N
N

N

HAL

open science

The SWI/SNF KISnf2 Subunit Controls the Glucose
Signaling Pathway To Coordinate Glycolysis and
Glucose Transport in Kluyveromyces lactis

Pascale Cotton, Alexandre Soulard, Micheline Wésolowski-Louvel, Marc

Lemaire

» To cite this version:

Pascale Cotton, Alexandre Soulard, Micheline Wésolowski-Louvel, Marc Lemaire. The SWI/SNF KI-
Snf2 Subunit Controls the Glucose Signaling Pathway To Coordinate Glycolysis and Glucose Trans-
port in Kluyveromyces lactis. Eukaryotic Cell, 2012, 11 (11), pp.1382 - 1390. 10.1128/EC.00210-12 .
hal-01632734

HAL Id: hal-01632734
https://hal.science/hal-01632734v1
Submitted on 10 Nov 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01632734v1
https://hal.archives-ouvertes.fr

A EC

Journals.ASM.org

The SWI/SNF KlSnf2 Subunit Controls the Glucose Signaling Pathway
To Coordinate Glycolysis and Glucose Transport in Kluyveromyces
lactis

Pascale Cotton, Alexandre Soulard, Micheline Wésolowski-Louvel, and Marc Lemaire

Génétique Moléculaire des Levures, UMR5240 Microbiologie, Adaptation et Pathogénie, Université de Lyon, Lyon, France; Université Lyon1, Lyon, France; and CNRS,
Villeurbanne, France

In Kluyveromyces lactis, the expression of the major glucose permease gene RAGI is controlled by extracellular glucose through
a signaling cascade similar to the Saccharomyces cerevisiae Snf3/Rgt2/Rgt1 pathway. We have identified a key component of the
K. lactis glucose signaling pathway by characterizing a new mutation, rag20-1, which impairs the regulation of RAGI and
hexokinase RAG5 genes by glucose. Functional complementation of the rag20-1 mutation identified the KISNF2 gene, which en-
codes a protein 59% identical to S. cerevisiae Snf2, the major subunit of the SWI/SNF chromatin remodeling complex. Reverse
transcription-quantitative PCR and chromatin immunoprecipitation analyses confirmed that the KISnf2 protein binds to RAG1
and RAG5 promoters and promotes the recruitment of the basic helix-loop-helix Sck1 activator. Besides this transcriptional ef-
fect, KISnf2 is also implicated in the glucose signaling pathway by controlling Sms1 and KIRgt1 posttranscriptional modifica-
tions. When KISnf2 is absent, Sms1 is not degraded in the presence of glucose, leading to constitutive RAG1 gene repression by
KIRgt1. Our work points out the crucial role played by KISnf2 in the regulation of glucose transport and metabolism in K. lactis,

notably, by suggesting a link between chromatin remodeling and the glucose signaling pathway.

lucose is a signaling nutrient that drives cell growth and

development through complex intracellular networks. Adap-
tation of cells to their environment involves sophisticated mech-
anisms for sensing glucose availability and responding appropri-
ately through sugar signaling processes. Learning how plants,
animals, and microorganisms respond to glucose is of great inter-
est in understanding how they adapt to their environment. More-
over, deregulation of glucose sensing, uptake, and metabolism
impacts the lifestyles of cells and organs and is correlated to pa-
thologies and disorders like obesity, cancer, and diabetes (27, 28,
45). In the field of infection, induction of a metabolic environ-
ment conducive to human cytomegalovirus and hepatitis C vi-
ruses (HCV) implies drastic changes to the host cell metabolic
network, notably, by increasing glucose import and glycolytic
flux. Thus, HCV initially reprograms the cell to favor increased
glucose fermentation and the partitioning of glycolytic interme-
diates toward the synthesis of cellular metabolites supporting the
viral life cycle (12, 29). In fungi, sugar sensing influences yeast-
hypha morphogenesis and biofilm formation in Candida albicans,
which is essential for host colonization and optimal virulence
(4, 40).

The environmental glucose sensing and signal transduction
pathway has been accurately investigated in the model yeast Sac-
charomyces cerevisiae (22, 41). However, the respiratory aerobic
yeast Kluyveromyces lactis provides a useful alternative model in
which fermentation is facultative, a lifestyle more typical of eu-
karyotic organisms than the S. cerevisiae fermentative metabolism.
Moreover, unlike S. cerevisiae, K. lactis displays little if any redun-
dancy in the genes involved in glucose metabolism (14, 55). K.
lactis has a simplified glucose uptake system that relies on two
genes, HGT1 and RAGI, encoding a high-affinity (2) and a low-
affinity (8) permease, respectively. The RAGI permease gene, in-
duced by high glucose concentrations, is necessary for supporting
fermentative growth, which requires a high flow of substrate. In
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the absence of Ragl, K. lactis cells become respiration dependent
for growth on high-glucose medium, and ragl mutants are unable
to grow on 5% glucose when respiration is blocked by antimycin A
(Rag™ phenotype) (8, 51).

