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RESUMO

FERNANDES, Tatiana Alves Rigamonte, M. Sc., Universidade Federal de
Vigosa, abril de 2010. Internalizagcdo da permease de lactose de
Kluyveromyces lactis em resposta a fontes de carbono. Orientadora: Flavia
Maria Lopes Passos. Co-orientadores: Luciano Gomes Fietto e Everaldo
Gongalves de Barros.

A permease de lactose de Kluyveromyces lactis, Lac12, media o
transporte de lactose e o de galactose de baixa afinidade. Aqui € apresentado o
estudo do efeito de fontes de carbono na internalizacdo de Lac12 através do
uso de linhagens contendo o gene quimérico LAC12-GFP. Quando células de
K. lactis pré-cultivadas em galactose ou lactose foram transferidas para um
novo meio, Lac12-GFP foi removida da membrana plasmatica e localizada
intracelularmente. Surpreendentemente, mesmo a presenca de galactose ou
lactose no novo meio de transferéncia causou essa internalizacao, e a resposta
celular foi diferente para esse dois agucares. Os resultados obtidos revelam
que o processo de internalizagao é dependente do tipo de agucar presente e de
sua concentracado. A internalizacdo de Lac12-GFP causou reducédo nas taxas
de captacdo de lactose[C'*] e também foi observada em uma linhagem mutante
Klsnf1; portanto, esse evento independe da atividade de KISnf1. Evidéncias
indicam que glicose-6-fosfato é o sinal intracelular, uma vez que a
internalizagdo foi induzida por 2-deoxiglicose, e a inibigdo da atividade da
enzima fosfoglimutase por litio impediu a internalizagéo por galactose, mas nao
por lactose ou glicose. A internalizacdo nao ocorreu em 6-deoxiglicose, e, em

auséncia de sintese protéica, o evento foi irreversivel.
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ABSTRACT

FERNANDES, Tatiana Alves Rigamonte, M. Sc., Universidade Federal de
Vigosa, April 2010. Internalization of Kluyveromyces Ilactis lactose
permease in response to carbon sources. Adviser. Flavia Maria Lopes
Passos. Co-advisers: Luciano Gomes Fietto and Everaldo Gongalves de
Barros.

Kluyveromyces lactis Lac12 permease mediates lactose and low-affinity
galactose transports. In this study we have investigated the effects of carbon
sources on internalization of Lac12 by using a LAC12-GFP fusion construct.
When galactose- or lactose-grown cells are shifted to a fresh sugar medium,
Lac12-GFP is removed from the plasma membrane and localized intracellularly.
Surprisingly, even galactose or lactose in the new media caused the
internalization, and cells responded differently to theses two sugars. Our results
reveal that this process is dependent of sugar species and also sugar
concentration. Lac12-GFP internalization causes reduction on [C'¥|lactose
uptake rates and also occurs in a Klsnfl mutant strain; thereby, it is
independent of KISnf1 activity. We suggest that glucose-6-phosphate is the
intracellular signal, since internalization was induced by 2-deoxyglucose and
inhibition of phosphoglucomutase by lithium prevented galactose- but not
lactose- or glucose-induced internalization. Lac12-GFP internalization was not
triggered by 6-deoxyglucose, and was irreversible in absence of protein

synthesis.

Vi



1. INTRODUGAO

A levedura Kluyveromyces lactis € uma das poucas leveduras capazes
de assimilar lactose, o agucar do leite. Entre suas aplicagbes biotecnoldgicas
esta a fermentacdo da lactose presente no soro de queijo, um abundante
residuo da industria de laticinios. Ela também tem recebido atencdo como um
potencial hospedeiro para sintese heterdloga de proteinas e como um modelo
para leveduras nao-convencionais (Rubio-Texeira, 2005). Comparada a
Saccharomyces cerevisiae, K. lactis utiliza um espectro mais amplo de
agucares, como pentoses, e dissacarideos como celobiose, além da lactose
(Freer, 1991; Breunig et al., 2000).

A assimilagao de lactose por K. lactis € mediada pelas proteinas Lac12 e
Lac4, as quais, respectivamente, realizam o transporte e a hidrdlise intracelular
de lactose em glicose e galactose. Tem sido sugerido na literatura cientifica
que a fermentacao de agucares por Kluyveromyces é limitada pela capacidade
de transporte transmembrana (Milkowski et al., 2001). Portanto, se o interesse
€ aumentar a capacidade fermentativa de K. lactis para producao de etanol a
partir de lactose ou de biomassa lignoceluldsica, € importante investigar como
a regulacao do transporte de agucares nessa levedura € modulada.

A permease Lac12 media tanto o transporte de lactose quanto o de
baixa afinidade de galactose, por um mecanismo de simporte com prétons
(Dickson & Barr, 1983; Wiedemuth & Breunig, 2005). LAC12 é regulado em
nivel transcricional e corregulado com os genes GAL, envolvidos no
metabolismo de galactose (Dong & Dickson, 1997). Além da transcricdo, a
atividade e a estabilidade de proteinas Lac12 sdo reguladas (Wiedemuth &
Breunig, 2005). Em S. cerevisiae, fonts de carbono fermentaveis podem causar
inativagao irreversivel de permeases. A inativagdo catabdlica induzida por

glicose ocorre quando S. cerevisiae é transferida de um meio contendo uma



fonte de carbono alternativa para outro meio contendo glicose, e 0 processo
envolve internalizagdo por endocitose e protedlise vacuolar. A adicdo de
glicose a S. cerevisiae cultivada em galactose causa monoubiquitinagdo do
principal transportador de galactose, Gal2, seguida de internalizacdo e
proteolise vacuolar (Horak & Wolf, 1997).

