 1 h (Fig 6). We observed very high expression of pac-3 in the
wild-type strain at pH 7.8, in agreement with the results shown in Fig 4. However,
very low expression was observed in most of the Dpal mutants at both pH, indicating
a negative effect of the PAL components on the pac-3 expression. These results also
suggest that a functional pH signaling pathway is required for proper pac-3
expression. Thus, we hypothesized that PAC-3 activation in N. crassa results from
proteolytic processing and gene expression regulation by the PAL and PAC-3
components. Interestingly, PAL-9 (the Pall homolog), which did not influence growth
at pH 7.8, as shown in Fig 1, also did not influence the pac-3 expression. However, it
was bound by PAC-3 (see Fig 5C) and its expression was influenced by PAC-3 at
both pH values.

PAC-3 shuttles between the nucleus and cytoplasm and may require importin-a

Since the PAC-3 transcription factor binds to the pal and pac-3 promoters at normal
and/or alkaline pH and likely regulates their gene expression under the same
conditions, we decided to analyze the subcellular localization of PAC-3 under pH

stress. To assess this, we used the Dpac-3 complemented strain, in which PAC-3 is
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492 produced as an N-terminus mCherry-tagged fusion protein under the control of the

493 ccg-1 promoter. For this, conidia were germinated at pH 5.8 for 12 h and then

494 transferred to pH 7.8 for 30 min and 1 h. The mCh-PAC-3 was predominantly located

495 in the cytoplasm at pH 5.8; however, after 1 h of transfer to pH 7.8, PAC-3 was

496 detected predominantly in the nuclei (Fig 7A). These data are consistent with the

497 results of PAC-3 binding to the pal and pac-3 promoters and the expression

498 modulation of these genes at alkaline pH, a condition where PAC-3 should be

499 predominantly located in the nucleus. Our results are also in agreement with those

500 described for A. nidulans by Pefialva et al. [8], who observed a preferential nuclear

501 localization of the PacC?’ and PacC®2forms under the same condition.

502 Since importin-U, together with importin-b , recogni zes cargo
503 contain nuclear localization sequences (NLS) and translocates into nucleus, we

504 investigated the PAC-3 translocation by analyzing in vitro the interaction between

505 importin-U and a peptide corresponding to the putative nuclear localization signal

506 (NLS) of PAC-3. For this assay, recombinant N. crassa importin-U f rEocoli was

507 produced, and its interaction with the PAC-3 NLS peptide was analyzed by ITC to

508 obtain the dissociation constant and the thermodynamic values for the formation of

509 this complex. ITC data analyses resulted in a single binding site model indicating that

510 one peptide binds to one protein with strong affinity (Fig 7B), with a dissociation

511 constant (K)) of 0.39 N 0. 07Yof @M + 6.17tkbakrhoptyand ( gH
512 ent r opy -12.2083l mavf The negative enthalpy and entropy suggest that the

513 hydrogen bonds play an important role in this interaction and that conformational

514 changes are unfavorable, which are consistent with the interaction between the NLS

515 sequences and importin-U [ 4 2] and in other organisms |
516 the titration of the PAC-3 NLS peptide to importin-U showed similar Kq values to ITC

517 assays of importin-Uand NLS peptides from other analyses [42-44].

518

519 Discussion

520 All microorganisms need to develop the ability to adapt to environmental pH since it
521 strongly impacts cell growth and development. The Pac/Rim in filamentous fungi and
522 yeast is the best-characterized signaling pathway involved in the pH stress response,
523 and numerous reports have described its importance in different cellular processes.

524 N. crassa shares all six A. nidulans Pal orthologs along with the ESCRT proteins
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required for signal sensing and proteolytic activation of PAC-3 in response to ambient
alkaline pH. In this work, we investigated the components of the N. crassa pH
signaling pathway regarding their characterization upon transition from neutral to
alkaline pH conditions. All Dpal mutant strains showed reduced growth and low
conidiation at normal growth pH, consistent with previously reported results [26]. In
addition, the mutant strains showed an inability to grow at alkaline pH, the same
phenotype described for the A. nidulans pal mutants [45]. The Dpal-9 strain, however,
exhibited a wild-type phenotype. PAL-9 is the A. nidulans Pall component, which is
located in the plasma membrane and together with PalH and PalF establishes the
ambient pH signal. Although unnecessary for growth at alkaline pH, pal-9 expression
is regulated by the PAC-3 transcription factor following transition from normal to
alkaline pH in N. crassa. This is quite surprising because in A. nidulans the Pall
component is required for normal growth at pH 8 compared to the wild-type strain
under the same condition [45].

An interesting characteristic of the N. crassa mutant strains, which has not
been reported in any of the mutant strains of the pH signaling pathway, is the high
production of the pigment melanin, which is important for cell protection in diverse
microorganisms and is associated with virulence in many human pathogenic fungi
[46, 47]. In N. crassa, melanin accumulation by most of the mutant strains in the pH
signaling pathway could not be attributed to cell protection under adverse conditions,
since the pigment accumulation was high at normal growth pH. This result suggests
that the components of the signaling pathway, either directly or indirectly, affect the
melanin production under normal growth conditions. To identify a regulatory
mechanism connecting both processes, pH signaling and melanin accumulation, we
demonstrated that the tyrosinase gene was over-expressed in all mutant strains,
mai nl y paa3 (thehpacC ¢pomolog) strain, but not in gpal-9 (the pall homolog)
strain. Thus, PAC-3 appears to be the main regulator of tyrosinase expression; it is
the final component of the signaling pathway whose activation results from an active
signaling cascade. All data are coincident with the high number of PAC-3 motifs in
the tyrosinase promoter and with the ability of PAC-3 to bind to the promoter in a pH-
independent manner. Melanin is an insoluble compound and is associated with
virulence in numerous fungal pathogens, such as C. neoformans [48] and
Paracoccidioides brasiliensis [49], among others. In N. crassa, protoperithecia

differentiation was previously correlated with tyrosinase activity and melanin
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formation [50]. More recently, Park et al. [51] suggested a role for the MAK-1
pathway in melanin production in N. crassa by modulating the tyrosinase gene
expression under nitrogen starvation. Mutant strains in two components of this
pathway (gmek-1 and gmak-1) exhibited high tyrosinase gene expression and
accumulated melanin [51]. In addition to the MAK-1 pathway, the pH signaling
pathway, among other pathways, was also reported to be required for protoperithecia
formation [26], indicating the requirement of different signaling pathways for female
development in N. crassa. The results presented in this work connect all these data
by demonstrating that the pH signaling pathway controls tyrosinase gene expression
and, as a consequence, the melanin accumulation, which is required for female
development. However, the influence of the pH signaling pathway in both processes,
protoperithecia formation and melanin production, may be modulated by different
regulatory mechanisms because the mutant strains in this pathway are unable to
develop protoperithecia but they over-express tyrosinase and accumulate melanin.
Additional signaling pathways could play a role in connecting both processes.

We showed here that most of the pH signaling pathway components, but not
all, were regulated at the gene expression level by ambient pH, which suggests the
existence of feedback regulation on these genes. Such regulation in the pH pathway
components was previously reported only for the C. albicans RIM8 gene, which was
described as transcriptionally repressed at alkaline pH [19, 52]. In N. crassa, the
expression of the pal-6 homolog was also negatively regulated by alkaline pH,
consistent with the results described in C. albicans. However, alkaline pH also
positively regulates several pal genes (pal-1, pal-2, and pal-9) in N. crassa,
suggesting that opposing regulatory mechanisms affect the pH signaling
components. Interestingly, while the pal-9 expression was regulated by alkaline pH,
the PAL-9 protein appears to play a minor role in pH signaling transduction in N.
crassa since the Dpal-9 mutant strain did not display growth defects at alkaline pH.
This is in contrast to what was reported in S. cerevisiae and C. albicans, where the
Rim9 homolog is necessary for Rim101 cleavage and therefore fully required for pH
signaling transduction [17, 53]. The expression of several pal genes, including pal-6,
pal-8 and pal-9, was also dependent on the PAC-3 transcription factor, which
indicates that they require an active signaling pathway for normal expression. This
result may be a consequence of the ability of PAC-3 to bind to all pal promoters at
both pH conditions, likely regulating the expression of most pal genes.
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The pac-3 expression was also negatively modulated irrespective of both pH
by the PAL components in N. crassa, with the exception of PAL-9, indicating the
existence of a cross-regulation among all components of this signaling pathway and
a self-regulation on pac-3 expression. Considering this result, we may suggest that
this regulation may be a consequence of the lack of an active PAC-3 in the pal
mutant strains, which, once activated, could bind to its own promoter at alkaline pH,
activating its expression. In A. nidulans, Trevisan et al. [54] described the existence
of alternative RNA splicing of the palB gene, depending on the growth conditions,
which could affect the PacC protein activity. We also cannot preclude the existence
of additional proteins involved in such cross-regulation, similar to what was recently
described for the PacX protein in A. nidulans [21], which was identified to play a role
in pacC gene repression.

We demonstrated here that PAC-3 may be processed in a single proteolytic
step, similar to what was described for S. cerevisiae [17] and C. albicans [18]. In
addition, as in C. albicans, PAC-3 processing was also observed at acidic pH, which
could explain the localization of PAC-3 to the nucleus at normal pH growth conditions
and its regulatory function at the same pH. The results presented here regarding the
protein processing at acidic pH confirm previous results obtained by our group [23]
using different experimental approaches. However, we previously were unable to
detect the unprocessed PAC-3 [23]. We also showed here that PAC-3 translocates to
the nucleus at alkaline pH and that this process may occur by the classical nuclear

import pathway, in which importin-U binds to a specific

NLSs. ITC assays between PAC-3 NLS and importin-U demonstr at ed

molecules have an affinity compatible with the interaction between a classical NLS
peptide and importin-U[42]. A classical bipartite NLS presents two basic clusters that
binds to different regions of the importin-U [38] with a stoichiometry of 1:1, and its
consensus sequence is generally accepted as KRXio-12K(K/R)X(K/R), where X
corresponds to any residue, and residues in bold indicate critical residues [55]. PAC-
3 NLS displays all these critical requirements, except for the last position (K/R) (Fig
8A), for its sequence to be classified as a classical bipartite NLS. ITC results also
supported this identification because a stoichiometry of 1:1 for the NLS
peptide/importin-U complex is characteristic of a bipartite NLS, while most classical
monopartite NLSs bind with a stoichiometry of 1:2 (protein:peptide). Thus, the data
presented here indicate that this NLS region is responsible for the recognition of the

NLS,
t h
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PAC-3 transcription factor by importin-U, and these components may form a complex
that permits PAC-3 to be translocated to the nucleus under specific conditions. The
N. crassa importin-U used in our wor k was first
important for DNA methylation, and later described as required for heterochromatic
formation and DNA methylation [57, 58].

Finally, we may conclude that the N. crassa PAC-3 transcription factor cycles
between the cytoplasm and nucleus under pH alkaline stress, either up- or down-
regulating the expression of pH-responsive genes. Based on our findings, we
propose a model of the pH signaling pathway in N. crassa (Fig 8B). According to the
results, the pathway requires the same Pal/Rim components described in A. nidulans
and S. cerevisiae, sharing characteristics with both organisms. We suggest that the
PAC-3 transcription factor, once activated, regulates the pal gene expression and
that this regulation may be directly mediated by PAC-3 because it binds to all pal

promoters.
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wild-type

Apical extension at different pH®
wildtype  Apac3 Apak1 Apak2 Apak3 Apak8 Apak8 Apal9
B pHE8 80+032 52+007" 62+047" 65+014* 62+028* 70x014* 69+028" 85+040

pH7.8 45+029 07+021* 08+028* 07+035% 05+014* 11+007* 08+007" 50+0.38
a. Apical extension of basal hyphae was represented by the radial growth of the colonies (cm).

Fig 1. Morphological analyses of the pal mutant strains. (A) The strains (107 conidia/mL) were cultured in Erlenmeyer flasks containing solid VM medium
plus 2% sucrose at pH 5.8 for 8-10 days. Basal hyphae growth was examined after cultivating the strains on Petri dishes containing solid VM medium plus 2%
sucrose at pH 5.8 and 7.8 for 24 h at 30°C. (B) Radial growth of the colonies measured in cm. The results represent at least two independent experiments.

*Indicates significant difference between wild-type and mutant strains at the same pH (St u d et-test,8s< 0.01).
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Fig 2. Expression of the tyrosinase gene in the wild-type and the gpal mutant strains at normal
(5.8) and alkaline (7.8) pH. (A) Mycelial samples from the wild-type and gpal mutant strains cultured
at pH 5.8 for 24 h and shifted to pH 7.8 for 1 h were used to extract total RNA. Gene expression
analysis was performed by RT-q PCR on t he St e p-Ume: PARusyskem Rppdied
Biosystems) using Power SYBR® Green and specific primers. The tub-2 gene was used as the
reference gene. The asterisks indicate significant differences compared to the wild-type strain at the
same pH, and circles indicate significant differences between the same mutant strain cultured at a
different pH (St u d etdtest,6Ps< 0.01). (B) Representation of the PAC-3 motifs (black circles) in the
tyrosinase gene promoter. Dashed boxes indicate the region analyzed by ChIP-PCR. Genomic DNA
samples from the Dpac-3 complemented strain subjected to pH stress or not were immunoprecipitated
with an anti-mCherry antibody and subjected to PCR using specific primers. The input DNA (l) was
used as the positive control, and the reactions without any antibody (no Ab) were used as the negative
control. The intensity of the DNA bands in the gel (left side, arrow) was quantified by ImageJ and the
results are shown in the right figure. L, 1 kb DNA ladder. *Asterisks indicate significant differences
between the no Ab and IP samples at the same pH (St u d et#test,6Ps< 0.01). All results represent
the average of at least three independent experiments. Bars indicate the standard deviation from the
biological experiments.
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Fig 3. PAC-3 proteolytic processing at alkaline pH. PAC-3 protein levels were detected by western
blot using the polyclonal anti-mCherry antibody and cell extracts from the wild-type and complemented
(Dpac-3 pac-3*) strains cultivated at pH 5.8 at 30°C for 24 h and then shifted to pH 4.2 and 7.8 at 30°C
for 1 h. (A) Aliquots of 50 pg of total protein were loaded onto the gel. (B) Aliquots of 70 pg of total
protein were loaded onto the gel. The arrows indicate the processed mCh-PAC-3 form at pH 5.8 and
4.2.(C) The pr ot eubulin s used as the loading control. The plots represent one of the three
independent experiments. The numbers on the left represent the molecular weight in kD.
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Fig 4. Expression of the pal genes in the wild-typ e a rpdc-3cptrains at normal and alkaline
pH. Cells from the wild-t y p e ac-3strajms were cultured at pH 5.8 for 24 h and shifted to pH 7.8
for 1 h. Mycelial samples were collected and used to extract total RNA. Gene expression analysis was
performedby RT- PCR i n t he St e glidheRARIsystent (AgRledBiosystems) using the
Power SYBR® Green and specific primers. The tub-2 gene was used as the reference gene, and the
pH 5.8 wild-type was used as the reference sample. At least three biological replicates were
performed, and the data were analyzed using the relative quantification standard curve method. Bars
indicate the standard deviation from the biological experiments. a, b, c: Letters above the bars
indicate statistical significance; different letters indicate significant differences between two samples
and similar letters indicate no significant difference between two samples at the same or different pH
(St ud ettest,s 0.01).
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Fig 5. Binding of PAC-3 to the pal gene promoters at normal and alkaline pH. (A) Representation of the PAC-3 maotifs in the pal gene promoters. The
black dots indicate the position of the PAC-3 motifs, and the dashed boxes indicate regions that were analyzed by ChIP-PCR. (B) Genomic DNA samples
from the Dpac-3 complemented strain both subjected to alkaline pH stress or not were immunoprecipitated with the anti-mCherry antibody and subjected to
PCR to amplify DNA fragments containing the PAC-3 motif. A DNA fragment from the ubiquitin gene, which does not have a PAC-3 motif, was used as a
negative control of binding. The input DNA (I) was used as a positive control and the non-immunoprecipitated reaction (no Ab) as the negative control. L, 1 kb
DNA ladder. (C) The DNA bands after ChIP-PCR were quantified by ImageJ and the results are shown in the graphs. *Asterisks indicate significant
differences between no Ab and IP at the same pH (St u d et#test,ds 0.01). All results represent the average of at least two independent experiments. Bars
indicate the standard deviation from the biological experiments.
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Fig 6. The expression of the pac-3 gene at normal and alkaline pH. Samples from the wild-type

and from all pal mutant strains cultured at pH 5.8 for 24 h and then shifted to pH 7.8 for 1 h were used

to extract total RNA. Gene expression analysis was performed by RT-q PCR i n t he StepOn:e
Real-Time PCR system (Applied Biosystems) using the Power SYBR® Green and specific primers. At

least three biological replicates were carried out, and the data were analyzed using the relative
quantification standard curve method. Bars indicate the standard deviation from the biological
experiments. The tub-2 gene was used as the reference gene, and the pH 5.8 wild-type was used as

the reference sample. *Asterisks indicate significant differences compared to the wild-type at the same

pH (St u d et-test,x 0.01).
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Fig 7. Subcellular localization of PAC-3. (A) The PAC-3 protein translocates to the nucleus at
alkaline pH. Conidia from the Dpac-3 complemented strain were grown onto coverslips in liquid VM
medium containing 1% sucrose, pH 5.8 at 30°C for 12 h. After this period, mycelia were transferred to
VM medium containing 1% sucrose, pH 7.8 at 30°C (alkaline pH) for 30 min and 1 h. The mycelia
were fixed with formaldehyde in PBS, the nuclei were stained with DAPI, and the fluorescence was
visualized. Fluorescence was evaluated using the microscope AXIO Imager.A2 (Zeiss) at a
magnification of 100 X. The results from one of three independent experiments are shown. (B)