Several RAG genes controlling the expression of RAGI have
been identified in K. lactis and implicated in several pathways (Fig.
1). In the absence of glucose, the repressor KIRgt1, associated with
the regulatory Smsl factor (Std1/Mthl orthologue), represses
RAGI gene expression (20, 39). The presence of extracellular glu-
cose is detected by the membrane Rag4 sensor (1), which, in co-
operation with the Rag8 casein kinase I (3), generates an intracel-
lular signal. This glucose signal induces Smsl degradation
through the SCFX'“! complex and the subsequent phosphoryla-
tion-induced inactivation of the repressor KIRgt1 (20). Once de-
repressed, RAGI expression is further activated by the Sck1 glyco-
lytic transcriptional activator (24, 33). KlIRgt1 also represses the
expression of hexokinase RAG5 and SCKI genes (39). On the
other hand, Rag8 kinase phosphorylates Sckl and controls its sta-
bility, but independently of glucose availability (33). Importantly,
an intracellular signal generated by glycolysis is also necessary for
the glucose induction of RAGI gene expression in K. lactis (25).

To establish the connections between the different pathways in
K. lactis, it is necessary to study glucose signal transduction in
more detail. For this purpose, the study of new rag mutations that
affect RAGI expression is a powerful tool to identify new partici-
pants. In this work, we characterized the new rag20-1 allele and
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FIG 1 Simplified model for regulatory networks controlling RAG! gene expression in response to glucose availability. Phosphorylation events (P) on KIRgt1 and
Sckl are indicated. The role of KISnf2 is detailed in this study. Ragl, low-affinity glucose permease; KIRgt1, transcriptional repressor; Smsl, KIRgt1-associated
corepressor; Rag4, membrane glucose sensor; Rag8, membrane-associated casein kinase I; KIGrr1, F-box subunit of SCF complex; Sckl, bHLH transcriptional

activator.

identified the corresponding KISNF2 gene as a key element for
both the glucose signaling pathway and glucose metabolism reg-
ulation in K. lactis.

MATERIALS AND METHODS

Yeast strains and growth conditions. The yeast strains used in this study
are listed in Table 1. Yeast cells were grown at 28°C in complete yeast
extract-peptose (YP) medium containing 1% Bacto yeast extract, 1%
Bacto peptone (Difco, Detroit), supplemented with either 2% glucose
(YPG) or a specified carbon source. Minimal medium containing 0.7%
yeast nitrogen base without amino acids (Difco) and 2% glucose was
supplemented with auxotrophic requirements. The Rag phenotype was
tested on GAA medium (YP containing 5% glucose and 5 M antimycin
A). For G418 medium, YPG plates were supplemented with Geneticin
(200 pg/ml; Life Technologies).

Standard yeast genetic manipulations were performed as described
previously (49, 50). KISNF2 epitope tagging and deletion of KISNF2,
KISWII, and KISNF5 genes were performed using a PCR-based strategy
(26) in a AKInejl genetic context, which facilitated gene targeting by ho-
mologous recombination in K. lactis (50). KISNF2, KISWII, and KISNF5

TABLE 1 K. lactis strains used in this study

deletions were performed in a AKInej1/AKlInej1 diploid, followed by meio-
sis analysis. The KISNF2 gene was inactivated with a 1.7-kb AKIsnf2::
URA3 cassette, resulting from NotI-BglII digestion of the pGD4 plasmid
(see Table 2), and Ura™ cells (KLPC09) were counterselected by plating
strain KLPC05-10A on medium containing 5-fluoroorotic acid (5-FOA).

Cloning and plasmid constructions. The plasmids used are listed in
Table 2. The KISNF2 gene was cloned by in vivo complementation of the
Rag™ phenotype displayed by the rag20-1 mutant (PM6-7A/VV78) by
using a genomic DNA library of K. lactis made in the centromeric URA3
KCp491 vector (37). Among 7,000 Ura™ transformants, 1 displayed a
Rag™ phenotype and carried a plasmid (pGD78 [Table 2]) with a 7-kb
insert. The identification and positioning of KISNF2 in the inset was
achieved by sequencing. A 3-kb Nhel-Pvull fragment containing the
KLSNF2 gene from pGD78 (Table 2) was cloned into pBluescript KS(+),
yielding the pGD3 plasmid. The AKIsnf2::URA3 cassette was constructed
by replacing the KISNF2 1-kb HindllI internal fragment with the URA3
marker in pGD3, yielding plasmid pGDA4.