A principal via de regulagéo transcricional por glicose em S. cerevisiae
envolve a serina/treonina cinase Snf1, mediadora central da ativagao
transcricional de genes sob repressdo catabdlica, cujos produtos séao
relacionados ao metabolismo de fontes de carbono alternativas (Hedbacker et
al., 2003; Mayordomo et al., 2003). A delegcdo de SNF1 em K. lactis causa
deficiéncia no direcionamento de Lac12 para a membrana plasmatica; essa
deficiéncia ndo é primeiramente devida a reducdo da transcricdo de LAC172,
mas a alteragéo na distribuigdo subcelular da permease (Wiedemuth & Breunig,
2005). Tais dados indicam um papel de KISnf1 na regulagéo pos-transcricional
em K. lactis.

O transporte transmembrana, mediado por permeases, € o primeiro
alvo da regulagdo do metabolismo de carbono. Dependendo do meio em que
as células se encontram, a atividade e/ou estabilidade dessas proteinas é
afetada. Em S. cerevisiae, fontes de carbono fermentaveis, especialmente
glicose, podem causar inativagao irreversivel dos transportadores de fontes
alternativas. A inativacdo envolve internalizacdo por endocitose e protedlise
vacuolar (Horak & Wolf, 1997).

O controle pés-traducional da permease de lactose de K. lactis em
resposta a diferentes fontes de carbono ainda nao foi estudado. Nesse trabalho
demonstramos que Lac12 é pos-transcricionalmente regulada por alteragdo em
sua localizagao celular em resposta ndo somente a glicose, mas também a

lactose e galactose.



2. REVISAO DE LITERATURA

K. lactis € uma das poucas leveduras conhecidas capazes de assimilar o
agucar do leite lactose, e tal capacidade fisiologica determina muitas das
aplicagdes biotecnoldgicas desta levedura. Entre elas, esta a fermentacao da
lactose presente no soro de queijo, um abundante residuo da industria de
laticinios. Ela também tem recebido atencdo como um potencial hospedeiro
para sintese heterdloga de proteinas e como um modelo para leveduras nao-
convencionais (Rubio-Texeira, 2006). Comparada a Saccharomyces cerevisiae,
K. lactis utiliza um espectro mais amplo de agucares, como pentoses, e
dissacarideos como celobiose, além da lactose (Freer, 1991; Breunig et al.,
2000).

O transporte transmembrana, mediado por permeases, € o primeiro alvo
da regulagcdo do metabolismo de carbono. A permease de K. lactis Lac12
medeia tanto o transporte de lactose quanto o transporte de baixa afinidade de
galactose, sendo ambos por um mecanismo de transporte ativo secundario de
simporte com prétons (Dickson & Barr, 1983; Baruffini et al., 2006). Tem sido
bem documentado que LAC172 é regulado em nivel transcricional e co-regulado
com os genes GAL, do metabolismo de galactose (Dong & Dickson, 1997).

Em S. cerevisiae, a principal via de regulacdo do metabolismo de
carbono em nivel transcricional envolve a atuagdo do complexo protéico Snf1,
cujos estados fosforilado e nao-fosforilado determinam, respectivamente, a
ativacdo ou a repressao catabodlica de genes relacionados a utilizacdo de
fontes alternativas de carbono (Hedbacker et al., 2003). Para o estudo dessa
via de regulagcdo em K. lactis, Dong e Dickson (1997) construiram a linhagem
mutante para o gene KISNF1 denominada JSD1. A partir de JSD1, Wiedemuth
e Breunig (2005) construiram a linhagem JSD1R-LAC12GFP, que contém o
gene LAC12 fusionado ao da GFP (Green Fluorescent Protein). Seus estudos



demonstraram que esse mutante é deficiente em destinar Lac12 para a
membrana plasmatica, e que essa deficiéncia ndo se deve a reducdo da
transcricdo de LAC172, mas a alteracao da distribuicdo subcelular da permease.
No mutante, uma grande proporgdo da permease € localizada em vesiculas
intracelulares, o que evidencia a atuacao de KISnf1 em nivel pds-traducional,
no direcionamento subcelular das proteinas sintetizadas. Porém, ainda nao se
sabe se KISnf1 atua na estabilizagdo da permease na membrana, impedindo
sua internalizagao, ou no direcionamento da proteina recém-sintetizada para a
membrana.

Em nivel pés-traducional, a regulagdo do metabolismo de carbono é
alcancada pela modulagao da atividade e estabilidade das enzimas. Uma das
estratégias € a inativagao irreversivel das permeases, que € estimulada por
fontes fermentaveis de carbono, mas nao por fontes ndo fermentaveis como
glicerol e etanol (Riballo et al., 1995). Quando S. cerevisiae € transferida de
uma fonte de carbono alternativa (ndo-preferencial) para um meio contendo
glicose, ocorre a internalizacdo dos transportadores da fonte alternativa por
endocitose e protedlise vacuolar — processo conhecido como “inativagcao
catabdlica induzida por glicose”. A adi¢ao de glicose a células de S. cerevisiae
cultivada em galactose causa monoubiquitinagéo do principal transportador de
galactose, Gal2, seguida de internalizagdo e degradacao vacuolar (Horak &
Wolf, 1997). Por meio do estudo da permease de maltose Mal61, de S.
cerevisiae, duas vias da inativacao induzida por glicose foram elucidadas. Uma
via é mediada pelo sensor de glicose extracelular Rgt2, e causa protedlise de
Mal61 independentemente do transporte de glicose; a outra via depende do
transporte de glicose e estimula a protedlise de Mal61, além de causar uma
inibicado do transporte de maltose. Essa inibicado do transporte € uma resposta
mais rapida que a protedlise (Jiang et al., 1997; Medintz et al., 1996). A via
dependente do transporte de glicose € reconhecidamente estimulada pelas
etapas iniciais da fermentagao de agucares, incluindo transporte e fosforilacao.
A sinalizagao do processo nao é glicose-especifica, e pode ser produzida pelo
rapido transporte e fermentagao de qualquer agucar. Por exemplo, maltose é
capaz de gerar inativagdo de sua prépria permease (Jiang et al., 2000).