Isothermal Titration Calorimetry analysis of the PAC-3 NLS peptide binding to importin-U at 20 UC.

upper panel corresponds to the thermogram of the replicate titrations (thermal power as a function of
time). The lower panel displays the binding isotherm integrated data (kcal mol™* of injectant versus
molar ratio of PAC-3 NLS to importin-U).
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Fig 8. Proposed model for the alkaline pH signaling in N. crassa. (A) The PAC-3 protein contains
621 amino acid residues and has three CzH: zinc-finger domains encompassing the amino acid from
95 to 183. The NLS sequence is shown between amino acid residues 281 and 304. The black arrow
indicates the putative protease-processing site at amino acid 490. (B) N. crassa has the six A.
nidulans Pal homologues. External pH signaling may involve the PAL-8, PAL-9, PAL-6 and PAL-3
complex. PAL-1 may act together with PAL-2 and may recruit the PAC-3 protein. PAC-3 undergoes
only one proteolytic processing and is likely involved in the activation of the pal-1, pal-2, pal-9, and
pac-3 genes and the repression of the pal-6 and pal-8 genes at alkaline conditions. aa, amino acid;
ZF, C2H2 zinc finger; NLS, nuclear localization signal.
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Apac-3 pac-3" [§

S1 Fig. Morphological analysis of the Dpac-3 complemented strain. (A) Growth of the wild-type,
gpac-3 and Dpac-3 complemented (Dpac-3 pac-3*) strains in tubes containing solid VM medium plus
2% sucrose at pH 5.8. (B) Growth of the same strains in Petri dishes containing solid VM medium plus
2% sucrose at pH 5.8 and 7.8 for 24 h.
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S1 Table. Protein family or domain classification, annotation, biochemistry and structural characteristics of the proteins®.

Mating Protein Theoretical . Gene namesin  Gene names
FGSCH type ORF family or domain MW/pl Annotation of orthologs N. crassa® in N. crassa®
i pH-response regulator i ]
21931 a NCUO05876 BRO-1 and ALIX V 96.9/6.29 protein PalA/Rim20 prr-1 pal-1
Peptidase C2 and calpain signaling protease
15867 A NCUO00317 Calpain Il 101.46/5.93 PalB/RIM13 cpr-8 pal-2
pH-response regulator
1641 N 1 BRO-1 A45/6.77 . -2 I-
6419 a CuU03316 @] 53.45/6 protein PalC/YGR122W prr pal-3
: pH-response regulator
22412 a NCU03021 Arrestin 102.83/5.69 protein PalF/Rim8 prr-3 pal-6
pH-response regulator
16099 a NCU00007 PalH 83.99/9.09 orotein PalH/Rim21 prr-4 pal-8
13378 a NCU01996 SURT7/Pall 73.56/8.99 pH-response regulator prr-5 pal-9
protein Pall/Rim9
a NCU00090  CHs zinc finger 67.3/7.19 pH-response transcription pacc-1 pac-3¢

factor PacC/Rim101

aThe identification of each strain was made according to the Fungal Genetics Stock Center (www.fgsc.net) number. Theoretical estimative of physical and
chemical characteristics was performed according to ProtPAram tools (www.expasy.org/tools/protpar-ref.html). The protein family or domains were classified
according to Pfam 28.0 (pfam.sanger.ac.uk). MW, molecular weight; pl, isoeletric point. Annotation of ortholog proteins in Aspergillus nidulans and
Saccharomyces cerevisiae, respectively.

bNomenclature proposed by Alan Radford (http://www.bioinf.leeds.ac.uk/~gen6ar/newgenelist/genes/browse.html)

°Nomenclature proposed in this work based on the nomenclature proposed by Perkins et al. [39].

4The construction of the knockout strain was described in Cupertino et al. [23]. The gene was named as pacC; we renamed here as pac-3 gene according to
the Neurospora crassa nomenclature [39].
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S2 Table. Oligonucleotides used in this study.
Primer Sequence?( 53 0 ) Source Name Position®
Dpac-3 complementation

GCACTAGTGGAGGAGGAGGAGG

N-mChPACC-F A GGAATGTCGTCCACACCAGCCC — NCU00090 ; *1to+19
N-mChPACC-R gngﬂTTAGTTGATGCGAG NCU00090 - +2021 to +2041
Real-time PCR
tyrosinase_F CGACGAGTATAATCTGGAGGA NCUO00776 - +2044 to +2064
tyrosinase_R CTGGCGAGAGTAATGTGG NCUO00776 - +2126 to +2143
qPac3-F CAAGCATCGACCCGTATCAT NCUO00090 - +1377 to +1396
gPac3-R TGGTGAGTGACCCGAAGTA NCUO00090 - +1486 to +1504
gPall-F CTGGATGCGGCCTATTACAA NCUO05876 - +2065 to +2084
gPall-R CCCTCCACTGTTCTACAATCTG NCUO05876 - +2143 to +2164
gPal2-F GGGATTGGAGGTGGACATATAC NCUO00317 - +2719 to +2740
gPal2-R CTCCCTCGTTCTTAAACCTAGAC NCU00317 - +2804 to +2826
gPal3-F GGCGATTGCTTGGTTGAATG NCUO03316 - +981 to +1000
gPal3-R AACCTCCGCTCCTCTTACT NCU03316 - +1048 to +1066
gPal6-F GAAGATTATCACGGTGGTGGAT NCU03021 - +2639 to +2660
gPal6-R GACCCAGGGCGATGATTATT NCU03021 - +2744 t0 +2763
gPal8-F ATGGCACGCACTTACACCAACA NCU00007 - +1725 to +1746
gPal8-R TTGCTGCGAACTCCTCAACT NCU00007 - +1836 to +1855
gPal9-F AAGAAGGGCCCAACGACGTTTA NCU01996 - +1696 to +1717
gPal9-R AATCACTGGCCACTGTAGCTGT NCUO01996 - +1812 to +1833
4054Tub-F CCTCCACCTTCGTCGGTAACTCC NCU04054 - +1669 to +1691
4054Tub-R GGTACTGCTGGTACTCGGAGACG NCU04054 - +1832 to +1854
ChlIP-PCR
pallp-F GCATTCGTACCTCTACCCACCG ppal-1 pal-1 (129 bp) -247 to -226
pallp-R TGACATCAATCAACCACCAGCCC ppal-1 pal-1 (129 bp) -141to -119
pal2p-F CCAACGACGTTTACGTGCCGCC ppal-2 pal-2 (162 bp) -794 to -775
pal2p-R CAGTGTCGGTGGAGATTCTGGC ppal-2 pal-2 (162 bp) -654 to -633
pal3p-F GAGGAGGATAGTCGAGACCCCAC ppal-3 pal-3 (119 bp) -963 to -941
pal3p-R ACCACCTCTGTTTGGCGACTAC ppal-3 pal-3 (119 bp) -866 to -845
pal6p-F CTTCCCTTTCTCCTCCACCGTC ppal-6 pal-6 (121 bp) -691 to -670
pal6p-R TGGACAAGCAAGGCCTGGA ppal-6 pal-6 (121 bp) -589 to -571
pal8p-F GTTCCCTCGACCACTTCCCA ppal-8 pal-8 (135 bp) -662 to -643
pal8p-R GGGAATATTGCGCCGCGG ppal-8 pal-8 (135 bp) -545 to -528
pal9p-F CTCCTCCATCTGCCCTTTCCAA ppal-9 pal-9 (159 bp) -914 to -893
pal9p-R CCAAGATTACAGCCGGGAGTGG ppal-9 pal-9 (159 bp) -777 to -756
pac3p-F GCTGCCAAGTCTTTTCGCCAG ppac-3 pac-3 (196 bp) -617 to -597
pac3p-R CGCGCGCAGGAAGAATCG ppac-3 pac-3 (196 bp) -439 to -422
tyrp-F TTTAGCGCCCGGTGTCCA ptyrosinase tyrosinase (111 bp) -1852 to -1835
tyrp-R ACAAGTAGTCCCGATCCGTGG ptyrosinase tyrosinase (111 bp) -1762 to -1742
qUbi-F CGAGTCTTCGGATACGATTG ubiquitin gene  ubiquitin (108 bp) +805 to +824
qUbi-R CCATCCTCCAACTGCTTAC ubiquitin gene  ubiquitin (108 bp) +894 to +912

aThe Spel and Xbal restriction sites are underlined in the N-mChPACC-F and N-mChPACC-R
sequences, respectively. The nucleotides in bold in the oligonucleotides N-mChPACC-F represent the
nucleotide sequence encoding for 6-Gly.
bThe DNA oligonucleotides are positioned according to the gene ATG start site from genomic DNA.
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Chapter 3: Effects of alkaline pH and calcium concentration on

glycogen and trehalose metabolism regulation by PAC-3

In this chapter, we investigated the role of the PAC-3 transcription factor and
the PAL components of the pH signaling in other biological processes, such as
glycogen and trehalose metabolism regulation under alkaline pH and calcium
stresses. We described here that pac-3 and most of pal mutants showed higher
glycogen and trehalose accumulation than wild-type cells under normal and alkaline
pH. This result suggests that PAC-3 is a repressor of glycogen and trehalose
accumulation. PAC-3 bound in vivo to promoters of genes involved in glycogen and
trehalose synthesis and degradation, and the binding was responsible for the
pHZ&lependent changes in gene expression. The pac-3 mutant showed high growth
under calcium stress compared to wild-type cells and gene expression was induced
in the presence of Ca?*. We also analyzed glycogen and trehalose accumulation
under calcium stress, and the results showed that the accumulation was influenced
by the presence of calcium. Finally, some glycogenic and trehalose genes were
differently regulated by PAC-3 in the presence of low and high calcium concentration.
Our data suggest that PAC-3 likely connects pH and the calcium signaling pathway in

the regulation of the reserve carbohydrates metabolism in N. crassa.

This is a manuscript in preparation.

Observation: According to A Al t er a - Nansas Idtersas para a defesa da
Dissertacdo de Mestrado ou da Tese de Doutorado, aprovadas pelo Conselho de
Pos-Graduacdao em Biotecnologia do Instituto de Quimica, UNESP, Araraquara, em
nov/2010 e pela Congregracdoemr euni «o de dez/),2he defullsare Apper

presented in chapter format similar to a manuscript.
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INTRODUCTION

Glycogen and trehalose are storage carbohydrates found in many
microorganisms and their contents vary dynamically, not only in response to changes
in environmental conditions, but also throughout their life cycle. Glycogen is a
polymerof gl uc os e -U4il n ke d r-besdraachet glycosidic bonds, while
trehal ose s a disaccharide <consi st-1,In
glycosidic bonds. The filamentous fungus Neurospora crassa accumulates glycogen
during exponential growth and degrades it when its growth rate decreases (de Paula
et al., 2002). Trehalose is highly accumulated in sexual spores, accounting for up to
14% of their dry weight (Hecker and Sussman, 1973). While glycogen functions as a
carbon source and energy reserve, trehalose appears to be mainly involved in stress
protection in yeast and filamentous fungi (reviewed in Wiemken, 1990 and Jorge et
al., 1997).

In eukaryotic cells, glycogen is synthesized by the action of the enzymes
glycogenin, glycogen synthase, and branching enzyme, while its degradation
requires glycogen phosphorylase and debranching enzyme (Roach et al., 2001).
Glycogen synthase and glycogen phosphorylase are regulated by reversible covalent
modification, such that phosphorylation activates glycogen phosphorylase and
inhibits glycogen synthase (Téllez-Ifidn et al., 1969; Fletterick and Madsen, 1980).
These two enzymes are also regulated by allosterism, such that glucose-6-
phosphate and adenosine monophosphate modulate glycogen synthase and
glycogen phosphorylase, respectively.

Trehalose, on the other hand, is synthesized by a large complex consisting of
trehalose-phosphate synthase and trehalose-phosphate phosphatase subunits (Bell
et al., 1998) and is hydrolyzed by two unrelated trehalases, which differ in their
optimal pH, localization and regulation. The acid trehalase (also referred to as
nonregulatory trehalase) is a vacuolar enzyme, while the neutral trehalase (also
referred to as regulatory trehalase) is cytosolic and is specifically phosphorylated by
the cAMP-dependent protein kinase PKA (Thevelein, 1984; reviewed in Jorge et al.,
1997). In N. crassa, both glycogen and trehalose contents vary under heat shock;
glycogen is degraded under heat stress, while trehalose accumulates under such
condition (Noventa-Jordao et al., 1996; de Paula et al., 2002).

of
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We have been studying the molecular mechanisms involved in glycogen and
trehalose metabolism regulation in N. crassa under different conditions (Freitas and
Bertolini, 2004; Cupertino et al., 2012; Cupertino et al., 2015; Freitas et al., 2016).
Using a collection of N. crassa mutant strains in transcription factors, we identified
PAC-3 as a transcription factor likely involved in glycogen metabolism regulation
(Goncalves et al., 2011). Further investigation showed that PAC-3 down regulates
the expression of the gsn gene under alkaline pH, which is the gene encoding
glycogen synthase, the regulatory enzyme in glycogen synthesis. This is consistent
with the low glycogen accumulation under the same condition (Cupertino et al.,
2012). The Saccharomyces cerevisiae GSY1 orthologous gene is also repressed
under alkaline stress (Serrano et al., 2002). PAC-3 is the Aspergillus nidulans and S.
cerevisiae PacC/Rim101p homolog, respectively, which are the central regulators of
the pH signaling pathway mediated by a gene cascade responsive to alkaline pH
(reviewed in Pefialva et al., 2008 and Serra-Cardona et al., 2015). In yeast, response
to high pH also involves the signaling pathway mediated by the protein phosphatase
calcineurin, which is triggered by an increase in cytosolic calcium. Calcineurin
dephosphorylates the Crz1 transcription factor, which migrates to the nucleus leading
to the regulation of calcium-responsive genes. Alkali-regulated genes were also
described to be dependent on calcineurin in S. cerevisiae showing that the signaling
pathway triggered by calcium can be involved in the pH response (Serrano et al.,
2002; Viladevall et al., 2004). Recently, many genes responsive to pH stress were
identified as targets of Crz1 in yeast, and among them there were genes related to
glucose utilization, which includes those involved in glycogen and trehalose
metabolism (Roque et al., 2016).

In this work, we investigated in N. crassa the regulation of glycogen and
trehalose metabolism by alkaline pH and calcium stresses, and we demonstrated
that the accumulation of both reserve carbohydrates is modulated under both
conditions. The expression of most genes encoding enzymes involved in the
carbohydrate synthesis and degradation is regulated by alkaline pH and most gene
promoters are bound by the PAC-3 transcription factor. We also showed that Ca?*
induces the expression of pac-3 and of some genes involved in glycogen and
trehalose metabolism in a wild-type strain. Additionally, glycogen and trehalose
accumulation is differently regulated under low (10 mM) and high (300 mM) calcium

concentration and is PAC-3-dependent. These data suggest a cross regulation
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between the pH and calcium signaling pathways regarding the control of the reserve
carbohydrates metabolism in N. crassa, which may be mediated by the PAC-3

transcription factor.

MATERIALS AND METHODS

Neurospora crassa strains and growth conditions

Neurospora crassa FGSC#9718 (mus-51::bar), used as wild-type strain, and the
FGSC#219 a1l (gNCU 05876), F @abZ # NCRJB0817), ( o
FGSC#164 1p8-3, (gNCU03316) , F Gialdb# 2 2 MCU@3021)( o
FGSC#160pals8, (MCUOOOO07), a n d paFoGISCUELIDI®B)3nudint (o
strains were purchased from the Fungal Genetics Stock Center (FGSC, University of
Mi ssour i, Kansas City, MO, USA, htt ppad-/ www.
3 strain (NCUO00090) was generated as described in Cupertino et al. (2012) and the
gpac-3 pac-3* complemented strain was constructed as described in Virgilio et al.
(2016). The characteristics of all mutant strains and the gene and protein data were
described in Virgilioetal. ( 2016) . Al Il strains were maint al
(VM) medium, pH 5.8 (Vogel, 1956) containing 2% sucrose at 30°C. Conidia from 10-
day old culture of wild-type, mutant, and complemented strains were suspended in
sterile water and counted. For radial growth analyses, 107 conidia mlt were
inoculated onto Petri dishes containing solid VM medium plus 2% sucrose either
under different pH or different concentration of Ca?* with or without cyclosporin A
(Sigma) at 30°C. Images of colony morphology were captured after 24 h of growth.