RNA extraction and RT-qPCR analysis. Total RNA extraction was
performed as previously described (39). For reverse transcription-quan-
titative PCR (RT-qPCR) experiments, 10 pg of total RNA extract was

Strain Relevant genotype Source or reference
MW270-7B MATa uraAl-1 leu2 metAl-1 2

PM6-7A MATa uraAl-1 adeT-600 8

MWL9S1 MATa uraAl-1 leu2 lysAl-1 trpl metAl-1 AKlnejl::loxP 50
MW392-3A MATo uraAl-1 trpl hisA2 AKlnejl::LEU2 Lab collection
MWK7 Isogenic to MW270-7B except Klrgt1A1::URA3 39

MLK2 Isogenic to MW270-7B except Asckl::LEU2 24

MLK209 Isogenic to MWLIS1 except SMSI1-3HA::kanMX6 Lab collection
MWLK1099 Isogenic to MWLIS1 except RGT1-3HA::kanMX6 Lab collection
PM6-7A/VV78 MATa uraAl-1 adeT-600 rag20-1(Klsnf2-1) This study
KLPC10 Isogenic to PM6-7A/VV78 except RGT1-3HA::kanMX6 This study
KLPCO02 Isogenic to MWLISI except KISNF2-3HA::kanMX6 This study
KLPC05-10A MATa trpl metAl hisA2 AKlsnf2::URA3 This study
KLPC09 Isogenic to KLPCO05-10A except AKIsnf2::ura3 This study
MW368-3C MATo uraAl-1 leu2 Klrgt1A1::URA3 Klsnf2-1 This study
MLK281 MATo uraAI-1 leu2 trpl metAl-1 AKlnejl::loxP AKlsnf2::URA3 SMSI-3HA::kanMX6 This study
KLPC08 MATo uraAl-1 Asck1:LEU2 KISNF2-3HA::kanMX6 This study
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TABLE 2 Plasmids used in this study

Plasmid  Characteristics Source or reference
pCXJ10 K. lactis URA3-Klori, multicopy vector 7
pCXJ22 S cerevisiae/K. lactis URA3 shuttle 7
multicopy vector
pGD78  KCp491 carrying KISNF2 This study
pGD3 pBluescript KS(+) carrying KISNF2 This study
pGD4 pBluescript KS(+) carrying AKIsnf2::URA3  This study
pML219 pCX]J22 carrying KISNF2-3HA This study
pHN19  pCXJ10 carrying LexA-SCK1 Lab collection

treated with DNase I (Ambion), and the absence of DNA was confirmed
by PCR with Tag DNA polymerase (Lucigen). DNase I-treated RNA ex-
tracts were then treated with SuperScript III reverse transcriptase (Invit-
rogen) as described by the manufacturer. RT-qPCR experiments were
performed with the CFX 96 Bio-Rad light cycler using SYBR green I mas-
ter mix (Roche). Relative quantification was based on the 22" method
using KIACT1 (actin) as calibrator. The amplification reaction conditions
were as follows: 95°C for 5 min, and 40 cycles of 95°C for 10 s, 58°C for 10s,
and 72°C for 30 s. RAGI, RAGS, and KIACTI amplifications were per-
formed using the P548 (5'-TTTCTGGTTTAGGTGTTGGT-3")/P549
(5'-CTTAAATGTTTAGGAGCGGTTT-3"), P550 (5'-GTGCTTACTAC
GATGTTG-3")/P551 (5'-AGGAACCATATTCACAGT-3"), and P547
(5"-ACATCAACATCACACTTC-3")/P546 (5'-AACTGCTTCTCAATCA
TC-3") primers couples, respectively.

ChIP analysis. Chromatin immunoprecipitation (ChIP) experiments
were performed as previously reported (33). RAGI and RAG5 promoters
were amplified using P250 (5'-TCGTCTGGAGTTCTTCGTCTG-3")/
P269 (5'-AGACTAATGGCCGAGATACCG-3') and P585 (5'-CTTCTT
CCACAAAGTTCCTT-3")/P586 (5'-GGTATACAATTCACAGTGG-3")
primer couples, respectively. The KITHI4 promoter (used as a control)
was amplified with P301 (5'-TCTTTCCCGTTTACTCTCGA-3') and
P302 (5'-GCATTCCATACCATATTACT-3").

Yeast cell extracts and immunoblotting. Cells were grown to mid-
exponential phase in YPG, or in YP medium supplemented with 2% glyc-
erol, or in selective media for cells containing the appropriate plasmid.

Protein extracts were prepared according to the methods described by
Kushnirov (23). Immunodetection conditions were as previously de-
scribed (39).