Estudos prévios sobre inativagdo em Kluyveromyces tém abordado

principalmente a inativacdo catabdlica induzida por glicose das enzimas



intracelulares isocitrato-liase (Lépez et al., 2004) e frutose-1,6-bisfosfatase
(Zaror et al., 1993). Até o momento, o controle pds-traducional da permease de
lactose de K. lactis em resposta a glicose ou a outros agucares nao foi
suficientemente estudado. Em estudos prévios, observamos que a adigdo de
glicose a células previamente cultivadas em lactose ou galactose causa
internalizacdo da permease Lac12-GFP. Contudo, de modo semelhante a S.
cerevisiae, em que o sinal para inativagdo nao é glicose-especifico, a adi¢ado de
lactose e galactose também promoveu internalizagdo. Esse processo se
revelou dependente da fonte de carbono e de sua concentragdo, uma vez que
células transferidas para meio fresco com baixa concentrac&o de galactose (0,1
% pl/v) ndo apresentaram internalizagdo, mas para os meios com 0,1 % de
lactose ou 0,5 % de galactose a internalizagao foi nitida.

O metabolismo de lactose € iniciado pela hidrdlise intracelular, que gera
glicose e galactose. A galactose é metabolizada pela via de Leloir, composta
por uma série de reagdes catalisadas pelas enzimas galactocinase, galactose-
1-fosfato uridiltransferase e uridina difosfato (UDP)-galactose 4-epimerase que
converte galactose em glicose-1-fosfato (Csutora 2005). A confluéncia da via
de Leloir com a via glicolitica ocorre pela conversado da glicose-1-fosfato em
glicose-6-fosfato, que prossegue, entdo, na (glicolise. A enzima
fosfoglicomutase (PGM), responsavel por essa conversdo, € essencial no
metabolismo de galactose. A perda da atividade da PGM em S. cerevisiae, por
mutagdo ou por inibigdo por litio, gera aumento significativo da razdo entre
glicose-1-fosfato e glicose-6-fosfato em células cultivadas em galactose e
reducdo no nivel de UDP-glicose em células cultivadas em glicose, 0 que
impede o prosseguimento das vias biossintéticas que utilizam esse metabdlito
(Bro et. al., 2003; Csutora et. al., 2005). As vias de assimilagdo de galactose e

glicose em S. cerevisiae estdo esquematizadas na figura 1.
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Figura 1 — Vias de assimilagdo de galactose e glicose em Saccharomyces
cerevisiae. Glc: glicose; Glc-1-P: glicose-1-fosfato; Glc-6-P: glicose-6-fosfato;

Gal-1-P: galactose-1-fosfato. Adaptado de Csutora et. al., 2005.

Em resultados anteriores, demonstramos que a inibicdo da enzima
PGM por cloreto de litio impede a internalizagdo da permease em galactose,
mas nao em lactose ou glicose. A inibicao da PGM pelo litio no meio contendo
galactose causou um acumulo de glicose-1-fosfato intracelular, que nao pbde
ser convertida a glicose-6-fosfato. Assim, os resultados indicam que a
formacdo de glicose-6-fosfato nessas células € essencial ao processo de
internalizacao. Trata-se de um dado relevante, uma vez que glicose-6-fosfato é
reconhecidamente responsavel pela repressdo catabodlica em S. cerevisiae
(Ralsera et al., 2008).

Neste trabalho, apresentamos evidéncias de que a internalizagao da
permease de lactose é sinalizada pela concentracao intracelular de glicose-6-
fosfato, independe de Snflp, e determina a reducdo do transporte

transmembrana de lactose.
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Lactose permease in Kluyveromyces lactis is internalized not only in response

to glucose, but also to lactose and galactose

Rigamonte, T.A. M) Fietto, L.G.®, Silveira, W.B. ", Breunig, K.D. @) passos, F.M.L*"
(1) Departmento de Microbiologia, Universidade Federal de Vigosa, MG, Brazil, 36571-000

(2) Departamento de Bioquimica e Biologia Molecular, Universidade Federal de Vigosa, MG, Brazil,
36571-000

(3) Institut fir Genetik, Martin-Luther-Universitat Halle-Wittenberg, 06099 Halle, Germany.

Short running title: Internalization of Kluyveromyces lactis lactose permease

Kluyveromyces lactis Lac12 permease mediates lactose and low-affinity
galactose transports. Here we report our study of the effects of carbon sources on
internalization of Lac12 by using a LAC12-GFP fusion construct. When galactose- or
lactose-grown cells are shifted to a fresh sugar medium, Lac12-GFP is removed from
the plasma membrane and localized intracellularly. Surprisingly, even galactose or
lactose in the new media caused the internalization, and cells responded differently to
theses two sugars. Our results reveal that this process is dependent of sugar species
and also sugar concentration. Lac12-GFP internalization causes reduction on
[C™]lactose uptake rates and occurs in a Klsnf1 mutant strain; thereby, it is
independent of KISnf1 activity. We suggest that glucose-6-phosphate is the
intracellular signal, since internalization was induced by 2-deoxyglucose and inhibition
of phosphoglucomutase by lithium prevented galactose- but not lactose- or glucose-
induced internalization. Lac12-GFP internalization was not triggered by 6-

deoxyglucose, and was irreversible in absence of protein synthesis.