For pH and calcium stresses, 10° conidia ml* were first germinated in 1 | of
VM medium containing 2% sucrose, pH 5.8 (time zero), at 30°C, 200 rpm, for 24 h.
After this period, the culture was filtered and the mycelia were divided in samples.
One was frozen in liquid nitrogen and stored at -80°C for further processing (control
sample, not subjected to stress), while the remaining samples were individually
transferred into 500 ml of fresh VM medium containing 0.5% sucrose at pH 7.8 (for
alkaline pH stress) and 10 and 300 mM of CaCl: (for calcium stress). Samples were
harvested after 15, 30 and 60 min incubation and stored at -80°C. The mycelia

samples were used for glycogen and trehalose quantification and RNA extraction.
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126  Glycogen, trehalose and protein quantification

127

128 Mycelia pads were extracted in lysis buffer (50 mM Tris-HCI, pH 8.0, 50 mM NaF, 1
129 mM EDTA, 0.5 mM PMSF, 0.1 mM TCLK, 25 mM be
130 pepstatin and aprotinin). Cellular extracts were clarified and the supernatants were
131 used for glycogen, trehalose and protein quantification. Glycogen content was
132 quantified according to Freitas et al. (2010) and trehalose was quantified following
133 the protocol described by Neves et al. (1991), with modifications. Glycogen was
134 precipitated with col d -aemylase amalamymgludosidhseg e st e
135 and trehalose was digested with a partially purified trehalase from Humicola grisea
136 (Zimmermann et al., 1990). Free glucose was quantified with a glucose oxidase kit
137 (Labtest) and glycogen and trehalose concentrations were normalized to the total
138 protein concentration. Total protein was quantified by the Hartree (1972) method
139 using BSA as standard.

140

141 RNA isolation and gene expression analysis

142

143 Gene expression was analyzed by RT-qPCR. Total RNA was prepared using mycelia
144 samples according to Sokolovsky et al. (1990) method. RNA (10 pg) from each
145 sample was fractionated on agarose gel to assess the rRNAs integrity. RNA samples
146  were first treated with RQ1 RNAse-free DNAse (Promega) and subjected to cDNA
147  synthesis using the SuperScript Il First Strand Synthesis kit (Invitrogen) and oligo
148 (dT) primer according to the manufacturerod
149 subjected to RT-gPCR on a StepOnePlusE R e allme PCR System (Applied
150 Biosystems) using the Power SYBR® Green PCR Master Mix (Applied Biosystems)
151 and specific primers. For genes involved in glycogen metabolism, the following
152 primers were utilized: pac-3 (gPac3-F/gPac-3-R), gsn (qGSN-F/gGSN-R), gbn
153 (qQRAMIF-F/gRAMIF-R), gnn (QGNN-F/qGNN-R), gpn (QGPN-F/gGPN-R) and gdn
154 (gDESRAM-F/gDESRAM-R) amplicons (Table S1). For genes involved in trehalose
155 metabolism, the following primers were utilized: tps-1 (qtpsl-F/qtpsl-R), tps-1 U
156 (gtpslalfa-F/gtpslalfa-R), tps-2 (gtps2-F/qtps2-R), tre-1 (gtrel-F/qtrel-R) and tre-2
157 (gtre2-F/ gtre2-R) amplicons (Table S1).

158 Reactions were performed under the following conditions: 95°C for 10 min, 40

159 cycles of 95°C for 15 s, 60°C for 1 min to calculate cycle threshold (Ct) values,
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followed by 95°C for 15 s, 60°C for 1 min and then 95°C for 15 s to obtain melt
curves. Data analysis was performed by the StepOne Software (Applied Biosystems)
using the Comparative CT ( qpm@en,)200h).eAt leastd
four biological replicates, with three experimental replicates per sample were

performed, and reactions with non-template were used as a negative control. The

(Li

fluorescent dye ROXE was used as the passi

green reporter dye fluorescent signal. The PCR products were subjected to melting
curves analysis to verify the presence of single amplicons. All reaction efficiencies
varied from 92 to 100%. The beta-t u b u | i n-tulygeme eNCUM054) was used as
the reference gene in pH stress analyses and the actin gene (act gene, NCU04173)

was used as the reference gene in calcium stress.

Chromatin immunoprecipitation-PCR assays

Chromatin immunoprecipitation assays were performed as described in Virgilio et al.
(2016), using mycelia from the gpac-3 pac-3* complemented strain, anti-mCherry
polyclonal antibody (BioVision) and Dynabeads Protein A (Invitrogen) for
immunoprecipitation. After sonication and immunoprecipitation, the DNA was
quantified and 25 ng of Input DNA (1), no Ab (N, reaction without antibody) and IP
(immunoprecipitated DNA) samples were amplified by PCR using primers specific for
each promoter (Table S1, ChIP-PCR). Input DNA was used as positive control of the
experiment and no Ab as negative control.

PCR was performed using Phusion High-Fidelity PCR kit (Finzymes) and
specific oligonucleotides for gsn (PacC-F/SREBP-RP2), gpn (pGPNNiIt-F2/pGPNNit-
R2), gnn (gnnPAC3-Fp/gnnPAC3-Rp), gbn (branch-FP5/branch-RP5), gdn (DEBp-
F2/DEBp-R2), tps-1 (tresynt-Fp/tresynt-Rp), tps-1 U (alfatre-Fp/alfatre-Rp), tps-2
(trephosp-Fp/ trephosp-Rp), tre-1 (trel-Fp/trel-Rp) and tre-2 (tre2-Fpl/tre2-Rp)
promoters. A fragment of the ubiquitin gene (NCU05995), which does not have the
PAC-3 motif, was amplified with the primers qUbi-F/qUbi-R and used as negative
control of binding. Reactions were performed under the following conditions: 98°C for
10 s, 25 cycles of 98°C for 1 s, 60°C for 5 s and 72°C for 30 s, and then 72°C for 5
min. The reaction products were analyzed on a 2% agarose gel and visualized by
ethidium bromide. Densitometry was performed using ImageJ software (Abramoff et

al., 2004), and the IP signals were compared to the negative control (no Ab).



194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227

Chapter 3 126

RESULTS

The pH-signaling pathway controls accumulation of the reserve carbohydrate
glycogen and trehalose in N. crassa

We previously identified the PAC-3 transcription factor as a putative regulator of
glycogen metabolism (Goncalves et al., 2011), and later we showed that PAC-3 is
required for proper glycogen accumulation by down-regulating the expression of gsn,
the gene encoding glycogen synthase, the regulatory enzyme in glycogen synthase
(Cupertino et al., 2012). To better investigate the role of the pH signaling pathway in
the control of the reserve carbohydrate metabolism, we quantified the levels of
glycogen and trehalose, another reserve carbohydrate, in mutant strains in each
component of the pH pathway. The pH signaling pathway includes a pH sensor
located in the plasma membrane, which once activated by ambient alkaline pH,
recruits five downstream protein components to activate the PacC and Rim101
transcription factors in A. nidulans and S. cerevisiae, respectively. N. crassa shares
all components (PAL proteins) with the A. nidulans and S. cerevisiae pH pathways
and all of them, except PAL-9, are required for growth at alkaline pH (7.8) (Virgilio et
al., 2016). Here, we quantified both carbohydrates in mycelial samples from all
mutant strains grown at pH 5.8 and in samples harvested at different times after
shifting to pH 7.8. The pH 5.8 and 7.8 were used as normal and alkaline condition,
respectively, considering the wild-t y p e ac-3istragms growth. The wild-type grew
well under acid-to-normal condition, and reduced the growth under alkaline pH. The
gpac-3 mutant strain showed progressively reduction of growth at pH 4.5 until 7.3 (P
<0.01) and unable to grow at pH 7.8 (Fig. S1).

The levels of both carbohydrates were significantly higher in all mutant strains
at pH 5.8, with exception of the gpal-9 mutant, compared to the wild-type strain (Fig.
1). These results suggest that a functional pH signaling pathway is required for
proper carbohydrate accumulation at normal pH. On the other hand, transfer to
alkaline pH led to a decrease in the levels of both carbohydrates and the repression
was stronger regarding trehalose levels indicating that pH stress has a negative
effect in the reserve carbohydrate accumulation in N. crassa, different from heat
stress, which induces trehalose and repress the glycogen accumulation (Noventa-

Jordao et al., 1996; Freitas et al., 2016). From these results, we observed two
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independent results: the requirement of an active pH signaling pathway to maintain
proper levels of the reserve carbohydrate in a pH independent manner, and the
repressor effect of alkaline pH on the carbohydrate levels.

To confirm the results, we quantified the glycogen levels in the gpac-3 pac-3*
complemented strain at pH 5.8 and after shifting the mycelia to alkaline pH for 1 h.
The wild-type and the complemented strains showed similar glycogen levels (Fig.

S2), indicating that pac-3 complementation rescues the wild-type phenotype.

Alkaline pH and PAC-3 modulate the expression of genes encoding enzymes of

glycogen metabolism

Here we demonstrated that glycogen accumulation is modulated by the protein
components of the pH signaling pathway. In addition, we broadly investigated the
expression of all genes directly involved in glycogen metabolism. Gene expression of
gsn (encodes glycogen synthase), gbn (encodes glycogen branching enzyme), gnn
(encodes glycogenin), gpn (encodes glycogen phosphorylase), and gdn (encodes
glycogen debranching enzyme) genes was analyzed in mycelia from gpac-3 and
wild-type strains grown at pH 5.8 for 24 h and in mycelia shifted to pH 7.8 for 1 h. All
genes were repressed at pH 7.8, with exception of gnn, which was up-regulated,
consistent with the repression in glycogen accumulation under the same condition
(Fig. 2). In addition, expression was dependent on the PAC-3 transcription factor
under normal and alkaline pH since most of genes were up-regulated in gpac-3
strain at both pH, and also consistent with the higher glycogen accumulation
observed in the gpac-3 strain at both pH (compare with Fig. 1). These results
suggest that PAC-3 acts as a repressor of glycogen accumulation by down-regulation
the expression of most genes encoding the enzymes required for glycogen
metabolism.

An in silico analysis of the promoter region of the genes involved in glycogen
synthesis/degradation revealed the existence of the N. crassa PAC-3 DNA binding
preference BEQAVAGVe3d ) ( § OWeet al.,a201ehhin all glycogenic
promoters, except in gpn promoter, suggesting that PAC-3 could directly regulate the
expression of these genes. A schematic representation of the gene promoters is
shown in Fig. 3A. A ChIP-PCR assay was performed to analyze PAC-3 binding to

DNA fragments containing some of these motifs in vivo. The PAC-3 motifs analyzed
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are shown in dashed boxes in Fig. 3A. In these experiments, we used gpac-3 pac-3*
complemented strain and the anti-mCherry antibody. Chromatin was collected from
mycelia submitted or not to alkaline pH stress, and binding of PAC-3 to all promoters
was analyzed by PCR using the oligonucleotides described in Table S1 (ChIP-PCR).
As a positive control of the experiments, the input DNA (I) was analyzed, and as
negative controls, a region of the gpn promoter, which lacks the PAC-3 motif and the
non-immunoprecipitated reactions (N) were used. The DNA fragments amplified in
the ChIP-PCR assays (Fig. 3B) were quantified by ImageJ and the results are shown
in graphs (Fig. 3C). PAC-3 was able to significantly bind to all gene promoters
containing PAC-3 motif under normal and alkaline pH (Fig. 3B and 3C, P < 0.01) and,
surprisingly, binding seemed to be more intense at normal pH (Fig. 3C). The gpn
promoter was not bound by PAC-3, as expected, confirming that this gene is not
regulated by PAC-3 at alkaline pH (see Fig. 2). Although the expression of the gnn
gene was not influenced by PAC-3 under pH 7.8 (Fig. 2), the transcription factor
bound to its gene promoter under both conditions (Fig. 3C). In this case, PAC-3 could
to bind to the promoter although but not to influence its expression.

Binding of PAC-3 to gene promoters and gene expression regulation by PAC-
3 at normal growth pH (5.8), suggest the existence in N. crassa of an active pH
signaling pathway at this pH and agree with previous results showing the presence of
processed, therefore active, PAC-3 transcription factor in the same pH (Virgilio et al.,
2016).

Alkaline pH and PAC-3 modulate the expression of genes encoding enzymes of

trehalose metabolism

As the trehalose accumulation was also influenced by PAC-3 and the PAL
components of the signaling pathway under normal and alkaline pH, we analyzed the
expression of the genes encoding enzymes of trehalose metabolism under the same
conditions. We assayed the expression of the tps-1 (encodes trehalose phosphate
synthase), tps-1 U(encodes alpha-trehalose phosphate synthase), tps-2 (encodes
trehalose phosphatase), tre-1 (encodes trehalase-1) and tre-2 (encodes neutral
trehalase-2) genes in mycelia samples from the wild-type and gpac-3 strains grown
at pH 5.8 for 24 h (control) and shifted to pH 7.8 for 1 h. We observed that only tre-1

and tre-2 genes, which encode enzymes involved in trehalose degradation, were



296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329

Chapter 3 129

regulated by both alkaline pH and PAC-3 (Fig. 4). It is notable to observe the high
expression levels of tps-2 and tre-2 in gpac-3 strain under normal pH (Fig. 4). These
results, similar to those observed for genes encoding enzymes of glycogen
metabolism, show that PAC-3 and alkaline pH independently influence the glycogen
and trehalose accumulation by regulating gene expression.

The existence of the PAC-3 motif in all trehalose gene promoters was also
confirmed by in silico analysis (Fig. 5A), and binding in vivo to one of such motifs was
investigated by ChIP-PCR using the same extracts prepared to assay the glycogen
gene promoters. As a positive control, the input DNA (I) was analyzed, and as
negative controls, a fragment of the ubiquitin gene lacking the PAC-3 motif and the
non-immunoprecipitated reactions (N) were used. The DNA fragments amplified in
the ChIP-PCR assays (Fig. 5B) were quantified by ImageJ and the results are shown
in graphs (Fig. 5C). PAC-3 was able to bind significantly to tps-1, tps-2 and tre-1
gene promoters under normal and alkaline pH; however, bound to tre-2 promoter
only under normal pH (Fig. 5B and 5C). Although the expression of the tps-1 gene
was not influenced by PAC-3 under normal pH (see Fig. 4), the transcription factor
bound to its gene promoter under both pH (Fig. 5C). In this case, PAC-3 was able to
bind to the promoter at pH 5.8 although did not influence its expression. On the other
hand, while the expression of tre-2 was influenced by PAC-3 under both pH, PAC-3
was able to bind in vivo to its promoter only under normal pH (Fig. 5). Interestingly,
PAC-3 was unable to bind to tps-1 Uinder both pH, in agreement with the results of
gene expression, which showed that the tps-1 Uexpression was not regulated by the

transcription factor under the same conditions (see Fig. 4).

Response to calcium stress may involve PAC-3

We described here the requirement of an active pH signaling pathway to maintain
proper levels of the reserve carbohydrate and showed that their levels are decreased
at alkaline pH. PAC-3 has been studied in different cellular processes and no work
has reported the PAC-3 action combined with other(s) protein(s) or pathway in N.
crassa. In Candida albicans, Rim101 acts in parallel to Crz1, via calcineurim, for
adaptation to alkaline pH (Kullas et al., 2007). In S. cerevisiae, the transcriptional
response to alkaline pH involves different signaling mechanisms, and the calcium

signaling seems have a role in this response (Serrano et al., 2002). The
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Rim101/PacC pathway inhibition could be used in a combinatorial approach with the
calcineurin pathway inhibitors, especially in therapeutic target for combating
pathogenic fungi (Kullas et al., 2007). Thus, it is very interesting analyze the
glycogen and trehalose metabolism regulation under calcium addition and try
correlate the transcriptional response to calcium by PAC-3 in N. crassa.