RESULTS

The RAG20 gene is the orthologue of the S. cerevisiae SNF2
gene. Previous genetic analyses showed that the rag20 mutant
(PM6-7A/VV78 [Table 1]) of our laboratory Rag™ mutant collec-
tion carries a monogenic recessive mutation, rag20-1, and belongs
to a distinct complementation group (data not shown). The cor-
responding RAG20 gene was cloned by functional complementa-
tion of the rag20-1 mutation (see Materials and Methods), leading
to the isolation of 7-kb complementing genomic DNA fragment
carried by pGD78 (Table 2). Sequence analysis and BLAST com-
parison to the annotated K. lactis genome (14) revealed the pres-
ence in the pGD78 insert of a unique open reading frame (ORF),
KLLAOB08327¢ (NCBI gene ID 2897166), which is similar to the
SNF2 gene of S. cerevisiae. We constructed a rag20 null mutant
(KLPCO05-10A [Table 1]) which displayed a Rag™ phenotype anda
growth defect on glucose medium similar to that observed with
the rag20-1 mutant (Fig. 2B). The rag20 null mutation was not
complemented by the rag20-1 mutation, as crossing these two
mutant strains led to a diploid showing a Rag™ phenotype (data
not shown). Moreover, the rag20-1 allele mutation in the PM6-
7A/VV78 strain was identified by PCR amplification and sequenc-
ing. This allele carries two mutations in codons 1000 and 1001,
leading to I1000N and W1001R substitutions in the Rag20-1 pro-
tein sequence (Fig. 2A). Altogether, these results demonstrated
that the RAG20 gene corresponds indeed to the cloned
KLLA0OB08327g OREF.

The RAG20 gene encodes a 1,534-amino-acid-long protein
that shares similar features with Snf2 of S. cerevisiae (Fig. 2A),
which belongs to a large family of helicase-related proteins (17). In
S. cerevisine and many eukaryotes, Snf2 is the catalytic subunit of
ATP-dependent chromatin remodeling complexes (SWI/SNF)

YPG
(rag20-1)
696 861 1419 1489
Rag20 N
501 581 1009 1160 534
Arag20  rag20-1
779 944 1568 1638 NP g
Snf2 N
1 588 661 1091 1254 703
N\ HsA domai
& omain

I helicase ATP-binding domain
helicase C-ter domain

E bromodomain

FIG 2 RAG20 encodes a chromatin remodeling factor homologous to S. cerevisiae Snf2. (A) Schematic representations of Rag20 (K. lactis) and Snf2 (S.
cerevisiae). Conserved domains found in Snf2-type enzymes are indicated by boxes with various types of shading. Numbers below or above the boxes indicate
their position within the amino acid sequences. Mutations in the rag20-1 allele positioned at amino acids 1000 and 1001 are indicated by an arrow. (B) Rag
phenotypes of the mutants rag20-1 (PM67-A/VV78) and Arag20 (KLPC05-10A). Strains were streaked on YPG plates and GAA plates. The WT strain (MW270-
7B) was used as a control. The photographs were taken after 2 days of incubation at 28°C.
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that regulate the structure and dynamic properties of chromatin
(9). The Rag20 protein harbors several conserved domains in
Snf2-like proteins (Fig. 2A): a DNA binding domain (a helicase
SANT-associated [HSA] domain) (13); a central ATPase domain
composed of an ATP-binding domain, required for binding and
hydrolysis of ATP, and a terminal helicase domain that may play a
role in energy transduction (42); a C-terminal bromodomain
known to interact with acetylated lysines of histones (54). Local-
izations and lengths of the Rag20 conserved domains strictly par-
alleled the S. cerevisiae Snf2 conserved domains (Fig. 2A). Protein
sequence alignment showed that Rag20 is 59% identical to S.
cerevisiae Snf2, and this identity reached 85% between the ATPase
domains. Interestingly, the I1000N and W1001R substitutions ly-
ing within the ATPase domain of the Rag20-1 protein, upstream
of the terminal helicase domain (Fig. 2A), are likely to gravely
impact the enzyme three-dimensional structure (15, 44). These
structural similarities strongly suggest that RAG20 and S. cerevi-
siae SNF2 genes are orthologues. This hypothesis is also corrobo-
rated by the conservation of synteny found at the RAG20/SNF2
loci between these two yeast species (5). With regard to Snf2 sim-
ilarity, we renamed the RAG20 gene and the rag20-1 mutation
KISNF2 and Kisnf2-1, respectively.