Keywords: Kluyveromyces lactis, lactose permease, Lac12, posttranslational control,

catabolite inactivation, sugar transport.
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Introduction

The yeast Kluyveromyces lactis is one of the few yeasts capable to assimilate
the milk sugar lactose. One of its biotechnological applications is the fermentation of
lactose present in cheese whey, an important residue from the dairy industry. It is
also used as a host for heterologous protein synthesis, and has emerged as a model
for non-conventional yeasts (Rubio-Texeira, 2006). Compared to Saccharomyces
cerevisiae, K. lactis is able to use a more diverse range of sugars, such as pentoses
and the disaccharide cellobiose (Freer, 1991; Breunig et al., 2000).

Lactose metabolism in K. lactis is mediated by the proteins Lac12 and Lac4,
which mediate lactose transport and hydrolysis, respectively. It has been suggested
that fermentative utilization of sugars in Kluyveromyces is limited by transport
capacity (Milkowski et al., 2001). Consequently, improvement of K. /actis fermentative
potential might be reached by modulating sugar uptake.

Lac12 permease mediates both lactose and low affinity galactose transport by
a symport mechanism (Dickson & Barr, 1983; Wiedemuth & Breunig, 2005). LAC12 is
regulated at the transcriptional level and co-regulated with genes GAL, mediating
galactose metabolism (Dong & Dickson, 1997). In addition, the activity and stability of
Lac12 may be regulated (Wiedemuth & Breunig, 2005). In S. cerevisiae, fermentable
carbon sources can cause irreversible inactivation of transporters. Glucose-induced
catabolite inactivation occurs when S. cerevisiae is shifted from alternative carbon
sources to glucose, and involves internalization by endocytosis and vacuolar
proteolysis. Addition of glucose to galactose-growing S. cerevisiae triggers
monoubiquitination of the major galactose transporter, Gal2, followed by
internalization and vacuolar degradation (Horak & Wolf, 1997).

There are two signaling pathways that stimulate the glucose-induced
inactivation, elucidated by study of S. cerevisiae maltose permease Mal61: one is
mediated by the extracellular glucose sensor Rgt2 and causes Mal61 proteolysis
independently on glucose transport; the other pathway is dependent on transport and
stimulates Mal61 proteolysis and also an inhibition of maltose transport that is faster

than can be explained by proteolysis alone (Jiang et al., 1997; Medintz et al., 1996).
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The transport-dependent pathway is stimulated by the initial steps of sugar
metabolism including transport and phosphorylation. However, as it has been
recognized, the signaling of the process is not glucose-specific, and can be produced
by fast transport and phosphorylation of many other sugars. For example, maltose
can trigger inactivation of its own permease (Jiang et al., 2000).

The main transcriptional regulation by glucose in S. cerevisiae depends on the
trimeric serine/treonine Snf1 kinase, the central mediator of transcription release of
genes under catabolic repression, whose products are related to alternative carbon
sources metabolism (Hedbacker et al., 2003; Mayordomo et al., 2003). Mutant snf1 K.
lactis cells presented lower growth rates in glucose, sucrose, lactose and galactose,
and no growth was obtained in raffinose, sorbitol, maltose or glycerol (Dong &
Dickson, 1997). Furthermore, deletion of KISNF71 causes deficiency in accumulate
Lac12 at cellular membrane; it has also been shown that this deficiency is not
primarily due to reduction on LAC12 transcription, but to alteration on subcellular
distribution of the permease (Wiedemuth & Breunig, 2005). These data indicate the
role of KISnf1 in posttranslational regulation in K. /actis.

The posttranslational control of K. lactis lactose permease in response to
glucose or other sugars has not been studied in detail. In this study we demonstrate
that Lac12 is posttranslationally regulated by change in its subcellular localization in
response to the carbon source, as previously reported for S. cerevisiae galactose and

maltose permeases.
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Material and methods

Yeast strains and growth conditions

The K. lactis strains used in this work were JAG-LAC12GFP (MATa ade1-600 adeT-
600 ura3-12 trp1-11 LAC9-2 LAC12-EGFP) and JSD1R-LAC12GFP (MATa ade1-600
adeT-600 ura3-12 trp1-11 LAC9-2 Klsnf1::ura3 LAC12-EGFP) (Wiedemuth &
Breunig, 2005). In both strains, Lac12-GFP fusion protein is expressed under control
of its own LAC12 promoter. Cells were grown in synthetic complete medium (SC)
(0.67% wlv yeast nitrogen base supplemented with amino acids and nucleobases)
containing 2 % (w/v) galactose or lactose as carbon and energy sources. Cultures

were maintained in rotatory shaker at 200 rpm, and 30 °C.