In the first experiment, we analyze the effects of the gpac-3 knockout gene in
the morphology growth after calcium addition. Basal hyphae growth was examined
after cultivating the wild-type, gpac-3mu t a n t paa-8 ghc-Ipcomplemented strain
on Petri dishes with 2% sucrose as the sole carbon source and different calcium
concentration (0, 10, 50, 100, 200 and 300 mM final concentration) for 24 h. At
concentrations of 10, 50 and 100 mM of Ca?* significantly stimulated the hyphal
growth of the gpac-3 mutant (P < 0.01), however, in high concentration of Ca?* (200
and 300 mM) the hyphal growth was repressed when compared to the control without
addition of calcium in the gpac-3 mutant (Fig. 6A). The wild-type and gpac-3 pac-3*
complemented strain showed the same profile in presence of Ca?*. In 10, 50 and 100
mM of Ca?*, they showed a constant radial growth compared to the control without
Ca?* addition. In higher concentration of Ca?* both strains showed reduced radial
growth (Fig. 6A). In Fig. 6B the radial growth of the wild-type and gpac-3 strain from
Fig. 6A was measured and the percentage of growth was determined considering the
condition without Ca?* as 100% of growth. We observed that wild-type showed
constant radial growth under lower calcium concentration and significantly reduced
growth in 200 and 300 mM of Ca?* when compared to the condition without Ca?* in
the same strain (asterisks indication, P < 0.01). However, the gpac-3 mutant strain
showed increased radial growth in 10, 50 and 100 mM Ca?* and reduced radial
growth in 300 mM of Ca?* when compared to the condition without Ca?* in the same
strain (asterisks indication, P < 0.01). The circles in the Fig. 6B indicate significant
differences in all calcium concentration in the gpac-3 mutant strain compared to the
wild-type strain at the same Ca?* condition (P < 0.01), indicating that in all calcium
addition conditions analyzed the radial growth was increased in gpac-3 mutant strain.

To verify whether the stimulation or reduction of radial growth by addition of
Ca?* was dependent on calcineurin pathway, we analyze the radial growth of the
wild-type and gpac-3 mutant strain on Petri dishes with 2% sucrose and different
concentration of cyclosporin A (CsA), a specific inhibitor of calcineurin, in 0, 0.1, 10

and 25 uM final concentration for 24 h. In the Fig. 6C we observed a very reduced
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growth in 0.1 uM of CsA and incapacity to growth under 10 and 25 uM of CsA in both
strains, suggesting that calcineurin pathway is the unique pathway in N. crassa
involved in calcium regulation. We selected the 10 uM CsA final concentration to
further experiments. Finally the radial growth of the wild-type, gpac-3 mutant and
gpac-3 pac-3* complemented strain was observed on Petri dishes with 2% sucrose
with addition of 10 uM of CsA and different concentration of Ca?* (0, 10, 50, 100, 200
and 300 mM). In the Fig. 6D, it is possible to see that no strains growth in presence
of CsA and Ca?*, showing that calcineurin inhibitors affect the growth of the strains

analyzed.

Effects of Ca2* on the reserve carbohydrate accumulation and the expression levels

To determine the effects of calcium on glycogen and trehalose accumulation, mycelia
samples from the gpac-3 mutant and wild-type strain were collected after growth in
normal growth for 24 h (time 0) and after shifted the mycelia to 10 and 300 mM of
Ca?* for 15, 30 and 60 min. The Fig. 7 shows that the addition of 10 mM of Ca?*
significantly stimulated the glycogen and trehalose accumulation in 30 and 60 min of
inoculation in the wild-type compared to the condition without calcium (P < 0.01). The
trehalose levels were also up accumulated at 300 mM calcium in the wild-type strain
(P < 0.01, Fig. 7). After calcium addition, the reserve carbohydrates accumulation
was reduced (10 mM of Ca?*, P < 0.01) in gpac-3 mutant strain. In 300 mM of Ca?*,
glycogen down accumulated in gpac-3 mutant and trehalose showed the same
content when compared to the condition without calcium (Fig. 7). Our data show that
PAC-3 is involved to glycogen and trehalose metabolism regulation, presented
different profiles when compared to the wild-type in low and high calcium
concentration. Curiously, the trehalose regulation seems to be different under
alkaline and calcium stresses. Whereas the trehalose content was reduced in the
wild-type strain in alkaline condition (Fig. 1), in calcium addition it was stimulated
(Fig. 7).

To investigate the effects of Ca?* addition and regulation by PAC-3, some
genes involved in glycogen and trehalose metabolism were analyzed under calcium
stress. We verified the expression of pac-3, gsn, gdn, tps-1, tre-1 and tre-2 genes in
mycelia from Dpac-3 mutant and wild-type strains grown at normal growth for 24 h
(time 0) and after shifted the mycelia to 10 and 300 mM of Ca?* for 15, 30 and 60
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min. The expression of all genes was analyzed by RT-gPCR using specific
oligonucleotides described in Table S1 (QPCR). The actin gene was used as the
reference gene and the wild-type sample at time 0 as the reference sample. In the
Fig. 8, we observed that the pac-3 gene expression was significantly induced under
10 mM for 15 min incubation and in all time of 300 mM of Ca?* incubation (P < 0.01).
The expression of gsn, gdn, tps-1, tre-1 and tre-2 was significantly over-expressed at
300 mM of Ca?*, especially for 15 min incubation in the wild-type (P < 0.01). All
glycogenic and trehalose gene expression was down-expressed at 10 mM of Ca?* for
60 min incubation in the wild-type. The other hand, the expression in the Dpac-3
mutant strain showed different profiles when compared to the wild-type. For example,
the glycogenic gsn and gdn gene expression was repressed and over-expressed in
some times of 10 mM and 300 mM of Ca?* in the wild-type, respectively, while the
genes was stimulated and repressed in some times of 10 mM and 300 mM of Ca?* in
the Dpac-3 strain, respectively. Additionally, the expression of tre-1 was over-
expressed in the Dpac-3 mutant strain under calcium addition when compared to the
same condition in the wild-type (P < 0.01). It is important to observe that tre-2
expression showed very high level under 300 mM of Ca?* for 15 min incubation in the
wild-type (P < 0.01, Fig. 8, last graph). In summary, the expression of glycogenic and
trehalose genes was differentially regulated by Ca?* and by PAC-3, suggesting a

PAC-3 action in calcium response.
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Fig 2. The glycogenic gene expression in the wild-t y p e

alkaline pH. Cells from the wild-t y p e
pH 7.8 for 1 h. Mycelial samples were collected and used to extract total RNA. Gene expression
analysis was performed by RT-q PCR
Biosystems) using the Power SYBR® Green and specific primers. T h e-tulbgene was used as the
reference gene, and the wild-type at pH 5.8 was used as the reference sample. At least three
biological replicates were performed in triplicate, and the data were analyzed using the relative
quantification standard curve method. Bars indicate the standard deviation from the biological
experiments. a, b, c, d: Letters above the bars indicate statistical significance; different letters indicate
significant differences between two samples and similar letters indicate no significant difference
between two samples at the same or different pH (St u d et-test, s 0.01).
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of binding. The input DNA (I) was used as a positive control and the non-immunoprecipitated reaction
(no Ab, N) as the negative control. L, 1 kb DNA ladder. (C) The DNA bands after ChIP-PCR were
quantified by ImageJ and the results are shown in the graphs. Asterisks indicate significant differences
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Fig 4. The expression of trehalose genes in the wild-type and gpac-3 strain at normal and
alkaline pH. Cells from the wild-t y p e pac-3istraim were cultured at pH 5.8 for 24 h and shifted to
pH 7.8 for 1 h. Mycelial samples were used to extract total RNA. Gene expression analysis was
performed by RT-gPCR in the Ste p On e P | u sThme R@Raslystem (Applied Biosystems) using the
Power SYBR® Green and specific primers described in Table S1. T h e-tutbgene was used as the
reference gene, and the wild-type pH 5.8 was used as the reference sample. At least four biological
replicates were performed, and the data were analyzed using the relative quantification standard curve
method. Bars indicate the standard deviation from the biological experiments. a, b, c, d: Letters above
the bars indicate statistical significance; different letters indicate significant differences between two
samples and similar letters indicate no significant difference between two samples at the same or
differentpH (St u d et-test, < 0.01).
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Fig 6. The effects of Ca? on morphological growth of the Dpac-3 mutant strain. (A) The wild-
type, Dpac-3 and Dpac-3 pac-3* strains (107 conidia ml't) were inoculated on Petri dishes containing
solid VM medium plus 2% sucrose and added Ca?* at a final concentration of 0, 10, 50, 100, 200 or
300 mM at 30°C. Radial growth of the colonies was examined after 24 h growth. (B) Radial growth of
the wild-type and Dpac-3 strain was measured and the percentage of growth was determined
considering the condition without Ca2* as 100% of growth. The results represent at least three
independent experiments in duplicate. The asterisks indicate significant differences between the same
strain cultured without Ca?* and with different calcium concentrations and the circles indicate
significant differences compared to the wild-type strain at the same Ca?* condition (St u d etest,&Ps
< 0.01). Error bars indicate standard deviation. (C) The effects of 0.1, 10 and 25 uM of calcineurin
inhibitor (cyclosporin A, CsA) on the wild-type and Dpac-3 radial growth. (D) The effects of different
concentration of Ca?* plus 10 uM of CsA on the wild-type, Dpac-3 and Dpac-3 pac-3* radial growth for
24 h at 30°C.
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Fig 7. Glycogen and trehalose accumulation in the wild-ty p e a pagd-3 mputant strain at 10
and 300 mM of CaCl,. Mycelial samples from the wild-type and gpac-3 mutant strain cultured at
normal condition (zero) at 30°C for 24 h and shifted to calcium stress (10 mM or 300 mM of Ca?*) for
15, 30 and 60 min were used to glycogen and trehalose quantification. The asterisks indicate
significant differences compared to zero sample in the wild-type or mutant strain (St u d ettest,Ps<
0.01). All results represent the average of at least four independent experiments. Bars indicate the
standard deviation from the biological experiments.
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Fig 8. The influence of Ca?* on the expression levels of same genes related to glycogen and
trehalose regulation in the wild-type and gpac-3 strain. Cells from the wild-t y p e pao-3stram
were cultured at pH 5.8 (0, normal condition) for 24 h and shifted to 10 mM or 300 mM of Ca?* for 15,
30 and 60 min. Mycelial samples were used to extract total RNA. Gene expression analysis was
performedby RT- PCR i n t he St e glidha RORIsystent (AgRleEd Biosystems) using the
Power SYBR® Green and specific primers (Table S1, gPCR). The actin gene was used as the
reference gene, and the zero condition in the wild-type was used as the reference sample. At least
four biological replicates were performed, and the data were analyzed using the relative quantification
standard curve method. Bars indicate the standard deviation from the biological experiments. The

asterisks indicate significant differences compared to zero sample in the wild-type or mutant strain
(St ud ettest,s 0.01).
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pH

wild-type

Apical extension at different pH®

pH7.8 pH7.3 pHG6.7 pH 6.2 pH 5.8 pH 5.4 pH 4.9 pH4.5 pH 4.2

WT 38+009 392002 45+001 65+003 79+028 78+033 7.8+026 83+020 80+0.17
Apac-3 06+000° 07+£013" 16+001" 3.0+008" 554025 61035 64021 73+021" 754013

a. apical extension of basal hyphae was represented by the radial growth of the colonies (cm).
* significant different compared to wild-type in the same pH (T-test student, p<0.01).

Fig S1. Morphological analyses of the wild-type and Dpac-3 mutant strain under different pH conditions. The strains (107 conidia ml1) were inoculated
on Petri dishes containing solid VM medium plus 2% sucrose at pH 4.2 (acid condition) until pH 7.8 (alkaline condition) at 30°C. Images of colony morphology
were captured after 24 h. Apical extension was measured in centimeters and showed in the table below to the radial growth pictures. The results represent at
least two independent experiments in duplicate. *Indicates significant difference between wild-type and mutant strain at the same pH (St u d et#test,6Ps<

0.01).
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Fig S2. Glycogen quantification in the wildt y p e pac-3gppmut ant pac-8 pag3*
complemented strain at normal and alkaline pH. Mycelial samples cultured at pH 5.8 (zero) at 30°C
for 24 h and shifted to pH 7.8 for 1 h were used to glycogen quantification. The asterisks in the gpac-3
indicate significant difference compared to the wild-type strain at the same condition (St u d et#est,0 s
P < 0.01). The results represent the average of three independent experiments. Bars indicate the
standard deviation from the biological experiments.
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Table S1. Oligonucleotides used in this study.

Primer Sequenc806()56 Source Name Position®
gqPCR

gPac3-F CAAGCATCGACCCGTATCAT NCU00090 - +1203 to +1222
gPac3-R TGGTGAGTGACCCGAAGTA NCU00090 - +1312 to +1330
gGSN-F TACCAAGCATCACCACCAACCTCT NCU06687 - +1541 to +1564
gGSN-R TGTCTGCGGCTCTTCTGGGTAAAT NCU06687 - +1689 to +1712
gRAMIF-F TCTGCGATGCCGAGTTGT NCU05429 - +1487 to +1504
gRAMIF-R ACTCGTTGCCCTCGAAGT NCU05429 - +1616 to +1633
gGNN-F ACAAGCACCCGAACCCAC NCU06698 - +1134 to +1151
gGNN-R AAGGGTGGGCGATGCTGT NCU06698 - +1234 to +1251
gGPN-F TGCCAATATCGAAATCACCCGCGA NCU06687 - +2247 to +2270
gGPN-R TCTCGATGGCCTCAAACACCTTGA NCU06687 - +2375 to +2398
gDESRAM-F  TCGGCGGTAATCAAGCCA NCU00743 - +3794 to +3811
gDESRAM-R  TGAATTTGCCGGCTTCGT NCU00743 - +3950 to +3967
gtpsl-F GGTTGACTTCCTCATGGTGGTTG NCU00793 - +2529 to +2551
gtps1-R GTCGCCTTAGCCTCAGTGTTTCT NCU00793 - +2647 to +2669
gtpslalfa-F TGCCGAGCTGACAAGGATAAGC NCU09715 - +1410 to +1431
gtpslalfa-R GGCATCCGTCACACCCTCAATA NCU09715 - +1512 to +1533
gtps2-F CGAGATCAAGCCCGAGAACTGC NCU05041 - +2817 to +2838
gtps2-R CATCCTCAGGTTCCAACAAGTGCC NCU05041 - +2885 to +2908
gtrel-F CAAGAGGGCCGACATCACTATGG NCU00943 - +1944 to +1966
gtrel-R CCCCTTCCTGGCGAACTTCTT NCU00943 - +2011 to +2031
gtre2-F CGCTCGGCACTCTGACTCC NCU04221 - +2153 to +2171
gtre2-R CTCAGAGAGCGCCTTGTTCCG NCU04221 - +2206 to +2226
4054Tub-F CCTCCACCTTCGTCGGTAACTCC NCU04054 - +1091 to +1113
4054Tub-R GGTACTGCTGGTACTCGGAGACG NCU04054 - +1254 to +1276
4173ACT-F CCATGTACCCTGGTCTCTCCGAC NCU04173 - +911 to +933
4173ACT-R CCACCGATCCAGACGGAGTACTTG NCU04173 - +1005 to +1028
ChIP-PCR

PacC-F GACCCAACAGCCCAACTT pgsn gsn -1918 to -1901
SREBP-RP2  TCTGACCTTTCCCAATCAG pgsn gsn -1645 to -1627
pGPNNit-F2 CTGGCTGGCTCCGTCTTA pgpn gpn -725 to -708
pGPNNiIt-R2 GAGGTAAGTGGGGCAGTC pgpn gpn -527 to -510
gnnPAC3-Fp CTTGGGGCTCTCTCGTCTGTG pgnn gnn -380 to -360
gnnPAC3-Rp CAGTCGAAGGAGGCTGCAGTG pgnn gnn -288 to -268
branch-FP5 TAAATGGGAAGCTAGAAGGGACGAC pgbn gbn -973 to -949
branch-RP5 GGAGCTTCAACAAACACGGACATG pgbn gbn -747 to -724
DEBp-F2 GCCTGTTTTCTGACGGGT pgdn gdn -692 to -675
DEBp-R2 TTGGCTGTGATAGGACCG pgdn gdn -536 to -519
tresynt-Fp GCTCAAGTTCCTCAGCGCTACATT ptps-1 tps-1 -856 to -833
tresynt-Rp CTTGACATCTTCTGCCCAGACACA ptps-1 tps-1 -727 to -704
alfatre-Fp CGACAACCCGCCAATCAGC ptps-1h tps-1 U -547 to -529
alfatre-Rp AAGATCGGAAACTTGGAATGGCTGG ptps-1h tps-1 U -351 to -327
trephosp-Fp GATCTGTTTACATCCTTCGTCCCGC ptps-2 tps-2 -119 to -95
trephosp-Rp TGTTGTCCTTGTGTCATCTTGGCG ptps-2 tps-2 -7 to +17
trel-Fp CACACATTTCTCAGTCTCGTTCCCC ptre-1 tre-1 -737 t0 -713
trel-Rp GCTTGTTCCCCTGCTTCCCT ptre-1 tre-1 -586 to -567
tre2-Fp CCAGCCTCATCTGCGTCCT ptre-2 tre-2 -1064 to -1046
tre2-Rp TGGCGATGGAAAGCGGGAT ptre-2 tre-2 -942 to -924
qUbi-F CGAGTCTTCGGATACGATTG NCU05995 ubiquitin ~ +805 to +824
quUbi-R CCATCCTCCAACTGCTTAC NCU05995 ubiquitin  +894 to +912

aPrimers are positioned according to the ATG start codon from cDNA (qPCR) or genomic DNA (ChlIP-
PCR).
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Chapter 4. CRE-1 transcription factor and RCO-1 and RCM-1

corepressor proteins regulating glycogen metabolism

In this chapter, we investigated the role of the CRE-1 transcription factor and
the corepressor complex RCO-1/RCM-1 in Neurospora glycogen metabolism. We
found strong evidence for CRE-1 repression of glycogen synthesis: increased
glycogen levels and expression of gsn (encoding glycogen synthase), gbn (encoding
branching enzyme), gdn (encoding debranching enzyme), and gnn (encoding
glycogenin) and decreased expression of gpn (encoding glycogen phosphorylase) in
the cre-1 deletion strain. CRE-1 bound in vitro and in vivo to promoters of genes in
the glycogen synthesis and degradation pathways. We also confirmed the regulatory
role of CRE-1 in Carbon Catabolite Repression (CCR) and its nuclear localization
under repressing condition. Disruption of rco-1 or rcm-1 resulted in significant
differences in glycogen accumulation and misregulation of some genes involved in
glycogen metabolism, but the individual mutants did not affect glycogen metabolism
in the same way. Finally, we conclude that CRE-1 is a repressor of glycogenic gene

expression and plays a role in the regulation of glycogen synthase activity.