In S. cerevisiae, SWI/SNF is a 12-subunit complex that is not
essential for viability, despite the broad range of cellular processes
that depend on it (6). Like Snf2, Snf5 and Swil subunits are im-
plicated in chromatin remodeling, directly contacting acidic acti-
vators (38), and are also crucial for SWI/SNF complex integrity
(36). To confirm the implication of the SWI/SNF complex in
RAGI gene regulation, we attempted to inactivate putative SWI/
SNF subunit genes in K. lactis and check their Rag phenotype. A
brief survey of the K. lactis genome (www.genolevures.org/) iden-
tified the KLLAOE18767¢ and KLLAOD12232¢ ORFs as SNF5 and
SWII1 homologues, respectively. However, the deletion of both
genes by the KanMX4 marker in a diploid strain and subsequent
meiosis analysis led to only two G418-sensitive spores in all tet-
rads, showing that the putative KISNF5 and KISWII genes are
essential for K. lactis viability.

KISNE2 is involved in the glucose regulation of RAGI per-
mease and RAG5 hexokinase gene expression. Genetic analysis
of Rag™ mutants (52) led to the identification of trans-acting fac-
tors involved in RAGI regulation. As Klsnf2 mutant strains
showed a Rag™ phenotype and a growth defect on glucose-con-
taining medium, we investigated if the KISNF2 gene product
could positively regulate the RAGI permease gene. The AKIsnf2
and Klsnf2-1 mutants were grown in the presence or absence of
glucose, and RAGI mRNA steady-state levels were analyzed by
RT-qPCR (Fig. 3A). In comparison to the parental wild-type
(WT) strain, RAGI expression was severely affected in the Klsnf2-
I and AKIsnf2 mutants grown on glucose (3.4- and 7-fold, respec-
tively), suggesting that KISnf2 is required for glucose induction of
RAGI gene expression. However, we previously showed that
RAGI expression is also dependent on functional glycolysis, as its
glucose induction is blocked in hexokinase rag5 or enolase Kleno
mutants (25). To check for such a putative indirect effect, we also
examined the hexokinase RAG5 gene expression level in the rag20
mutants (Fig. 3B). The levels of RAG5 mRNA were also severely
decreased in the AKIsnf2 and Klsnf2-1 mutants grown in the pres-
ence of glucose (8- and 3-fold, respectively). Altogether, our data
showed that KISnf2 is involved in the glucose induction of RAGI
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FIG 3 Transcriptional analysis of RAGI (A) and RAG5 (B) in Klsnf2 mutants.
Levels of mRNA transcripts were determined in wild-type strain MW270-7B
(WT), AKIsnf2 (KLPC05-10A), and the Klsnf2-1 mutant (PM6-7A/VV78).
Cells were grown in the presence of glucose (GLU) or glycerol (GLY). Levels
were normalized to the ACT1 transcript level. In total, three biological repli-
cates were performed. Standard errors originated from RT-qPCR replicates.
For each strain, mRNA levels are shown relative to the level of RAGI (A) or
RAGS (B) transcripts in the WT strain grown in the presence of glucose, which
was set to 1.

and RAGSH transcription and raised the question of whether the
role of KISnf2 in RAG1 expression is direct or not.

KISnf2 is present on RAG1 and RAG5 promoters in vivo. In S.
cerevisiae, the SWI/SNF ATP-dependent chromatin remodeling
complex is recruited to targeted promoters for activation and re-
pression of a subset of genes (36). To test for a direct role of KISnf2
in RAGI and RAGS5 expression, we investigated the interaction of
KISnf2 with RAGI and RAGS5 promoters in ChIP assays. To im-
munoprecipitate KISnf2, we first constructed the KLPC02 strain
(Table 1), where KISnf2 was epitope tagged by genetic recombi-
nation at the KISNF2 gene. The resulting KISnf2-3HA fusion (HA
represents hemagglutinin) was expressed and found to be func-
tional, since the KLPCO2 strain displayed a Rag™ phenotype (data
not shown). ChIP experiments were carried out in KISNF2-3HA
or untagged KISNF2 cells. After immunoprecipitation, we used
the IP and total input DNA (IN) for PCR analysis with primers
designed for RAGI and RAG5 promoters (pRAGI and pRAGS).
Figure 4A shows that sequences of pRAGI and pRAG5 were spe-
cifically enriched in KISnf2-3HA IP fractions of cells grown in the
presence of glucose. These results suggest that KISnf2 interacts
with RAGI and RAGS5 promoters to positively regulate these genes
when glucose is present. However, the presence of KISnf2 was also
detected on the RAGI promoter when cells were grown in the
absence of glucose (Fig. 4B), suggesting that this interaction is
independent of glucose availability. As a control, promoter se-
quences of the K. lactis THI4 gene, involved in thiamine biosyn-
thesis, were not detected in IP fractions. These results emphasize
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FIG 4 KlSnf2 is present on RAGI and RAGS5 promoters in vivo. (A) Binding of
KISnf2 to RAGI and RAGS5 promoters. Chromatin from glucose-grown cells
expressing KISnf2-3HA (KLPC02) or untagged KISnf2 (MWLIS1) was ex-
tracted and immunoprecipitated with anti-HA antibodies. PCR was per-
formed on total extracted (IN) or immunoprecipitated (IP) chromatin by
using primers binding to the pRAGI, pRAGS5, or pTHI4 promoters. (B) KISnf2
presence on the pRAGI promoter is not regulated by glucose. KLPC02 cells
expressing KISnf2-3HA were grown in 2% glucose (+) or 2% glycerol (—), and
ChIP analysis was performed as described in the text. PCR products were
resolved by electrophoresis in a 1.5% agarose gel and visualized by ethidium
bromide staining. ChIP experiments were done in triplicate, and representa-
tive results are shown.