Effects of carbon source concentration and presence of 2-DG and 6-DG on
Lac12-GFP localization

K. lactis JA6-LAC12GFP was pre-cultured in SC medium containing 2 % galactose or
lactose to late log phase (optical density at 600 nm [O.D.gponm] 3 to 4). Then, cells
were harvested by centrifugation, washed with sterile water and resuspended in SC
media with 0.1, 0.5 or 2 % galactose, glucose or lactose. Resuspension of pre-
cultured cells corresponded to time zero. The nonfermentable carbon source glycerol
3 % (v/v) was used as a negative control of the inactivation process. In addition, cells
were resuspended in SC medium with 2 % of the non-metabolizable glucose
analogues 2-deoxy-D-glucose (2-DG) or 6-deoxy-D-glucose (6-DG) in order to
determine the minimal number of metabolic steps required for inactivation of Lac12
permease. 2- and 6-DG were obtained from Sigma Chemical Co.

Fluorescence microscopy

At selected time intervals, the localization of the permease was observed by the
presence of fluorescence in cellular compartments, as both strains contain the
chimerical gene LAC12-GFP. The microscope was Olympus BX50 with oil immersion
objective (100X).
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Measurement of [C'*]lactose uptake rates

The initial uptake rates of [D-glucose-1-'*C] lactose were measured as previously
described elsewhere (Loureiro-Dias & Peinado, 1984). Cell suspension (20 uL; about
0.6 mg dry wt), 20 pL Tris/citrate buffer (pH 5.0, 100 mM) and 10 uL of a solution of
[D-glucose-1-"*C] lactose (Amersham) were incubated at 28 °C for 10 s (the range of
final concentrations of lactose was 0.05 to 5 mM and the specific activity was about
50 GBqg.mol™). Incorporation was stopped by addition of 5 mL ice-cold water. Cells
were immediately filtered and washed with ice-cold water on GF/C Whatman glass-
fiber filters. Radioactivity was counted in a liquid scintillation system (Beckman LS
6000SC). Controls were prepared by addition of 5 mL cold water prior to addition of
labeled lactose. In order to check whether the measurements were good estimates of
initial uptake rates, linearity of incorporation with time for periods up to 40 s was
confirmed. All assays were done in duplicate. When transport rates at different points
of the time course of growth were evaluated, the final lactose concentration utilized

was 0.15 mM. The procedure was as described above.

Effect of LiCl on K. lactis growth and on Lac12-GFP internalization

K. lactis was pre-cultured in SC medium containing 2 % galactose to late log phase.
Cells were harvested and diluted for plating in YP 2 % galactose or glucose agar
media containing 0, 30 or 100 mM LiCl to investigate the effect of
phosphoglucomutase inhibition on K. /actis growth in galactose. Colonies were
examined after 48 hours of incubation at 30 °C. To test the effect of lithium on Lac12-
GFP internalization, galactose-grown cells were shifted to SC medium containing 2 %
galactose, lactose or glucose, and 30 mM LiCl. Samples were taken and cellular

fluorescence was observed.
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Results

Lac12-GFP localization is altered during K. lactis growth

The subcellular localization of Lac12-GFP was analyzed by fluorescence
microscopy during 12 hours of growth with samples being taken each hour. Figure 1
shows yeast cells sampled after 2 and 4h at log growth phase, and after 10 and 12h,
at reduced growth rates. The images reveal permease internalization within the first
hours in fresh medium. At later time points the intracellular fluorescence was reduced,
whereas a strong fluorescence signal in the plasma membrane reappeared.

Besides glucose, the sugars galactose and lactose also caused internalization
of Lac12-GFP permease, even though galactose and lactose are substrates for the
permease. In lactose, the cells emitted fluorescence from intracellular compartments
in all samples taken from the cultures during 12 hours of growth (Fig. 1A). The
punctuated staining may reflect fragmented vacuoles or intracellular vesicles. When
cells were grown in galactose, practically no internal fluorescence was observed after
10 hours and the signal at the plasma membrane was very intense (Fig. 1B).

To analyze the influence of sugar concentration on Lac12-GFP internalization,
galactose-grown cells were shifted to fresh media containing galactose or lactose at
concentrations of 0.1, 0.5 or 2 % (Fig. 2). In 0.1 and 0.5 % galactose, most of the
fluorescence signal remained at the membrane after shifting, and only a slight
intracellular signal appeared; 2 % galactose caused a strong internalization. Lactose
caused rapid internalization of the permease even at concentration of 0.1 %. Glycerol,
which is a non-fermentable carbon source, did not cause internalization of the

permease.

Permease internalization is followed by reduction on lactose uptake rates

Galactose-grown cells were harvested at log phase and inoculated to an initial

0O.D.s00nm 0Of 0.2 into a fresh 2 % galactose medium. Subcellular Lac12-GFP
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distribution was then followed by fluorescence microscopy. Samples were taken after
2, 5 and 10 hours of inoculation for analysis of [C™]lactose uptake rates. The rates
(Fig. 3) were coherent with the phenomenon of internalization of the permease as
presented in Fig. 1: samples of yeast cells at time zero (pre-culture) showed higher
transport activity, while after two hours in fresh medium the transport rate decreased.
Transport rates tend to increase, paralleling the return of the permease to the
membrane.

Lactose uptake rates from galactose-grown cells were higher than those from
cells lactose-grown (Table 1, “pre-culture” line). This is expected since fluorescence
signal at membrane is more intense in galactose than in lactose (Fig. 1). Cells
transferred to fresh 2 % lactose or galactose media showed reduction on lactose
uptake rates, which can be explained by internalization. The uptake rates in cells
transferred to 0.1 % galactose medium was reduced in the first hour, but increased

later (Table 1), in accordance with the fluorescence images (Fig. 2).