This work was published in Fungal Genetics and Biology (Elsevier), v. 77, p. 82-94,
2015 (doi:10.1016/j.fgh.2015.03.011).

Observation: According to A Al t er a - Nansas Idterrsas para a defesa da
Dissertacdo de Mestrado ou da Tese de Doutorado, aprovadas pelo Conselho de
Pos-Graduacdao em Biotecnologia do Instituto de Quimica, UNESP, Araraquara, em

nov/2010 e pela Congregracdoemr euni «o de dez/),2he defullsare Apper
presented in chapter format similar to the published article.
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Regulation of glycogen metabolism by the CRE-1, RCO-1 and RCM-1 proteins

in Neurospora crassa. The role of CRE-1 as the central transcriptional regulator
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ABSTRACT

The transcription factor CreA/Migl/CRE-1 is a repressor protein that regulates the
use of alternative carbon sources via a mechanism known as Carbon Catabolite
Repression (CCR). In Saccharomyces cerevisiae, Migl recruits the complex Ssn6-
Tupl, the Neurospora crassa RCM-1 and RCO-1 orthologous proteins, respectively,
to bind to promoters of glucose-repressible genes. We have been studying the
regulation of glycogen metabolism in N. crassa and the identification of the RCO-1
corepressor as a regulator led us to investigate the regulatory role of CRE-1 in this
process. Glycogen content is misregulated in the rco-1%°, rcm-1RP and cre-1K°
strains, and the glycogen synthase phosphorylation is decreased in all strains,
showing that CRE-1, RCO-1 and RCM-1 proteins are involved in glycogen
accumulation and in the regulation of GSN activity by phosphorylation. We also
confirmed the regulatory role of CRE-1 in CCR and its nuclear localization under
repressing condition in N. crassa. The expression of all glycogenic genes is
misregulated in the cre-1K© strain, suggesting that CRE-1 also controls glycogen

metabolism by regulating gene expression. The existence of a high number of the

Aspergillus nidulans CreA mo t i -SYGGR&3 6 ) in the glycogenic

led us to analyze the binding of CRE-1 to some DNA motifs both in vitro by DNA gel
shift and in vivo by ChIP-gPCR analysis. CRE-1 bound in vivo to all motifs analyzed
demonstrating that it down-regulates glycogen metabolism by controlling gene

expression and GSN phosphorylation.

Keywords: Neurospora crassa, Glycogen, Gene expression, CRE-1, ChIP-gPCR

1. Introduction

Microorganisms can grow in a variety of environmental conditions due to their
wide range of adaptative responses that ensure survival and their use of energy-
saving mechanisms. Nutrient responses can influence different regulatory
mechanisms, including those related to the use of carbon sources. In general,
filamentous fungi use glucose as their preferred carbon source while the alternative
sugar metabolizing enzymes are repressed in a mechanism known as Carbon
Catabolite Repression (CCR) (Ruijter and Visser, 1997; Vinuselvi et al., 2012). In
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recent years, numerous studies have demonstrated the importance of CCR
mechanism, especially in the secretory control of hydrolytic enzymes by industrial
microorganisms such as Trichoderma reesei (Hypocrea jecorina) and Aspergillus
species (reviewed in Aro et al., 2005). The production of cellulolytic and xylanolytic
enzymes is regulated by glucose through the action of the transcription factor CreA
(Aspergillus nidulans), CRE-1 (Neurospora crassa) or CRE1 (T. reesei). This
transcription factor is a repressor protein that regulates the transcription of genes
related to the use of alternative carbon sources when glucose is present (de Vries et
al., 1999; Mach-Aigner et al., 2008; Sun and Glass, 2011).

The action of the Cz2H2-zinc finger protein CreA/CRE-1/Migl is well conserved

among different fungi. CreA/CRE-1 b i n d s -SYGGRG3 oti f (Sun ar
2011; Kulmburg et al., 1993) that displays strong identity to the motif recognized by
Migl {S¥@GGG-36) (Lundin et al ., 1994)-medbtedwever

repression is complex and apparently varies among fungi. Transcriptional and post-
transcriptional events regulate A. nidulans CreA function (Strauss et al., 1999) and
phosphorylation regulates H. jecorina CRE1 activity (Cziferszky et al., 2002).
Although protein kinases that phosphorylate this transcription factor are unknown, the
involvement of the AMPK/Snfl kinase in the regulation by phosphorylation has been
demonstrated (Vautard-Mey and Fevre, 2000; Ostling and Ronne, 1998). This kinase
phosphorylates in vitro the yeast Migl, however the own H. jecorina CRE1 was not
phosphorylated by the same kinase (Cziferszky et al.,, 2003). The cellular
compartmentalization of CreA/CRE-1/Migl also differs among fungi. Migl location
was initially reported to be glucose-dependent, being nuclear in conditions of CCR
and translocating to the cytoplasm under glucose-limiting conditions (De Vit et al.,
1997). The A. nidulans GFP-tagged CreA location was demonstrated to be nuclear in
the presence of high glucose (Vautard-Mey et al., 1999; Roy et al., 2008; Brown et
al., 2013), however the cytoplasmic localization was strongly influenced by the nature
of the derepressing carbon source (Brown et al., 2013). Similar results have been
described for the Fusarium oxysporum GFP-Crel fusion protein, which showed
nuclear localization during growth on ethanol, a derepressing condition (Jonkers and
Rep, 2009). More recently, the T. reesei CRE1 was described to recycle between
nucleus and cytoplasm depending on the carbon source (Lichius et al., 2014).

This transcription factor plays a direct role controlling the expression of a large

number of genes encoding cell wall degrading enzymes. In T. reesei and Aspergillus
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93 species, CRE1/CreA, respectively, regulates the gene expression of celullases,
94 hemicelullases and xylanases (llmén et al., 1997; Orejas et al., 1999; reviewed in
95 Ruijter and Visser, 1997), while in N. crassa, deletion of the cre-1 gene led to an
96 increase in the production of hydrolytic enzymes involved in cellulose degradation
97 (Sun and Glass, 2011). We have been investigating the regulatory mechanisms
98 involved in N. crassa glycogen metabolism and in a screening of a mutant strains set
99 in transcription factors we identified the corepressor RCO-1 protein (Gongalves et al.,
100 2011). RCO-1 was first identified in N. crassa by Yamashiro et al. (1996) as a protein
101 that mediates the repression of conidiation and it is orthologous to the
102 Sacchamoryces cerevisiae Tupl, a protein component of the Ssn6-Tupl complex
103 (Keleher et al.,, 1992). This complex mediates the repression of genes related to
104 different cellular processes, depending on the DNA-binding protein that recruits it to
105 DNA. In yeast, such complex regulates glucose-repressible genes in a Migl-
106 dependent way, a process involving chromatin remodeling and nucleosome
107 compaction (Treitel and Carlson, 1995; reviewed in Smith and Johnson, 2000).

108 In N. crassa, RCM-1 is the S. cerevisiae Ssn6 orthologous protein and,
109 together with RCO-1, may have a role in regulating glucose-repressible genes. Lee
110 and Ebbole (1998) demonstrated the regulation of the N. crassa con-10 gene by
111  RCO-1 in a medium without glucose. More recently, the RCO-1-RCM-1 complex was
112 described to have a role in photoadaptation (Olmedo et al., 2010) and was identified
113 as a partner of the transcription factor CSP1, a clock-controlled repressor (Sancar et
114  al., 2011). The identification of RCO-1 as likely regulating the glycogen metabolism in
115 N. crassa and the hi gh number of -SEEGRG-3nptihs thed pr
116 region of genes codifying for glycogen metabolism enzymes prompted us to start
117 investigating the regulatory role of CRE-1, RCO-1 and RCM-1 in the regulation of
118 glycogen metabolism in N. crassa.

119 In this report, we demonstrate that CRE-1, RCO-1 and RCM-1 proteins
120 regulate glycogen metabolism by a process in which CRE-1 may play a central role
121  since the gene expression of all glycogen enzymes was misregulated in the cre-1X©
122 mutant strain. Gel mobility assays showed that the recombinant GST:.CRE-1
123 recognized and bound specifically to the gsn and gpn promoters in vitro and ChlP-
124 gPCR analysis confirmed CRE-1 binding to all glycogenic gene promoters. In
125 addition, CRE-1::GFP bound in vivo to its own promoter but was not able to bind to a
126 DNA fragment lacking a CRE-1 motif.



Chapter 4 153

127 2. Materials and methods

128

129  2.1. Neurospora crassa strains and growth conditions

130

131 The N. crassa FGSC#9718 (mat a, mus-51::bar), cre-1X° (FGSC#10372), rco-
132 1KO (FGSC#11371) and rcm-1RP (FGSC#10215) strains were purchased from the
133 Fungal Genetics Stock Center (FGSC) (McCluskey, 2003). The his-3::Pn-cre-1-gfp
134 strain was a gift from N. L. Glass, University of California, Berkeley, CA, USA (Sun
135 and Glass, 2011). All strains were maintainedons ol i d Vogel 6s mi ni mal
136 pH 5.8 (Vogel, 1956) containing 2% sucrose. Conidia from 10-day culture were
137 collected, suspended in sterile water and counted. For vegetative growth, 10’
138 conidia/mL or hyphae homogenates (for rco-1X° and rcm-1RP strains) were first
139 germinated in 60 mL of VM medium +2% sucrose at 30 °C, 250 rpm, for 24 h. After
140 this period, cultures were harvested and the mycelia were frozen in liquid nitrogen
141 and stored at -80 °C. For growth in different carbon sources, 10° conidia/mL were
142 first germinated in 1 L of VM medium +2% fructose (non-repressing carbon source)
143 (Ziv et al.,, 2008) at 30 °C, 250 rpm, for 24 h. After this period, cultures were
144 harvested and the mycelia were divided in four samples: one was frozen in liquid
145 nitrogen and stored at -80 °C for further processing (control sample) and the
146 remaining were transferred into 400 mL of fresh VM medium containing 2% of
147 glucose, or xylose or glycerol. Samples (125 mL) were harvested after incubation for
148 2, 4, and 8 h and processed as before. To analyze the effect of 2-deoxy-D-glucose
149 (2-DG) in catabolic repression, conidia (107/mL) from wild-type and cre-1X© strains
150 were inoculated into 20 mL of VM medium containing 1% sucrose, or glucose or
151 xylose with or without 1 mM 2-DG and incubated at 30 °C, 250 rpm, for 24 h. The
152 mycelia were harvested, filtered and dried at 98 °C for 16 h. The biomass weight was
153 expressed as a percentage relative to samples grown without 2-DG.

154

155 2.2. Glycogen and protein quantification

156

157 Mycelia pads were ground to a fine powder in a pre-chilled mortar in liquid
158 nitrogen and extracted in lysis buffer (50 mM Tris-HCI, pH 7.6, 100 mM NaF, 1 mM
159 EDTA, 1 mM PMSF, 0.1 mM TCLK, 1 mM benzamidine, and 1 €g/mL each of

160 pepstatin and aprotinin). Cellular extracts were clarified by centrifugation at 10,0009,
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for 10 min at 4 °C, and the supernatants were used for glycogen and protein
guantifications. Glycogen content was measured according to Freitas et al. (2010).
Briefly, 100 pL of the crude extract was precipitated with 20% TCA (final
concentration) and centrifuged (5000g, 10 min, 4 °C). The glycogen in the
supernatant was precipitated with 500 pL of 95% cold ethanol, collected by
centrifugation, washed twice with 66% ethanol, dried and digested with U-amylase
(10 mg/mL) and amyloglucosidase (30 mg/mL). Free glucose was measured using a
glucose oxidase kit and the glycogen content was normalized to total protein. Total

protein was quantified by the Hartree (1972) method, using BSA as standard.

2.3. Glycogen synthase activity

The activity of glycogen synthase was determined by [**C]-glucose
incorporation, as described by Thomas et al. (1968). Briefly, mycelia pads were
ground to a fine powder in nitrogen liquid in a pre-chilled mortar and 200 mg of each
sample was extracted in 1 mL of lysis buffer (50 mM Tris HCI, pH 7.5, 100 mM NaF,
1 mM EDTA, 1 mM PMSF, 1 mM benza mi di n e, -mércaptoethamol and 1
pug/mL each of aprotinin, pepstatin and TLCK). Cellular extracts were clarified (7000g,
10 min, 4°C) and total proteins were quantified (Hartree, 1972) using BSA as
standard. To assay glycogen synthase activity, a volume of 15 pL, containing
approximately 30 pg of total protein, was added to 30 pL of reaction buffer [50 mM
Tris-HCI, pH 7.8, 20 mM EDTA, 25 mM NaF, 0.67% glycogen, 3 mM UDP-[*C]-
glucose (1.8 mCi/mmol), with or without 7.2 mM glucose-6-phosphate (G6P)] and
incubated at 30 °C during 15 min. After incubation, 75 pL of each reaction were
withdrawn, placed on Whatmann 3 MM filter paper and washed with cold ethanol
(70%) under stirring for 15 min. Two additional washes in ethanol (70%) were done,
the first for 60 min and the second for 15 min. After washing, the filters containing the
reaction product were dried and radioactivity was quantified in a LS 6500 Scintillation
Counter (Beckman CoulterTM). One unit of glycogen synthase activity was defined

as the amount of enzyme that transferred 1 pmol of glucose to glycogen per minute.

2.4. RNA isolation and gene expression analysis
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Total RNA was prepared from mycelia samples according to Sokolovsky et al.
(1990) method. RNA (10 pg) from each sample was fractionated on a 2.2 M
formaldehyde 1.2% (w/v) agarose gel, stained with ethidium bromide and visualized
under UV light to assess the rRNAs integrity. Gene expression analysis was
performed by quantitative PCR (QPCR). RNA samples (10 pg) were treated with RQ1
RNAse-free DNAse (Promega) and subjected to cDNA synthesis by using the
SuperScript Il First Strand Synthesis kit (Invitrogen) and oligo (dT) primers,
according t o t he manufacturersao i nst
St ep One Pl u-Sime FPRR aystem (Applied Biosystems) using the Power
SYBR® Green PCR Master Mix (Applied Biosystems) and specific primers for
glycogen synthase (gsn), glycogen phosphorylase (gpn), glycogenin (gnn), 1,4-U-
glucan branching enzyme (gbn), glycogen debranching enzyme (gdn) and b-tubulin
(tub-2) mRNA amplicons (Table 1). Five biological replicates were run and the data
were analyzed using the (SppledBosstEms)Sio the
relative quantification standard curve
as a passive reference to normalize the SYBR green reporter dye fluorescent signal.
All PCR products had melting curves indicating the presence of a single amplicon.
The tubulin b chain (tub-2 gene, NCU04054) was used as the endogenous control in

all experiments.