our previous findings that glucose transport and glycolysis are
coordinated at the transcriptional level in K. lactis not only by the
interplay of the KIRgt1 repressor and Sckl (33, 39), but also by the
role of KISnf2.

KISnf2 binds to the RAGI promoter in vivo and promotes
Sckl recruitment. Snf2-like proteins interact with DNA with a
low specificity, and SWI/SNF complexes are recruited to specific
promoters through direct interactions with gene-specific activa-

tors (38, 56). In muscle cells, the basic helix-loop-helix (bHLH)

myogenic MyoD activator interacts with the SWI/SNF subunit to
target this complex to muscle-specific genes, enabling their tran-
scriptional activation during muscle cell differentiation (11). As
both the bHLH Sck1 activator and KISnf2 are directly involved in
glucose induction of the RAGI and RAGS5 genes in K. lactis, we
asked whether the recruitment of KiSnf2 on these promoters
could be dependent on Sckl activator. We first constructed a
Asckl KISNF2-HA strain (KLPCO08 [Table 1]) by genetic crosses
and tetrads dissection. ChIP assays were then conducted by
immunoprecipitating KISnf2-3HA from SCKI KISNF2-HA
(KIPC02) and Asckl KISNF2-HA (KLPCO08) cells grown in the
presence of glucose. Figure 5A shows that sequences from pRAGI
and pRAGS5 were enriched to the same extent in KISnf2-3HA TP
fractions from cells either expressing Sckl or not. These results
demonstrated that KISnf2 is recruited to RAGI and RAG5 pro-
moters independently of Sck1 activator.

SWI/SNF recruitment and subsequent nucleosome rearrange-
ment induce a local chromatin open state suitable for recruitment
of gene-specific transcription factors on targeted promoters (6),
and we wondered if the recruitment of the Sckl activator to the
RAGI promoter was dependent on the presence of KISnf2. For
that purpose, ChIP experiments were conducted in glucose-
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FIG 5 KlISnf2 and Sck1 interplay on the RAGI promoter. (A) KISnf2 binds to
the RAGI and RAGS5 promoters in the absence of Sckl. SCKI (WT; KLPCO02)
and Asckl (KLPCO08) cells expressing KISnf2-3HA were grown on 2% glucose,
and extracted chromatin was immunoprecipitated using anti-HA antibody.
MWL9SI cells expressing untagged KISnf2 were used as a control. (B) LexA-
Sckl binding to the RAGI promoter is dependent on KISnf2. PM67A (WT)
and KLPC09 (AKisnf2) cells expressing LexA-Sckl (pHN19 plasmid) were
grown on 2% glucose. PM67A cells carrying pCXJ10 (empty vector) were used
as a control. Chromatin was extracted and immunoprecipitated using anti-
LexA antibodies. ChIP analyses were conducted as described in the legend for
Fig. 4, here using a set of primers that bind to the RAGI, RAG5, and THI4 (used
as a control) promoters. ChIP experiments were performed in triplicate. Rep-
resentative results are shown.

grown WT and AKIsnf2 cells (KLPC09) transformed with the
pHN19 plasmid (Table 2), expressing a functional LexA-Sck1 fu-
sion (33), or with an empty vector. After immunoprecipitation
with anti-LexA antibodies, sequences from the RAGI promoter
were enriched in the IP fraction from WT cells (Fig. 5B), confirm-
ing that Sckl is present in vivo on the RAGI promoter as previ-
ously described (33). However, this enrichment was strongly de-
creased in the IP fraction from AKIsnf2 cells, suggesting that Sck1l
was no longer efficiently associated with the RAGI promoter in
the absence of KISnf2.

Altogether, these data clearly show that the bHLH Sck1 activa-
tor is not required for KISnf2 to be recruited to the RAGI pro-
moter. On the other hand, the chromatin rearrangement presum-
ably imposed by the presence of KISnf2 on the RAGI promoter
may facilitate the binding of Sckl to optimize RAGI activation in
glucose-grown cells.