Lac12-GFP internalization depends on the formation of glucose-6-phosphate

but is independent of the glycolytic flow

To address the question whether galactose-induced internalization requires
galactose metabolism, we tested the influence of lithium on yeast growth and on
Lac12 internalization. Lithium is known to inhibit phosphoglucomutase (PGM)
(Masuda et al., 2001), which is essential for galactose metabolism, as it catalyzes the
interconversion of glucose-1-phosphate into glucose-6-phosphate. In S. cerevisiae
grown in glucose, the lithium inhibitory concentration (ICsp) is 100 mM, while in
galactose the IC5 is 6 mM (Bro et al., 2003). Growth assays in the presence of LiCl
confirmed that lithium inhibits the growth of K. /actis in galactose but not in glucose
medium, for the two concentrations used: 30 and 100 mM (Fig. 4A). The effect of LiCl
on Lac12-GFP internalization was determined in galactose-grown cells shifted to
fresh SC media containing 30 mM LiCl and 2 % galactose, lactose or glucose. As

shown in Fig. 4B, lithium prevented galactose- but not lactose- or glucose-induced
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Lac12 internalization. In lactose, the enzymatic hydrolysis of the disaccharide
releases intracellular glucose, which generates the signal for Lac12-GFP

internalization even when galactose channeling into glycolysis is blocked.

2- deoxyglucose, but not 6-deoxyglucose, induces Lac12-GFP internalization

K. lactis cells pre-grown on galactose were shifted to fresh media containing 2
% 2-deoxyglucose (2-DG), 6-deoxyglucose (6-DG) or galactose. 2-DG is a glucose
analogue that cannot be metabolized via the glycolytic pathway beyond 2-DG-6-
phosphate, known to cause catabolite repression in S. cerevisiae and growth
inhibition in galactose, maltose, ethanol and lactate in K. /actis strains (Betina et al.,
2001; Brondijk et al., 2001). 6-DG is a glucose analogue that is transported into the
cell but cannot be phosphorylated (Bisson & Fraenkel, 1983). After 2h in fresh media
the reduction of the fluorescence signal at the plasma membrane in the presence of
galactose (positive control) or 2-DG indicates that 2-DG can cause internalization of

Lac12-GFP. No internalization was observed in cells shifted to 6-DG.

Lac12 internalization is independent of KISnf1 activity

In K. lactis, the protein Snf1 is needed for stabilization of Lac12 in the plasma
membrane, revealing its role in posttranslational regulation of the permease
(Wiedemuth & Breunig, 2005). To test if Lac12 internalization is dependent on KISnf1
activity, the K. lactis snf1 mutant strain JSD1R-LAC12GFP was grown in SC 2 %
galactose to late log phase and shifted to fresh SC 2 % galactose or 3 % glycerol
media. After 1 and 2 hours (Fig. 6), Lac12-GFP internalization occurred in 2 %
galactose medium, but no internalization was observed in glycerol, similarly to results
obtained with strain JA6-LAC12GFP.
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The return of Lac12-GFP to the plasma membrane is dependent of protein

synthesis

K. lactis cells pre-grown in galactose and transferred to fresh galactose
medium show internalization of Lac12-GFP in the first hours and increase of the
fluorescence signal at the plasma membrane after some hours. To test if this increase
was due to protein synthesis, galactose-grown cells were shifted to fresh SC 2%
galactose, or SC 2 % galactose + hygromycin (final concentration 200 ug mL™).
Hygromycin is an inhibitor of protein synthesis that affects mRNA translation. After 1 h
of transference, Lac12-GFP internalization was observed in both media; after 4 h,
only in the medium without hygromycin the fluorescence signal returned to the
plasma membrane (Fig. 7). This pattern also occurred in lactose. As a control,
galactose-grown cells were also shifted to SC 0.1 % galactose or SC 0.1 % galactose
+ hygromycin, and no internalization occurred in these media, indicating that
hygromycin did not cause the internalization in 2 % sugar. So, it is concluded that the
return of the fluorescence to plasma membrane is dependent of protein synthesis —

likely de novo synthesis of Lac12-GFP.
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Discussion

K. lactis, unlike S. cerevisiae, is one of the few yeasts capable to assimilate the
milk sugar lactose, and this physiological ability determines many of the
biotechnological applications of this yeast. The aim of this research was to investigate
the internalization of K. /actis lactose/galactose permease Lac12, as little is known
about the posttranslational control of this permease.

Our data showed that K. /actis lactose permease has a differential response to
lactose and galactose, although both sugars are substrates for Lac12. Lac12-GFP
internalization was observed in concentration as low as 0.1 % (w/v) lactose. In 2 %
galactose the internalization occurred, but not in 0.1 or 0.5 %. Also, fluorescence in
intracellular compartments in cells cultured in lactose was detected during all phases
of growth, while in galactose the intracellular fluorescence disappears at the end of
the log phase.

The absence of internalization in 0.1 and 0.5 % galactose indicates that K.
lactis cells respond not only to the sugar species, but specifically to its concentration.
Thus, the gradual return of the fluorescence signal to the membrane, observed while
culture approached the desacceleration growth phase in either galactose or lactose,
may be a consequence of reduction on sugar concentrations.

[C™]lactose uptake rates reveal that sugar transport is reduced in the first
hours of cell shifting to 2 % sugar medium, paralleling the internalization of Lac12-
GFP. The rates tend to increase with time, which may be caused by the return of the
permease to the membrane. Further, [C'*]lactose uptake also confirm that lactose
causes more intense internalization than galactose, and that 0.1 % galactose is not
sufficient to trigger the process.