2.5. Cellular localization

For microscopy experiments, conidia from the cre-1X° complemented strain
(his-3::Pn-cre-1-gfp) were inoculated onto a coverslip and incubated in liquid VM
containing 1% sucrose for 16 h at 30 °C. After this time, the cells were transferred to
the following media: VM without carbon source, VM plus 1% sucrose and VM plus
1% xylose and incubated for 1 h at 30 °C. Before transferring, the cells were washed
in the same transfer media to remove traces of sucrose. After incubation, mycelia on
the coverslips were fixed (3.7% formaldehyde, 50 mM NaH2POa, pH 7.0, 0.2% (v/v)
tween 80), washed with phosphate buffered saline (PBS) and stained with 0.5 pg/mL
DAPI for 5 min. The mycelia were washed again in PBS and examined in an AXIO
Imager.A2 Zeiss microscope. Images were captured with the AxioCam MRm camera
and processed using the AxioVision software. Further processing was done using
Adobe Photoshop 7.0.

ruct i
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2.6. cre-1 cDNA cloning and production and purification of the recombinant protein

The N. crassa cre-1 gene (ORF NCU08807) encodes a 430 amino acid
protein with a theoretical molecular mass of 47 kD. The entire cre-1 cDNA fragment
(1293 bp) was amplified from the pYADES cDNA plasmid library (Brunelli and Pall,
1993) with the oligonucleotides 8807-F and 8807-R (Table 1) and subcloned into the
pMOSBIue cloning vector (GE Healthcare) leading to the pMOS-8807 plasmid. A
~1.3 kb BamHI-EcoRI fragment was removed from pMOS-8807 and inserted into the
pGEX-4T1 vector (GE Healthcare) resulting in the pGEX-8807 plasmid. For
expression of the non-fused GST and the GST::.CRE-1 recombinant protein,
Escherichia coli Rosetta (DE3) pLysS cells harboring the pGEX-4T1 or pGEX-8807
plasmid constructions were used, respectively. Cells were grown at 37 °Cin 1 L of LB
medium to an ODsoo of 0.7 and induced with IPTG (final concentration 0.4 mM) for 4
h at 37 °C and 200 rpm. For purification, cells were suspended in buffer A (10 mM
NaH2PO4, 1.8 mM KH2POg4, pH 7.3, 140 mM NacCl, 2.7 mM KCI, 1 mM DTT, 1 mM
PMSF and 10 mM benzamidine) containing 0.5% Triton X-100 and 0.5% Tween 20
and lysed by sonication (5 cycles of 30 s sonication and 30 s on ice). After
centrifugation, the supernatant was subjected to affinity chromatography on a
GSTrap HP column (GE Healthcare) using the AKTA Prime purification system. The
recombinant protein was eluted in buffer B (50 mM Tris-HCI, pH 8.0, 10 mM
glutathione) and dialyzed twice against 1 L of dialysis buffer (10 mM Tris-HCI, pH 7.9,
100 mM KCI, 10% v/v glycerol, 1 mM EDTA and 0.5 mM DTT). The purified protein
was analyzed by 10% SDS-PAGE (Laemmli, 1970) followed by Coomassie Brilliant
blue staining and quantified by the Hartree (1972) method using BSA as standard.

2.7. Electrophoretic mobility shift assay (EMSA)

DNA-protein binding reactions were carried out in 30-80 pyL of 1x binding
buffer (25 mM HEPES-KOH, pH 7.9, 20 mM KCI, 10% v/v glycerol, 1 mM DTT, 0.2
mM EDTA, 0.5 mM PMSF, 12.5 mM benzamidine, and 5 pg/mL each of antipain and
pepstatin A) containing 2 pg of poly(dI-dC).(dI-dC) as non-specific competitor and 3-
10 pg of either GST or GST::CRE-1 recombinant protein. A radiolabeled DNA probe
(~10% cpm) was added and the reactions were incubated at room temperature for 20

min. Free probe was separated from DNA-protein complexes by electrophoresis on a
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native 5% polyacrylamide gel in 0.5x TBE buffer at 300 V, 10 mA and 10 °C. After
electrophoresis, the gel was dried and autoradiographed. For competition assays, an
excess of specific DNA competitor was added to the binding reactions 10 min prior to

incubation with the radiolabeled probe.

2.8. DNA probe and competitors for EMSA

A high number oSYGGRGS8A ) mavtaisf i (d® oftankihng e d

region of the gsn, gpn, gnn, gbn and gdn genes by in silico analysis. To obtain the
gsnh and gpn probes, DNA fragments containing the CreA motif were amplified from
genomic DNA using the oligonucleotides described in Table 1, in the presence of [
32P]-dATP (3000 Ci/mmol). The probes were purified on a 2% low-melting point
agarose gel. The unlabeled probes were used as specific DNA competitors. A 27 bp
DNA oligonucleotide was also used as a competitor after annealing the
complementary oligonucleotides oligoCRE-1-F and oligoCRE-1-R (Table 1). The
specific competitors were quantified by measuring the absorbance at 260 nm. For
competition assays, the specific competitors and the dsDNA CRE-1 oligonucleotide
were added to the binding reactions in 10-30-fold and 3-10-fold molar excess,

respectively.

2.9. ChIP-gPCR analysis

Chromatin immunoprecipitation assays were performed as described by
Tamaru et al. (2003) with modifications. Briefly, conidia from the his-3::Pn-cre-1-gfp
strain were grown in 125 mL of liquid VM medium containing 2% sucrose at 30 °C,
250 rpm, for 24 h and the chromatin was fixed by adding formaldehyde to 1% final
concentration, followed by incubation for 30 min at 30 °C and 250 rpm.
Formaldehyde was quenched using 125 mM glycine, at 30 °C, 250 rpm, for 10 min.
Sonicated chromatin prepared from each sample was pre-cleared with protein A Mag
Sepharose (GE Healthcare) pre-blocked with 0.5% BSA in PBS and then
immunoprecipitated with anti-GFP antibody (Sigma) and protein A Mag Sepharose.
As a negative control, a mock reaction without antibody was run (no Ab). The DNA
concentration was quantified and 25 ng of each reaction: input DNA, no Ab and IPs

(immunoprecipitated DNAs with anti-GFP) were analyzed by absolute quantification
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by quantitative PCR (QPCR).g PCR was perf or med on tTime
PCR system (Applied Biosystems) using the Power SYBR® Green PCR Master Mix
(Applied Biosystems) and specific oligonucleotides for gsn, gpn, gnn, gbn, and gdn
promoter regions (Table 1). A cre-1 promoter region containing the CreA motif was
used as positive control of binding and an ubiquitin region, lacking the motif were
used as negative control of binding. All PCR products had melting curves indicating

the presence of a single amplicon.

3. Results

3.1. CRE-1, RCO-1, and RCM-1 proteins regulate glycogen accumulation, glycogen
synthase activity and expression of genes encoding glycogenic enzymes

We previously screened a set of N. crassa knockout strains in genes encoding
transcription factors and identified the RCO-1 as a protein that regulates glycogen
metabolism (Goncalves et al.,, 2011). This protein is the S. cerevisiae Tupl
orthologue. In yeast, Tupl requires Ssn6, the called Ssn6-Tupl complex, which,
together with the Migl transcription factor, acts as a repressor of glucose-repressible
genes (Smith and Johnson, 2000). Since the N. crassa CRE-1, RCO-1 and RCM-1
proteins correspond to the S. cerevisiae Migl, Tupl and Ssn6 orthologous proteins,
respectively, we investigated the glycogen metabolism in the corresponding knockout
strains. The rcm-1RP is a mutant strain, in which the gene was partially inactivated by
RIP (Repeat Induced Point Mutation); the knockout strain is not viable (Olmedo et al.,
2010). Glycogen accumulation and gsn gene expression were previously analyzed in
a wild-type strain of N. crassa during vegetative growth (30 °C), and the results
showed higher levels after ~24 h of growth (de Paula et al., 2002). Here, we analyzed
the glycogen content, the glycogen synthase phosphorylation (the rate-limiting
enzyme in glycogen synthesis) and the expression of genes encoding the glycogenic
enzymes glycogenin (gnn), glycogen synthase (gsn), branching enzyme (gbn),
glycogen phosphorylase (gpn), and debranching enzyme (gdn) in the cre-1%°, rco-
1X0 and rem-1RP strains after 24 h of growth.

All mutant strains presented significant differences in glycogen accumulation
compared to the wild-type strain (Fig. 1A). However, whereas the cre-1X° strain

showed increased glycogen levels (two times), the rcm-1RP strain showed a

St er
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reduction of three times in glycogen content. The rco-1X° strain showed only a slight
increase in glycogen level, in agreement with our previous findings (Goncalves et al.,
2011). Glycogen synthase phosphorylation was analyzed in the presence and
absence of the allosteric modulator G6P (-/+ G6P ratio), lower values corresponding
to higher phosphorylation and, then, less active enzyme. All mutant strains displayed
higher ratio when compared to the wild-type strain showing that the enzyme is less
phosphorylated, and then more active in the mutant strains (Fig. 1B). The relative
gene expression was also analyzed for all genes encoding glycogenic enzymes (Fig.
1C). The cre-1X° strain showed misregulation in the expression of all glycogenic
genes. The CRE-1 protein appeared to act as a repressor of glycogen synthesis
since gsn, gbn and gnn expression (genes encoding enzymes for the glycogen
synthesis) was higher in the mutant strain than in the wild-type strain. In addition, gpn
expression (encodes a degradation enzyme) was lower in the same strain, likely
contributing to the high glycogen accumulated by the mutant strain (Fig. 1A). The gnn
and gpn expression was dramatically increased in the rco-1X© strain, in agreement
with previous results on gpn expression in this mutant strain (Bertolini et al., 2012).
Finally, the gbn, gpn and gdn expression was not substantially changed in the rcm-
1RIP strain and the gene expression results did not explain the levels of the glycogen
accumulated by this strain. It is likely that the lower gsn gene expression contributed
to the reduced glycogen levels in this mutant strain.

Based on these results, we concluded that the transcription factor CRE-1
could act as a repressor of the glycogen metabolism in N. crassa, likely by regulating

the expression of genes encoding glycogenic enzymes.

3.2. CRE-1 mediates repression of glycogen metabolism under carbon repressing

and non-repressing conditions

Since the transcription factor CreA/CRE-1/Migl mediates the CCR mechanism
in most fungi and CRE-1 regulates glycogen metabolism in N. crassa we decided to
investigate whether the regulation was dependent on the growth conditions. First, we
confirmed that CRE-1 protein mediates CCR by growing the wild-type and cre-1X°
strains in VM medium containing either glucose or sucrose (for repressing condition)
and in VM containing xylose (for non-repressing condition), in the absence and

presence of 2-DG (Fig. 2A). This compound is a non-metabolizable glucose analog
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that can be phosphorylated but cannot be further isomerized. The wild-type strain
showed reduced growth in xylose medium containing 2-DG while the growth of the
mutant strain was unaffected by the presence of 2-DG. These results confirmed that,
like in other fungi, N. crassa CRE-1 plays an important regulatory role in CCR.

To analyze whether the repressing and non-repressing carbon sources
influenced the regulation of glycogen metabolism by CRE-1 protein, conidia were first
grown for 24 h in fructose (derepressor carbon source) medium and then transferred
to glucose (repressor carbon source), xylose or glycerol (non-repressing carbon
sources). The rco-1%© and rcm-1RP mutant strains were included in this assay in
order to assess whether RCO-1 and RCM-1 proteins were required, together with
CRE-1, in the regulation. The Fig. 2B shows that the cre-1K° strain accumulated the
highest levels of glycogen regardless of the carbon source, indicating that CRE-1
negatively regulates glycogen metabolism under repressing and non-repressing
growth conditions. However, the glycogen accumulation in the cre-1X° was more
pronounced in the presence of fructose and glucose, the preferable carbon source
for glycogen accumulation. The glycogen accumulated by the rco-1X© and rcm-1R"P
mutant strains followed the same pattern presented in Fig. 1A, with some variations.
In general, the rco-1KO strain showed slightly higher levels while the rcm-1RP strain
showed slightly lower levels than those presented by the wild-type strain (p < 0.01).
These results suggest that both RCO-1 and RCM-1 proteins may not have a role in
the glycogen metabolism repression mediated by CRE-1. Although the cre-1K° strain
accumulated high levels of glycogen in the presence of glucose (repressing
condition), the glycogen levels accumulated in the presence of glycerol (non-
repressing condition) were very similar to those of the other mutant strains, mainly to
the rco-1X© strain. Finally, comparison of the different growth conditions, it was
possible to observe that alternative carbon sources such as those used in this work
(xylose or glycerol) are not good substrates for glycogen synthesis.

We analyzed the cellular localization of CRE-1 under repressing and
derepressing conditions in a CRE-1::GFP complemented strain in which the protein
expression is under control of the native promoter. For this, conidia were germinated
in VM containing sucrose for 16 h and then transferred to medium containing sucrose
(repressing condition) and media containing either xylose (non-repressing condition)
or lacking any carbon source. In cells grown in sucrose and transferred to sucrose,

the CRE-1::GFP localization was predominantly nuclear (Fig. 3A and B), as expected
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for a repressor carbon source such as sucrose. However, after 1 h of transfer to
medium containing xylose, CRE-1::GFP was detected in nuclei and the cytoplasm
(Fig. 3C). In VM lacking any carbon source (C-free) the protein was localized both in
the nuclei and cytoplasm after 1 h of transfer (Fig. 3D) and it was predominantly
outside the nuclei after later time of transferring (4 h, Fig. 3E). The results
demonstrated that CRE-1 protein is present in both the nucleus and the cytoplasm in
derepressed and starved conditions, showing that the CRE-1 partial absence of
nucleus may induce derepression of glucose-repressible genes. Although cycling
was observed, complete absence of CRE-1 from the nucleus seems not be essential
for depression in N. crassa. Our results were similar to those described for A.
nidulans by Brown et al. (2013) but differed from those reported by Sun and Glass
(2011) in N. crassa, although the later experiments were performed in a different
way. The authors observed a nuclear CRE-1 localization in agarose medium lacking

any carbon source.

3.3. Recombinant GST::CRE-1 binds to gsn and gpn promoters in vitro

The CreA DNA-binding motif was first identified in the A. nidulans gene
promoters, including the alcR and alcA for ethanol utilization (Kulmburg et al., 1993)
as being t he C 0 ns 6SMGARG6-3 s.e N.Uceassa genoBé, this
sequence is very common in the genome, however, Sun and Glass (2011) described
that genes having adjacent motifs in their promoter regions are more likely to be the
direct targets of CRE-1. A search for this motif in the promoters of the glycogenic
genes (gnn, gsn, gbn, gpn,andgdn) r eveal ed ma n-¥lanking tegiohss
either adjacent or not (Fig. 4). Some of these motifs (shaded boxes), containing
either two or three CRE-1 adjacent motifs in different position of the promoter
regions, were analyzed by DNA shift using the recombinant GST::CRE-1 protein
produced in E. coli. First, we assayed the binding reaction in the labeled gsn 234 bp-
probe (gsn 2) containing two adjacent motifs (Fig. 5A) located -1578 and -1601 bp
from the ATG start codon. Two DNA-protein complexes of different electrophoretic
mobility were observed using 3 pg of the recombinant protein (Fig. 5A, lane 3), which
were lightly reduced in the presence of unlabeled specific competitor added prior to
the probe (Fig. 5A, lane 4). However, the complexes were strongly reduced by

adding the 27 bp oligonucleotide cre-1 (Fig. 5A, lanes 5-8), which is a short dsDNA
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432 ol igonucl eoti de c-8YGGRG-1G nmo tai fsi (nyd e Hidg . 5
433 The complexes were not observed when the GST protein was added (Fig. 5A, lane
434 9) demonstrating that the binding complexes were specific for CRE-1. An interesting
435 result was obtained when only one motif of the same probe was analyzed (gsn 2, 179
436 bp). A unique DNA-protein complex was visualized (Fig. 5A, lane 12), which was
437 totally removed in the presence of the CRE-1 motif-containing oligonucleotide cre-1
438 (Fig. 5A, lanes 15 and 16). A similar result was observed when the gsn 3 DNA probe,
439  which contains three adjacent motifs (gsn 3, 166 bp) located -228, -293, and -327 bp
440 from the ATG start codon, was used (Fig. 5B). Three DNA-protein complexes
441  exhibiting different molecular masses were visualized (Fig. 5B, lanes 2 and 3), with
442  the lower mass complex showing weak intensity and specificity. The specificity was
443  probed using the same oligonucleotide cre-1 (Fig. 5B, lane 7) and the GST protein
444  (Fig. 5B, lane 8). The results in Fig. 5A and B showed that N. crassa CRE-1
445  recognized the same DNA motif as in A. nidulans but did not require adjacent motifs
446 for binding as previously described (Cubero and Scazzocchio, 1994). From these
447  results, we suggest that each DNA-protein complex may correspond to only one DNA
448  motif.