Involvement of KISnf2 in the Rag4 glucose signaling path-
way. Glucose regulation of the RAGI gene strongly depends on
the KIRgt1 repressor, which binds the RAGI promoter and re-
presses its expression in the absence of glucose (39). In glucose-
grown cells, Rag4 (glucose sensor) and Rag8 (casein kinase I) ini-
tiate a signaling pathway to target and inactivate KIRgtl by
phosphorylation (20). As KISnf2 is directly involved in RAGI reg-
ulation, we investigated whether KISnf2 could interfere or interact
with the Rag4 glucose signaling pathway.

Previous studies demonstrated epistatic relationships between
the KIRGT1 and RAG4/RAG8 genes, as the loss of KIRgt1 restored
aRag™ phenotype and a high level of RAGI expression in rag4 and
rag8 mutants (39). We first looked at genetic interactions between
KIRGT1 and KISNF2 by constructing a AKlrgt1 Klsnf2-1 double
mutant (MW368-3C [Table 1]). Figure 6A shows that the AKlrgt1
Klsnf2-1 mutant displayed a Rag*™ phenotype, indicating that the
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FIG 6 Rag20 and KIRgt1 genetically interact. (A) KIRGT1 deletion suppresses
the KISnf2-1 mutation. Strains were cultured on YPG medium to stationary
phase, and cultures were then diluted to an optical density at 600 nm of 1.
Constant amounts of serial dilutions were spotted either on YPG or GAA
medium. The WT strain (MW270-7B) was used as a control. The photographs
were taken after 2 days of incubation at 28°C. (B) Transcriptional analysis of
RAGI in Klrgt] and KISnf2 mutants. Levels of mRNA transcripts were deter-
mined in wild-type strain MW270-7B (WT), AKlrgt] Kisnf2-1 (MW368-3C),
AKlrgt] (MWK?7), and Kisnf2-1 mutant (PM6-7A/VV78). Cells were grown in
the presence of glucose (GLU) or glycerol (GLY). Levels were normalized to
the ACTT transcript level. In total, three biological replicates were performed.
Standard errors originated from RT-qPCR replicates. For each strain, mRNA
levels are presented relative to the level of RAGI transcript in the WT strain
grown in the presence of glucose, which was set to 1.

AKlirgt1  Kisnf2-1

KIRGTI deletion (Rag™) indeed suppressed the Rag™ phenotype
of the Klsnf2-1 mutant. We then analyzed by RT-qPCR the expres-
sion levels of the RAGI gene in AKlrgtl, Klsnf2-1, and AKlrgtl
Klsnf2-1 mutants (Fig. 6B). As previously shown (39), the RAGI
gene was not repressed in AKIrgtI cells grown in glycerol medium,
and its expression was higher in glucose-grown cells than in the
WT strain. On the other hand, RAGI was poorly expressed in the
Klsnf2-1 mutant, confirming that KIRgt1 and KlSnf2 have oppo-
site effects on glucose regulation of the RAGI gene. In AKlrgt]
Klsnf2-1 cells, RAGI expression was not repressed in glycerol-
grown cells and was restored to high levels under glucose growth
conditions (Fig. 6B). A similar behavior was also observed for the
RAGS gene (data not shown). Altogether, these results suggested
that KIRGTI and KISNF2 genetically interact and certainly coop-
erate to accurately regulate the RAGI gene in response to glucose
availability. They are consistent with a model where KISnf2 acts
positively downstream of KIRgt1 in order to derepress RAGI once
the repressor is inactivated. However, compared to AKIrgt1 cells,
RAGI expression was surprisingly enhanced in the AKlrgtl
Klsnf2-1 strain when grown either in the presence or absence of
glucose, suggesting a negative role for KISnf2 in a context devoid
of the KIRgt1 repressor. Interestingly, glucose induction of RAG1
expression could still be observed in the AKlrgtl and AKlrgtl
Kisnf2-1 mutants, presumably because of the Sck1 activator (or at
least another unidentified activator) still present in these strains.
In addition to Sck1, KISnf2 is the only known positive regulator
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FIG 7 Rag20 is implicated in the glucose signaling pathway. (A) KIRgt! is not
phosphorylated in the presence of glucose in the AKlsnf2 mutant. Kisnf2-1
(KLPC10) and WT cells (MWLK1099) expressing KIRgt1-3HA were pregrown
in YP glycerol to an optical density of 1, diluted 10 times in YP glycerol, and
then transferred in YP glycerol supplemented with 2% glucose or 2% glycerol
for 30 min. KIRgtl1-3HA was detected by Western blotting using anti-HA
antibodies. Total protein extracts were also used in parallel as loading controls.
(B) Smsl is not degraded in the presence of glucose in AKlsnf2. Sms1-3HA
expressed in WT cells (MLK209) and AKIsnf2 cells (MLK281) was detected by
Western blotting after cells were grown in YP medium with 2% glycerol and
transferred to YP 2% glycerol or YP 2% glucose for 5, 30, and 60 min. MWLIS1
cells expressing untagged KlRgtl and Smsl were used as a control in both
panels. Total protein extracts were used in parallel as loading controls. Exper-
iments were performed in triplicate. Representative results are shown.