Galactose is metabolized via the Leloir pathway, whose confluence with the
glycolytic pathway occurs at the conversion of glucose-1-phosphate to glucose-6-
phosphate, catalyzed by phosphoglucomutase (PGM). Glucose-6-phosphate (G6P) is
already known to be a signal for catabolite repression in S. cerevisiae (Meijer et al.,
1998), and our results suggest that G6P is also the signaling molecule to

internalization. The first evidence is that 2-deoxyglucose (2-DG) but not 6-
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deoxyglucose caused Lac12-GFP internalization. 2-DG is a non-metabolizable
glucose analogue that is transported and phosphorylated in the cell, but does not
proceed along the glycolytic pathway and, so, accumulates as 2-DG-6-phosphate
(Lascaris et al., 2005). 2-DG is highly toxic to S. cerevisiae, and causes growth
inhibition in galactose, maltose, ethanol and lactate in K. /actis strains (Betina et al.,
2001; Brondijk et al., 2001). In S. cerevisiae, inactivation of maltose permease Mal61
is also caused by addition of 2-DG (Harma et al., 2001), and requires not only
maltose transport, but also the activity of maltase (Mal12) and, consequently, the
production of intracellular glucose (Jiang et al., 2000). The second evidence for
signaling by G6P is that lithium, known to inhibit PGM activity, blocked internalization
by galactose, but not by lactose or glucose. In lactose and glucose media,
intracellular glucose-6-phosphate could be formed by phosphorylation of the glucose
transported or released by lactose hydrolysis. The occurrence of internalization in
these two sugars also confirms that none of the possible indirect effects of lithium
affected the cellular capability to promote internalization of the permease, and, so,
galactose-induced internalization did not occur because galactose metabolism was
impaired. The loss of PGM activity in S. cerevisiae, by mutation or lithium inhibition,
generates a considerable increase in Glu-1P/Glu-6P ratio in cells growing on
galactose (Csutora et. al., 2005; Bro et. al., 2003). However, we cannot conclude that
G6P is the signal, since addition of 2-DG also promotes a slight formation of two other
metabolites, likely dideoxytrehalose-6P and dideoxytrehalose.

The protein kinase Snf1 is one of the central regulators of carbon metabolism
in S. cerevisiae, triggering activation of genes associated to alternative carbon
sources metabolism. Mutant snf1 K. lactis cells presented lower growth rates in
glucose, sucrose, lactose and galactose, and no growth was obtained in raffinose,
sorbitol, maltose or glycerol (Dong & Dickson, 1997). In both K. lactis strains JA6-
LAC12GFP and JSD1R-LAC12GFP (mutant snf1) the chimerical LAC12-GFP is
under control of its own promoter. Induction of Lac/Gal regulon is only weakly
reduced in the Klsnf1 mutant, and these cells present much less fluorescence at the
plasma membrane and more fluorescence in internal vesicles (Wiedemuth & Breunig,

2005), showing that a KISnf1-independent pathway induces the regulon, and that the
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kinase has an important posttranslational role on location of the permease in the
cells. Considering the role of KISnf1 in carbon metabolism and specifically in Lac12
posttranslational control, we analyzed whether Lac12 internalization is dependent of
KISnf1 activity. Mutant Kisnf? cells JSD1R-LAC12GFP pre-grown on galactose were
shifted to fresh 2 % galactose medium, and Lac12-GFP was internalized. Further, no
internalization was noted in 0.1 % galactose or in glycerol. Thereby, the data show
that the pathway leading Lac12 internalization is not under KISnf1 control.

The observed return of the fluorescence to the plasma membrane after the
permease internalization is dependent on protein synthesis, as it did not occur in cells
transferred to 2 % galactose or lactose when hygromycin, an inhibitor of protein
synthesis, was present. Cells transferred to 0.1 % galactose with or without
hygromycin showed no internalization, allowing the conclusion that it was not the
inhibitor the cause of Lac12-GFP internalization. So, during the cultivation, the sugar
concentration decreases with time, causing diminution on rates of sugar transport and
glucose-6-phosphate formation. Then, the fluorescence signal at the membrane is
gradually increased, probably due to induction of Lac regulon and Lac12-GFP de
novo synthesis. The need for de novo protein synthesis also suggests that Lac12-

GFP is degraded after internalization.
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Legends

Figure 1 — Subcellular localization of the permease Lac12-GFP during growth of K.
lactis in lactose and galactose. Yeast cells were pre-grown in SC medium plus 2 %
lactose (A) or 2 % galactose (B) and shifted to fresh lactose (A) or galactose (B)
media, for initial O.D.gponm Of 0.2. Lac12-GFP fluorescence was analyzed at indicated

times with fluorescence microscope.

Figure 2 — Subcellular localization of the permease Lac12-GFP in SC media
containing 0.1%, 0.5 % or 2 % galactose, lactose or glucose, or 3 % glycerol. Pre-
grown cells in SC 2 % galactose medium were shifted to specified carbon

concentration. Lac12-GFP fluorescence was analyzed as in Fig. 1.

Figure 3 — [C™]lactose transport by K. /actis during growth. Pre-grown cells in SC 2 %
galactose medium were shifted to a fresh medium. At indicated times, samples were
collected for [C'*]lactose transport analysis. Time zero corresponds to lactose
transport rate from pre-culture. Final lactose concentration utilized in this experiment
was 0.145 mM.

Table 1. Lactose uptake rates (umol.h™.g™") in K. /actis cells in lactose and different
galactose concentrations

K. lactis JA6-Lac12GFP was pre-cultivated in SC 2 % lactose or galactose media.
Lactose uptake rates were measured from pre-cultures, and after 1 and 3 hours of
transference to the indicated carbon media. The data are the slant of the linear
relation between intracellular [C14]Iactose and time. Final lactose concentration

utilized in this experiment was 0.145 mM.