449 We also investigated whether GST::CRE-1 was able to recognize and bind in
450 vitro to some CreA motifs identified in the gpn promoter (see Fig. 4, shaded boxes).
451 Initially, a 190 bp-probe (gpn 1) containing three motifs located -1984, -2074 and -
452 2090 bp from the start codon was assayed and three DNA-protein complexes were
453 visualized (Fig. 6A, lane 2). The highest and lowest molecular mass complexes were
454  strongly decreased when the unlabeled probe was added as specific competitor prior
455 to binding (Fig. 6A, lane 3) and the lowest molecular mass complex was completely
456 abolished in the presence of 20-fold molar excess of the DNA oligonucleotide cre-1
457  (Fig. 6A, lane 6). Interestingly, the intermediate complex was not removed by adding
458 these competitors, which suggested that it was a high affinity DNA-protein complex.
459 Fig. 6B shows the binding reaction of the GST::CRE-1 protein to the gpn 3 probe
460 (138 bp) containing two motifs, localized at -262 and -290 bp from the start codon;
461 three complexes were also visualized (Fig. 6B, lane 2). Similar to the results
462 described in Fig. 5A and B, formation of the complexes was either decreased or
463 abolished in the presence of the specific competitors and the GST protein was
464 unable to bind to the probes (Fig. 6A and B, lanes 7). It is noteworthy that the

465 oligonucleotide cre-1, used as a specific competitor in all DNA-binding reactions,
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corresponds to a motif present in the gsn promoter (gsn 3), suggesting that the
regions surrounding the DNA motif do not strongly influence the protein binding. In
addition, it should be noted that all CRE-1 D NA mo3YGGRG-3(65 alyzed in
this work corresponded to different nucleotide sequences. An interesting result was
the presence of multiple DNA-protein complexes exhibiting different molecular
masses for probes having more than one motif. We speculate that they may

represent complexes having distinct conformational structures.

3.4. CRE-1 binds to all glycogenic gene promoters in vivo

Chromatin immunoprecipitation-gPCR assays were done to confirm the
binding in vivo of CRE-1 to the DNA maotifs in the glycogenic genes (Fig. 7). Using
ChIP-gPCR we analyzed whether the DNA motifs were indeed the binding targets for
CRE-1. In these experiments we used the cre-1X° complemented strain (his-3::Pn-
cre-1-gfp) and anti-GFP antibody. Chromatin was obtained from mycelia grown in VM
medium containing sucrose (repressing carbon source), a condition that favors
glycogen accumulation in the cre-1K° strain (see Fig. 1A). As a negative control, a
mock reaction without antibody was run and the input DNA was used as positive
control of the experiments. As previously described, many CreA motifs were
i dent i f i dldnking megidndaf thebgd/cogenic genes and some of them were
bound in vitro by the recombinant CRE-1 (Figs. 5 and 6).

The ChIP-gPCR was analyzed in gsn (Fig. 7A), gpn (Fig. 7B), gdn (Fig. 7C),
gnn (Fig. 7D) and gbn (Fig. 7E) promoters. The cre-1 promoter and a region inside
the coding sequence of the ubiquitin gene, lacking the motif, were used as positive
and negative control of binding, respectively. The Fig. 7A shows that CRE-1 was not
able to bind to the single motif located at -2034 bp from the ATG start codon in the
gsnl promoter region. However, CRE-1 bound to gsn2 and gsn3 promoter regions,
which possess two and three CreA adjacent motifs, respectively. CRE-1 also bound
specifically to all regions in gpn (Fig. 7B), gdn (Fig. 7C), gnn (Fig. 7D), and gbn (Fig.
7E) promoters. Interestingly, some regions possess a single motif (gnn and gdn
promoters) showing that the CRE-1 transcription factor can also recognize and bind
in vivo to one single motif. It is important to observe the high copy number of the
gsn3 (Fig. 7A, right panel), which may suggest a major regulatory role of CRE-1 in

the expression of this gene. Finally, CRE-1 bound to its own promoter, which



500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533

Chapter 4 164

contains three adjacent CreA motifs (see Fig. 4) but did not bind to the ubiquitin gene
fragment, which does not have any CreA motifs (Fig. 7F) (considering p < 0.001).
These results showed that CRE-1 specifically recognizes and binds to all glycogenic
gene promoters in vivo, therefore regulating their expression in the presence of

sucrose (repressive condition).

4. Discussion

A screening of N. crassa strains deleted in transcription factors allowed us to
identify transcriptional regulators that are likely involved in glycogen metabolism
control. Some of the proteins identified are described in the literature as involved in
alternative cellular processes what raised insights concerning the importance of the
energy balance provided by glycogen metabolism in different biological processes
(Gongalves et al.,, 2011). In this work, we investigated the link between glycogen
metabolism and carbon repression in N. crassa. Carbon catabolic repression (CCR)
is a mechanism present in many microorganisms and related to the glucose-
preferred effect on the metabolism of other carbon sources. It is mediated by the
transcription factor Migl/CreA/CRE-1, highly conserved among fungal species, and
in S. cerevisiae, Migl recruits the repressor complex Tupl-Ssn6 to promoters of
glucose-repressible genes (Treitel and Carlson, 1995). In this study, we used the cre-
1XO strain to assess the regulation of glycogen metabolism and included the strains
rco-1K° and rcm-1R"P, which are the RCO-1 and RCM-1 mutant strains, the
orthologues of S. cerevisiae Tupl and Ssn6, respectively. We previously identified
RCO-1 as likely involved in the regulation of glycogen metabolism (Goncalves et al.,
2011) and also observed a severe defect in glycogen accumulation by the cre-1X°
strain, which suggested that this transcription factor represses glycogen metabolism
in N. crassa. In this work, we demonstrated that the repressor activity mediated by
CRE-1 was observed under repressing and non-repressing carbon conditions,
indicating that it was not dependent on the external carbon source. The accumulation
of glycogen in cre-1X° strain could result from misregulation in the expression of
genes encoding glycogenic enzymes. All genes, except gpn (encodes glycogen
phosphorylase), were up-regulated in cre-1X°, indicating that loss of CRE-1 caused
derepression of these genes. On the other hand, gpn was down-regulated indicating

that CRE-1 also plays a role in gene activation, in agreement with Sun and Glass
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534 (2011) and similar to the findings described for this transcription factor in A. nidulans
535 (Mogensen et al., 2006) and T. reesei (Portnoy et al., 2011). In the Sun and Glass
536 (2011) work, the genes gsn and gpn were described as putative targets of CRE-1
537 regulation.

538 To analyze the regulatory role of CRE-1 on gene expression we examined the
539 5 -flanking regions of all glycogenic genes and many CreA DNA-bi ndi ng -mot i f
540 SYGGRG-30) were identified. Some mot i inhgitrower e
541 and in vivo based on their positions and number in the genomic region analyzed.
542  DNA shift experiments showed that the E. coli recombinant GST-tagged CRE-1 was
543 able to bind to DNA fragments from the gsn and gpn promoters containing CRE-1
544 motifs producing DNA-protein complexes with different molecular masses and
545 affinities, depending on the DNA probe. All DNA-binding reactions were specific
546 since binding was reduced or even abolished when the DNA oligonucleotide cre-1
547 containing the CRE-1 binding site was used as a specific competitor. These findings
548 revealed that CreA binding sites in the promoters analyzed were indeed the target for
549 the binding of recombinant CRE-1. In addition, the nucleotide sequences in the
550 neighborhood may not play an important role in DNA binding since only a single DNA
551 oligonucleotide competed in all the DNA probes analyzed. Our results are not
552  consistent with findings previously reported in the literature in some aspects. First,
553 the number of complexes formed was independent of the motif orientation; in A.
554 nidulans two divergently oriented sequences, separated by one base pair, are
555 necessary for binding (Cubero and Scazzocchio, 1994). Other important difference
556 was related to the number of motifs required for CRE-1 binding; while some reports
557 indicated a requirement for multiple motifs for binding (Cubero and Scazzocchio,
558 1994; Sun and Glass, 2011), in our work, CRE-1 was able to bind in vitro and in vivo
559 to only one motif and there seemed to be a correlation between the number of motifs
560 and the number of complexes in the in vitro assays. We observed binding in vivo of
561 CRE-1 in the motifs present in all promoters, with the exception of a region in the gsn
562 promoter, independently of whether a single motif or not. We conclude that under the
563 physiological growth conditions analyzed here (VM medium containing 2% sucrose
564 and 24 h of growth) the majority of CreA motifs existent in the glycogenic gene
565 promoters may be functional in vivo. Based on these results we suggest that CRE-1
566 is a repressor of glycogen synthesis, likely repressing the expression of gsn and gbn

567 genes, that encode enzymes in the glycogen synthesis, and that in its absence the
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repressor activity is released and glycogen accumulates.

Since in S. cerevisiae Migl recruits the complex Tupl/Ssn6 to glucose-
repressed promoters (Treitel and Carlson, 1995), we investigated the role of the
RCO-1 and RCM-1 proteins in the regulation of the glycogen metabolism. We
demonstrated that both proteins regulate the glycogen metabolism by influencing in
the glycogen synthase phosphorylation and in the expression of the genes that
encode enzymes of the glycogen metabolism. Taking in consideration the results
when repressing and non-repressing conditions were used (Fig. 2B), we conclude
that RCO-1 and RCM-1 proteins do not play a regulatory role in the regulation of
glycogen metabolism under repressing and non-repressing growth conditions;
however, CRE-1 may play a repressor central role in this process. RCO-1 was
previously described to have a minor role in CreA-mediated carbon repression in A.
nidulans (Hicks et al., 2001; Garcia et al., 2008). We have not determined whether
these proteins interact to each other and we cannot preclude the possibility of
additional proteins being required for binding. The Tupl-Ssn6 complex has been
implicated in the repression of a large number of genes in S. cerevisiae, although
neither Tupl nor Ssn6 binds directly to DNA (reviewed in Parnell and Stillman, 2011).
Different mechanisms have been proposed to explain the repressor function of the
Tupl-Ssn6 complex, including interaction with histone deacetylases, inhibition of
transcriptional activators and modification of chromatin structures. However, in a
recent study, Wong and Struhl (2011) proposed that the Tupl-Ssn6 complex
regulates transcription by blocking the activation domains of DNA-binding proteins,
thereby preventing their interaction with transcriptional activators rather than by
acting as a corepressor. In N. crassa, the RCO-1-RCM-1 complex was identified to
transiently interact with the clock-controlled transcriptional repressor CSP1 (Sancar
et al.,, 2011), regulating its kinetics of phosphorylation and thus its degradation.
Interestingly, the authors described the gene encoding glycogen phosphorylase as a
putative target of regulation by CSP-1 and RCO-1.

Our findings show that CRE-1 mediates the repression of glycogen
metabolism under carbon repressing and non-repressing conditions, however
repressing carbon sources such as glucose are preferred to non-repressing carbon
sources such as xylose and glycerol for glycogen accumulation. Glucose is
metabolized to pyruvate by glycolysis and further metabolism depends on the growth

conditions whether aerobic/anaerobic, whereas xylose is metabolized via the pentose
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phosphate pathway. Different organisms, including filamentous fungi, need to
regulate the metabolic reprogramming of their glucose/carbon metabolism, although
the molecular mechanisms involved are not always well understood. The regulation
of galactose metabolism by the S. cerevisiae gene GAL1 provides a good example
for understanding such regulation. In glucose-rich medium, GALL1 is repressed by the
Migl-Tupl-Ssn6 complex (Nehlin et al., 1991), while in galactose-containing medium
without glucose, GAL1 transcription is activated by Gal4 that recruits the SAGA
complex (Bhaumik and Green, 2001). The repressed/activated states are the
consequence of a distinct chromatin architecture and epigenetic status such that
multiple transcriptional regulatory proteins must be required, depending on the DNA
region. Han and Emr (2011) showed that in S. cerevisiae conversion of the GAL1
promoter from a repressed state to an activated state is dependent on a cytoplasmic
component, phosphatidylinositol 3,5-bisphosphate [PI(3,5)P2] that interacts with Cti6
protein to assemble the activator complex Cti6-Tup1-Ssn6. More recently, the same
group showed that this mechanism controls the reprogramming from glycolysis to
gluconeogenesis (Han and Emr, 2013). The genes FBP1 (encoding fructose-1,6-
biphosphatase) and ICL1 (encoding isocitrate lyase) are under control of Migl
repressor and the Tupl-Ssn6 corepressor complex and require PI(3,5)P2 for
transcriptional activation.

Although the findings described here represent an important progress in
assessing the CRE-1 transcription factor regulating a specific metabolic process in N.
crassa, more studies are required to understand if there is a role of the RCO-1/RCM-
1 complex in this process. One model proposed for the repressor activity of Tupl
protein in yeast suggests that, together with Ssn6, they recruit histone deacetylases
for chromatin remodeling at the promoter (Parnell and Stillman, 2011). Since the
complex needs to interact with a DNA-binding protein, it is assumed that large protein
complexes must be recruited to ensure the repression of target genes. We have
previously identified that a histone acetyltransferase protein binds to some regions of
the gsn promoter (Freitas et al., 2008), a finding that raises interesting questions
regarding the role of chromatin architecture in the regulation of this gene. The answer
to this question may reveal fundamental aspects of gene regulation in N. crassa

glycogen metabolism.

Acknowledgments



636
637
638
639
640
641
642
643
644
645

646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675

Chapter 4 168

This work was supported by the Fundacdo de Amparo a Pesquisa do Estado
de Sédo Paulo (FAPESP) and Conselho Nacional de Desenvolvimento Cientifico e
Tecnologico (CNPq), Brazil, for grants and fellowships. We deeply thank NL Glass
(University of California, Berkeley, CA, USA) for providing the cre-1%° complemented
strain. We al so thank PA de Castro (from GH
Farmacéuticas, USP, Ribeirdo Preto, SP, Brazil) and | Malavazi (Universidade
Federal de Sao Carlos, Sdo Carlos, SP, Brazil) for their support on the microscopic

analysis.

References

Aro, N., Pakula, T., Penttila, M., 2005. Transcriptional regulation of plant cell wall
degradation by filamentous fungi. FEMS Microbiol. Rev. 29, 719-739.

Bertolini, M.C., Freitas, F.Z., de Paula, R.M., Cupertino, F.B., Gongalves, R.D., 2012.
Glycogen Metabolism Regulation in Neurospora crassa, in: Witzany G, (Ed.),
Biocommunication of Fungi. Springer, Dordrecht, pp. 39-55.

Bhaumik, S.R., Green, M.R., 2001. SAGA is an essential in vivo target of the yeast
acidic activator Gal4p. Genes Dev. 15, 1935-1945.

Brown, N.A., de Gouvea, P.F., Krohn, N.G., Savoldi, M., Goldman, G.H., 2013.
Functional characterisation of the non-essential protein kinases and
phosphatases regulating Aspergillus nidulans hydrolytic enzyme production.
Biotechnol. Biofuels 6, 91. doi: 10.1186/1754-6834-6-91.

Brunelli, J.P., Pall, M.L., 1993. A series of yeast/Escherichia coli lambda expression
vectors designed for directional cloning of cDNAs and cre/lox-mediated plasmid
excision. Yeast 9, 1309-1318.

Cubero, B., Scazzocchio, C., 1994. Two different, adjacent and divergent zinc finger
binding sites are necessary for CREA-mediated carbon catabolite repression in
the proline gene cluster of Aspergillus nidulans. EMBO J. 13, 407-415.

Cziferszky, A., Mach, R.L., Kubicek, C.P., 2002. Phosphorylation positively regulates
DNA binding of the carbon catabolite repressor CRE-1 of Hypocrea jecorina
(Trichoderma reesei). J. Biol. Chem. 277, 14688-14694.

Cziferszky, A., Seiboth, B., Kubicek, C.P., 2003. The Snfl kinase of the filamentous
fungus Hypocrea jecorina phosphorylates regulation-relevant serine residues in
the yeast carbon catabolite repressor Migl but not in the filamentous fungal
counterpart CRE-1. Fungal Genet. Biol. 40, 166-175.

de Paula, R., de Pinho, C.A., Terenzi, H.F., Bertolini, M.C., 2002. Molecular and
biochemical characterization of Neurospora crassa glycogen synthase encoded
by gsn cDNA. Mol. Genet. Genomics 267, 241-253.

De Vit, M.J., Waddle, J.A., Johnston, M., 1997. Regulated nuclear translocation of
the Migl glucose repressor. Mol. Biol. Cell 8, 1603-1618.

Gol «



676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719

Chapter 4 169

de Vries, R.P., Visser, J., de Graaff, L.H., 1999. CreA modulates the XInR-induced
expression on xylose of Aspergillus niger genes involved in xylan degradation.
Res. Microbiol. 150, 281-285.

Freitas, F.Z., Bertolini, M.C., 2004. Genomic organization of the Neurospora crassa
gsn gene: possible involvement of the STRE and HSE elements in the
modulation of transcription during heat shock. Mol. Gen. Genomics 272, 550-561.

Freitas, F.Z., Chapeaurouge, A., Perales, J., Bertolini, M.C., 2008. A systematic
approach to identify STRE-binding proteins of the gsn glycogen synthase gene
promoter in Neurospora crassa. Proteomics 8, 2052-2061.

Freitas, F.Z., de Paula, R.M., Barbosa, L.C.B., Terenzi, H.F., Bertolini, M.C., 2010.
cAMP signaling pathway controls glycogen metabolism in Neurospora crassa by
regulating the glycogen synthase gene expression and phosphorylation. Fungal
Genet. Biol. 47, 43-52.