Figure 4 — Effect of LiCl on K. lactis growth and on Lac12 internalization. (A) Pre-
grown cells at log phase in SC 2 % galactose medium were harvested and diluted for
plating in YP 2 % galactose or glucose agar media, containing 0, 30 or 100 mM LiCl.

(B) Pre-grown cells at log phase in SC 2 % galactose medium were shifted to fresh
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SC media with 2 % of the indicated sugars. Lac12-GFP fluorescence was analyzed

asin Fig. 1.

Figure 5 — The effect of the glucose analogues 2-DG and 6-DG on Lac12-GFP
localization. Pre-grown cells in SC 2 % galactose medium at log phase were shifted
to SC medium with 2 % 2-DG, 6-DG or galactose. Lac12-GFP fluorescence was

analyzed as in Fig. 1. Images were obtained after 2h in fresh media.

Figure 6 — Lac12 internalization in Klsnf1 mutant strain. Cells were pre-grown in SC 2
% galactose to late log phase and shifted to fresh SC 2 % galactose or SC 3 %

glycerol media. At indicated times, samples were collected and analyzed as in Fig. 1.

Fig. 7 — Effect of protein synthesis impairment on Lac12-GFP internalization.
Galactose-grown K. lactis cells were shifted to fresh SC galactose or SC galactose +
hygromycin. Lactose-grown cells were shifted to fresh SC lactose or SC lactose +
hygromycin. Sugar concentration was 2 % w/v and hygromycin final concentration
was 200 ug mL™". At indicated times, samples were collected and analyzed as in Fig.
1.
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Figure 1 — Subcellular localization of the permease Lac12-GFP during growth of K.

lactis in lactose and galactose. Yeast cells were pre-grown in SC medium plus 2 %
lactose (A) or 2 % galactose (B) and shifted to fresh lactose (A) or galactose (B)
media, for initial O.D.goonm Of 0.2. Lac12-GFP fluorescence was analyzed at indicated

times with fluorescence microscope.
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Figure 2 — Subcellular localization of the permease Lac12-GFP in SC media
containing 0.1%, 0.5 % or 2 % galactose, lactose or glucose, or 3 % glycerol. Pre-
grown cells in SC 2 % galactose medium were shifted to specified carbon

concentration. Lac12-GFP fluorescence was analyzed as in Fig. 1.
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Figure 3 — [C"]lactose transport by K. /actis during growth. Pre-grown cells in SC 2 %
galactose medium were shifted to a fresh medium. At indicated times, samples were
collected for [C'*]lactose transport analysis. Time zero corresponds to lactose
transport rate from pre-culture. Final lactose concentration utilized in this experiment
was 0.145 mM.
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Table 1. Lactose uptake rates (umol.h™.g™") in K. lactis cells in lactose and different

galactose concentrations

Lactose Galactose

Oh (pre-culture) 477.57 787.48

Galactose 2 % Galactose 0.1 %

1h 317.68 735.51 677.33
3h 202.77 487.00 835.37

K. lactis JA6-Lac12GFP was pre-cultivated in SC 2 % lactose or galactose media.
Lactose uptake rates were measured from pre-cultures, and after 1 and 3 hours of
transference to the indicated carbon media. The data are the slant of the linear
relation between intracellular [C™]lactose and time. Final lactose concentration

utilized in this experiment was 0.145 mM.
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Figure 4 — Effect of LiCl on K. lactis growth and on Lac12 internalization. (A) Pre-

Galactose +
100 mM LiCl

106

grown cells at log phase in SC 2 % galactose medium were harvested and diluted for

plating in YP 2 % galactose or glucose agar media, containing 0, 30 or 100 mM LiCl.

(B) Pre-grown cells at log phase in SC 2 % galactose medium were shifted to fresh
SC media with 2 % of the indicated sugars. Lac12-GFP fluorescence was analyzed

as in Fig. 1.
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Figure 4 — Effect of LiCl on K. lactis growth and on Lac12 internalization. (A) Pre-
grown cells at log phase in SC 2 % galactose medium were harvested and diluted for
plating in YP 2 % galactose or glucose agar media, containing 0, 30 or 100 mM LiCI.
(B) Pre-grown cells at log phase in SC 2 % galactose medium were shifted to fresh
SC media with 2 % of the indicated sugars. Lac12-GFP fluorescence was analyzed

as in Fig. 1.
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Figure 5 — The effect of the glucose analogues 2-DG and 6-DG on Lac12-GFP
localization. Pre-grown cells in SC 2 % galactose medium at log phase were shifted
to SC medium with 2 % 2-DG, 6-DG or galactose. Lac12-GFP fluorescence was

analyzed as in Fig. 1. Images were obtained after 2h in fresh media.
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Figure 6 — Lac12 internalization in Klsnf1 mutant strain. Cells were pre-grown in SC 2
% galactose to late log phase and shifted to fresh SC 2 % galactose or SC 3 %

glycerol media. At indicated times, samples were collected and analyzed as in Fig. 1.
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Fig. 7 — Effect of protein synthesis impairment on Lac12-GFP internalization.
Galactose-grown K. lactis cells were shifted to fresh SC galactose or SC galactose +
hygromycin. Lactose-grown cells were shifted to fresh SC lactose or SC lactose +
hygromycin. Sugar concentration was 2 % w/v and hygromycin final concentration
was 200 ug mL™". At indicated times, samples were collected and analyzed as in Fig.
1.
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