Garcia, ., Mathieu, M., Nikolaev, I., Felenbok, B., Scazzocchio, C., 2008. Roles of
the Aspergillus nidulans homologues of Tupl and Ssn6 in chromatin structure
and cell viability. FEMS Microbiol. Lett. 289, 146-154.

Gongalves, R.D., Cupertino, F.B., Freitas, F.Z., Luchessi, A.D., Bertolini, M.C., 2011.
A genome-wide screen for Neurospora crassa transcription factors regulating
glycogen metabolism. Mol. Cell. Proteomics 10.11. doi:
10.1074/mcp.M111.007963.

Han, B.K., Emr, S.D., 2011. Phosphoinositide [PI(3,5)P2] lipid-dependent regulation
of the general transcriptional regulator Tupl. Genes Dev. 25, 984-995.

Han, B.K., Emr, S.D., 2013. The phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2)-
dependent Tupl conversion (PIPTC) regulates metabolic reprogramming from
glycolysis to gluconeogenesis. J. Biol. Chem. 288, 20633-20645.

Hartree, E.F., 1972. Determination of protein: a modification of the Lowry method that
gives a linear photometric response. Anal. Biochem. 48, 422-427.

Hicks, J., Lockington, R.A., Strauss, J., Dieringer, D., Kubicek, C.P., Kelly, J., Keller,
N., 2001. RcoA has pleiotropic effects on Aspergillus nidulans cellular
development. Mol. Microbiol. 39, 1482-1493.

llImén, M., Saloheimo, A., Onnela, M.L., Penttila, M.E., 1997. Regulation of cellulase
gene expression in the filamentous fungus Trichoderma reesei. Appl. Environ.
Microbiol. 63, 1298-1306.

Jonkers, W., Rep, M., 2009. Mutation of CRE-1 in Fusarium oxysporum reverts the
pathogenicity defects of the FRP1 deletion mutant. Mol. Microbiol. 74, 1100-
1113.

Keleher, C.A., Redd, M.J., Schultz, J., Carlson, M., Johnson, A.D., 1992. Ssn6-Tupl
is a general repressor of transcription in yeast. Cell 68, 709-719.

Kulmburg, P., Mathieu, M., Dowzer, C., Kelly, J., Felenbok, B., 1993. Specific binding
sites in the alcR and alcA promoters of the ethanol regulon for the CREA
repressor mediating carbon catabolite repression in Aspergillus nidulans. Mol.
Microbiol. 7, 847-857.

Laemmli, U.K., 1970. Cleavage of structural protein during the assembly of the head
of bacteriophage T4. Nature 227, 680-685.



720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762

Chapter 4 170

Lee, K., Ebbole, D., 1998. Tissue-specific repression of starvation and stress
responses of the Neurospora crassa con-10 gene is mediated by RCO-1. Fungal
Genet. Biol. 23, 269-278.

Lichius, A., Seidl-Seiboth, V., Seiboth, B., Kubicek, C.P., 2014. Nucleo-cytoplasmic
shuttling dynamics of the transcriptional regulators XYR1 and CRE1l under
conditions of cellulose and xylanase gene expression in Trichoderma reesei. Mol.
Microbiol. doi:10.1111/mmi.12824.

Lundin, M., Nehlin, J.O., Ronne, H., 1994. Importance of a flanking AT-rich region in
target site recognition by the GC box-binding zinc finger protein MIG1. Mol. Cell.
Biol. 14, 1979-1985.

Mach-Aigner, A.R., Pucher, M.E., Steiger, M.G., Bauer, G.E., Preis, S.J., Mach, R.L.,
2008. Transcriptional regulation of xyrl, encoding the main regulator of the
xylanolytic and cellulolytic enzyme system in Hypocrea jecorina. Appl. Environ.
Microbiol. 74, 6554-6562.

McCluskey, K., 2003. The Fungal Genetics Stock Center: from molds to molecules.
Adv. Appl. Microbiol. 52, 245-262.

Mogensen, J., Nielsen, H.B., Hofmann, G., Nielsen, J., 2006. Transcription analysis
using high-density micro-arrays of Aspergillus nidulans wild-type and creA mutant
during growth on glucose or ethanol. Fungal Genet. Biol. 43, 593-603.

Nehlin, J.O., Carlberg, M., Ronne, H., 1991. Control of yeast GAL genes by MIG1
repressor: a transcriptional cascade in the glucose response. EMBO J. 10, 3373-
3377.

Olmedo, M., Navarro-Sampedro, L., Ruger-Herreros, C., Kim, S.R., Jeong, B.K., Lee,
B.U., Corrochano, L.M., 2010. A role in the regulation of transcription by light for
RCO-1 and RCM-1, the Neurospora homologs of the yeast Tup1-Ssn6 repressor.
Fungal Genet. Biol. 47, 939-952.

Orejas, M., MacCabe, A.P., Gonzélez, J.A.P., Kumar, S., Ramén, D., 1999. Carbon
catabolite repression of the Aspergillus nidulans xInA gene. Mol. Microbiol. 31,
177-184.

Ostling, J., Ronne, H., 1998. Negative control of the Miglp repressor by Snflp-
dependent phosphorylation in the absence of glucose. Eur. J. Biochem. 252,
162-168.

Parnell, E.J., Stillman, D.J., 2011. Shields up: the Tupl-Cyc8 repressor complex
blocks coactivator recruitment. Genes Dev. 25, 2429-2435.

Portnoy, T., Margeot, A., Linke, R., Atanasova, L., Fekete, E., Sandor, E., Hartl, L.,
Karaffa, L., Druzhinina, |.S., Seiboth, B., Le Crom, S., Kubicek, C.P., 2011. The
CRE-1 carbon catabolite repressor of the fungus Trichoderma reesei. a master
regulator of carbon assimilation. BMC Genomics 12, 269-280.

Roy, P., Lockington, R.A., Kelly, J.M., 2008. CreA-mediated repression in Aspergillus
nidulans does not require transcriptional auto-regulation, regulated intracellular
localization or degradation of CreA. Fungal Genet. Biol. 45, 657-670.

Ruijter, G.J.G., Visser, J., 1997. Carbon repression in Aspergilli. FEMS Microbiol.
Lett. 151, 103-114.



763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806

Chapter 4 171

Sancar, G., Sancar, C., Brugger, B., Ha, N., Sachsenheimer, T., Gin, E., Wdowik, S.,
Lohmann, I., Wieland, F., Hofer, T., Diernfellner, A., Brunner, M., 2011. A global
circadian repressor controls antiphasic expression of metabolic genes in
Neurospora. Mol. Cell 44, 687-697.

Smith, R.L., Johnson, A.D., 2000. Turning genes off by Ssn6-Tupl: a conserved
system of transcriptional repression in eukaryotes. Trends Biochem. Sci. 25, 325-
330.

Sokolovsky, V., Kaldenhoff, R., Ricci, M., Russo, V.E.A., 1990. Fast and reliable mini-
prep RNA extraction from Neurospora crassa. Fungal Genet. Newsl. 37, 41-43.

Strauss, J., Horvath, H.K., Adballah, B.M., Kindermann, J., Mach, R.L., Kubicek,
C.P., 1999. The function of CreA, the carbon catabolite repressor of Aspergillus
nidulans, is regulated at the transcriptional and post-transcriptional level. Mol.
Microbiol. 32, 169-178.

Sun, J., Glass, N.L., 2011. Identification of the CRE-1 cellulolytic regulon in
Neurospora crassa. PLoS ONE 6, e25654.

Tamaru, H., Zhang, X., McMillen, D., Singh, P.B., Nakayama, J., Grewal, S.I., David
Allis, C., Cheng, X., Selker, E.U., 2003. Trimethylated lysine 9 of histone H3 is a
mark for DNA methylation in Neurospora crassa. Nat. Genet. 34, 75-79.

Thomas, J.A., Schlender, K.K., Larner, J., 1968. A rapid filter paper assay for
UDPglucose-glycogen glucosyltransferase, including an improved biosynthesis of
UDP-!C-glucose. Anal. Biochem. 25, 486-499.

Treitel, M.A., Carlson. M., 1995. Repression by SSN6-TUP1 is directed by MIG1, a
repressor/activator protein. Proc. Natl. Acad. Sci. USA 92, 3132-3136.

Vautard-Mey, G., Fevre, M., 2000. Mutation of a putative AMPK phosphorylation site
abolishes the repressor activity but not the nuclear targeting of the fungal glucose
regulator CRE-1. Curr. Genet. 37, 328-332.

Vautard-Mey, G., Cotton, P., Févre, M., 1999. Expression and compartmentation of
the glucose repressor CRE-1 from the phytopathogenic fungus Sclerotinia
sclerotiorum. Eur. J. Biochem. 266, 252-259.

Vinuselvi, P., Kim, M.K., Lee, S.K., Ghim, C-M., 2012. Rewiring carbon catabolism
repression for microbial cell factory. BMB Rep. 45, 59-70.

Vogel, H.J., 1956. A convenient growth medium for Neurospora crassa (medium N).
Microbiol. Genet. Bull. 13, 42-43.

Wong, K.H., Struhl, K., 2011. The Cyc8-Tupl complex inhibits transcription primarily
by masking the activation domain of the recruiting protein. Genes Dev. 25, 2525-
2539.

Yamashiro, C.T., Ebbole, D.J., Lee, B.U., Brown, R.E., Bourland, C., Madi, L.,
Yanofsky, C., 1996. Characterization of rco-1 of Neurospora crassa, a pleiotropic
gene affecting growth and development that encodes a homolog of Tupl of
Saccharomyces cerevisiae. Mol. Cell Biol. 16, 6218-6228.

Ziv, C., Gorovits, R., Yarden, O., 2008. Carbon source affects PKA-dependent
polarity of Neurospora crassa in a CRE-1-dependent and independent manner.
Fungal Genet. Biol. 45, 103-116.



Chapter 4 172

807 Tablel

808 Oligonucleotides used in this study.
Primers Sequences*® ( 58 0) Source Name Positions
8807-F ATGCAACGCGTACAGTCAGCAG NCU08807 - +1to +22
8807-R GAATTCTTACAACCGGTCCATCATCTC NCU08807 - +1273 to +1293
gGSN-F TACCAAGCATCACCACCAACCTCT NCU06687 - +1541 to +1564
gGSN-R TGTCTGCGGCTCTTCTGGGTAAAT NCU06687 - +1689 to +1712
gGPN-F TGCCAATATCGAAATCACCCGCGA NCU07027 - +2247 to +2261
gGPN-R TCTCGATGGCCTCAAACACCTTGA NCU07027 - +2375 to +2398
gGNN-F ACAAGCACCCGAACCCAC NCU06698 - +1134 to +1151
gGNN-R AAGGGTGGGCGATGCTGT NCU06698 - +1234 to +1251
gRAMIF-F TCTGCGATGCCGAGTTGT NCU05429 - +1487 to +1504
gRAMIF-R ACTCGTTGCCCTCGAAGT NCUO05429 - +1616 to +1633
gDESRAM-F TCGGCGGTAATCAAGCCA NCU00743 - +3779 to +3796
gDESRAM-R TGAATTTGCCGGCTTCGT NCU00743 - +3935 to +3952
4054Tub-F CCTCCACCTTCGTCGGTAACTCC NCU04054 - +1091 to +1113
4054Tub-R GGTACTGCTGGTACTCGGAGACG NCU04054 - +1254 to +1276
XLNR-FP2 TGAGGGTGAGAAAGTTGC pgsn gsnl -2173 to -2156
XLNR-RP2 TATTCTGCAACGGAACTCC pgsn gsni -2053 to -2035
SREBp-F2 CATGGGAGTATTCGTTGC pgsn gsn 2 -1790to -1773
GSN-FP4 CTGATTGGGAAAGGTCAGA pgsn gsn 2 -1645 to 1627
emsaSTRE1-F CACTGCACAGATCTGGAG pgsn gsn 2 -1590 to -1573
emsaSTRE1-R GAGACATCCATGGGCATT pgsn gsn 2 -1429 to -1412
STRE2i-F GCTTCAGTGAGGCCCCGT pgsn gsn 3 -350 to -333
STRE2i-R GCAGATCAGGTCGACGTAGC pgsn gsn 3 -204 to -185
oligoCRE1-F GAGGCCCCGTTCCCCGCTTCCGGCCGG pgsn oligo cre-1 -342to -316
oligoCRE1-R CCGGCCGGAAGCGGGGAACGGGGCCTC pgsn oligo cre-1 -342to -316
pGPNNit-F1 CGGTGGGTGGTAGGTTGTG pgpn gpnl -2111 to -2093
pGPNNit-R1 CCGACCCCGACTTTGCG pgpn gpnl -1938 to -1922
pGPNNit-F3 GTAGTATCACGGTTGGGC pgpn gpn 2 -1287 to -1270
pGPNNit-R3 ACCCCCATTGGCCCCTCC pgpn gpn 2 -1122 to -1105
pGPNxInr-F CTAGCCCATCAAGGTACGTG pgpn gpn 3 -321to0 -302
pGPNxInr-R CCTAGGTGGTGTCTCTGGTC pgpn gpn 3 -203 to -184
GNNp-F3 GTCGCCAAGTTAGGTTCA pgnn gnn -198 to -181
GNNp-R CTACTTGACAATCACAAAATTC pgnn gnn -19to +3
DEBp-F1 TAACTCTCACAGCGGTCG pgdn gdn1 -16331t0 -1616
DEBp-R1 GCTGACCGCAACAAGACC pgdn gdn1 -1447 to -1430
DEBp-F2 GCCTGTTTTCTGACGGGT pgdn gdn 2 -707 to -690
DEBp-R2 TTGGCTGTGATAGGACCG pgdn gdn 2 -551 to -534
BRANCH-FP3 GCCCCTCCATGAAGCGAAGA pgbn gbn -12151t0-1196
BRANCH-RP1 TGGTTGGGCTTCTGGGCG pgbn gbn -1133t0-1116
pCRE1-F GCAACGGAGTCTGAACCC pcre-1 cre-1 -1226 to -1209
pCRE1-R CAATACAATACGCAGCAC pcre-1 cre-1 -1073 to -1056
quUbi-F CGAGTCTTCGGATACGATTG NCUO05995 ubiquitin +735t0 +754
pUbi-R CCATCCTCCAACTGCTTAC NCU05995 ubiguitin +842 to +824

809 2aThe EcoRl restriction site is underlined in the 8807-R sequence.

810 PThe ATG start codon and TAA stop codon in the NCU08807-F/R sequences are represented in bold and

811 italic. Primers are positioned according to the ATG start codons. The nucleotides in bold in the

812 oligonucleotides oligopCRE-1-F/R represent the CreA motif.
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Fig. 1. Glycogen accumulation, glycogen synthase activity and expression of genes encoding
glycogen metabolism enzymes under physiological growth. (A) Glycogen accumulation in wild-type
and mutant strains. (B) Glycogen synthase activity (-G6P/+G6P ratio) in the same strains. (C) Gene
expression analysis of genes gsn (NCU006687), gpn (NCU07027), gnn (NCU06698), gbn
(NCUO05429) and gdn (NCU00743) in the same strains. The expression of the tubulin tub-2 gene
(NCUO04054) was used as the endogenous control for all genes. Mycelia were grown at 30 °C for 24 h
in VM medium containing 2% sucrose. Results represent the average of 3-5 independent experiments.
The asterisks indicate significant differences compared to the wild-type strain (T-test), *p < 0.01 and
**p < 0.05.
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Fig. 2. Glycogen accumulation under different carbon sources. (A) Effect of 2-deoxy-D-glucose (2-DG)
on the growth of wild-type and cre-1X° mutant strains. Mycelia were grown for 24 h at 30 °C in VM
medium containing 1% sucrose (left panel), glucose (middle panel) or xylose (right panel) in the
absence or presence of 1 mM 2-DG. Mycelial mats were harvested, dried at 98 °C for 16 h and
weighed. (B) Glycogen content in wild-type and mutant strains. Mycelia were grown at 30 °C for 24 h
in VM medium containing 2% fructose (C, control) and then transferred to VM medium containing 2%
glucose, xylose or glycerol. Mycelia were collected 2, 4 and 8 h after transferring. Results represent
the average of at least three independent experiments. The asterisks indicate significant difference (T-
test, p < 0.01) in the presence and absence of 2-DG (A), and differences between the mutants and
wild-type strains in the same growth condition (B).
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Fig. 3. Subcellular localization of CRE-1::GFP under repressing and derepressing conditions. The his-
3::Pn-cre-1-sfgfp strain was grown on VM medium containing 1% sucrose for 16 h (A) and then
transferred to medium containing sucrose (repressing condition) (B), or xylose (derepressing
condition) (C) or a medium lacking carbon source (D and E). Images were taken after 1 and 4 h of
incubation. Fluorescence was evaluated using a Zeiss Microscope at a magnification of 100x. Results
shown represent one of at least two independent experiments.