interacting with RAGI promoter. Interestingly, SCKI gene dele-
tion leads to a modest decrease of RAGI expression in the presence
of glucose (24) while AKIsnf2 null mutant harbors a drastic re-
duced level of RAGI glucose induction (Fig. 3A). This reduced
level is similar to the situation found in the rag4 and rag8 mutants
(1, 3), where KIRgt1 is not inactivated and RAGI expression is still
repressed under glucose growth conditions (20, 39). This obser-
vation suggested additional roles for KISnf2 in RAGI regulation
and prompted us to check the KIRgt] phosphorylation status in
the Kisnf2-1 mutant. Phosphorylated KIRgt1 displays a reduced
electrophoretic mobility on SDS-PAGE (39). We first constructed
the KLPC10 strain (Table 1) by crossing and meiosis analysis,
showing that the previously described functional KIRgt1-3HA fu-
sion was expressed (39). KLPC10 and WT strains (MWLK1099
[Table 1]) were grown either in the presence or the absence of
glucose, and KIRgtl phosphorylation status was investigated by
Western blot analysis of total protein cell extracts (Fig. 7A). The
presented results clearly showed the typical KIRgt1 mobility shift
between glycerol- and glucose-grown cells of the WT strain, indi-
cating KIRgtl phosphorylation in response to glucose (39). In
contrast, in the Klsnf2-1 mutant, KIRgt1 exhibited a lower mobil-
ity independently of glucose availability, suggesting that KIRgt1 is
not phosphorylated in glucose-grown Kisnf2-1 cells. Interestingly,
KIRgtl mobility was even lower in the Klsnf2-1 mutant than in
WT glycerol-grown cells, suggesting additional missing posttrans-
lational modifications in the Kisnf2- 1 mutant. Moreover, this low-
er-mobility form of KIRgtl was more abundant in the Kisnf2-1
mutant than in the WT strain, suggesting that this lower-mobility
form either displays a greater in vivo stability or is more efficiently
immunodetected. Altogether, these data show that KISnf2 is re-
quired for KlIRgtl to be phosphorylated and inactivated in re-
sponse to glucose.

Previous data showed that Smsl regulates KIRgt1 activity by
preventing its phosphorylation in the absence of glucose. Sms1 is

ecasm.org 1387


http://ec.asm.org

Cotton et al.

rapidly degraded in glucose-grown cells, and its degradation re-
quires the glucose signal initiated by the Rag4 signaling pathway
(20). Thus, we examined Smsl steady-state level in the Kisnf2-1
mutant after cells were shifted from glycerol to glucose (Fig. 7B).
We used WT and Klsnf2-1 cells expressing Sms1-3HA (MLK209
and MLK281 [Table 1]). Sms1 was rapidly degraded in glucose-
grown WT cells, as previously described (20), whereas Sms1 de-
pletion did not occur in KIsnf2-1 mutant. Whatever the underly-
ing mechanism, these results demonstrate that KISnf2 influences
glucose signaling by controlling Sms1 degradation and the conse-
quent phosphorylation-induced KIRgt1 inactivation.

DISCUSSION

Glucose signaling is conserved between K. lactis and S. cerevisiae,
and the general structure of the Snf3/Rgt2/Rag4 signaling path-
way, which senses extracellular glucose, is very similar between the
two yeasts (20, 30). The novel KISNF2, homologous to the SNF2
gene of S. cerevisiae, appears as a key element of the glucose sig-
naling pathway in K. lactis, confirming that this aerobic yeast is a
powerful model, and an alternative to S. cerevisiae, for discovering
new elements of glucose signaling in yeasts. The SNF2 gene was
originally isolated in S. cerevisiae from an snf (sucrose-nonfer-
menting) genetic screen, and its product, Snf2, is required for the
derepression of the invertase SUC2 gene in the absence of glucose
(32). Despite the involvement of several chromatin remodeling
complexes, such as Ssn6-Tupl and SAGA complexes, in the regu-
lation of HXT hexose permease genes in S. cerevisiae (35, 46, 47),
the roles of Snf2 and the SWI/SNF complex in HXT gene regula-
tion still remains to be demonstrated. Rgtl represses HXT1 ex-
pression in the absence of glucose by recruiting the Ssn6-Tupl
complex (34, 46), which imposes a repressive chromatin structure
in conjunction with histone deacetylases (16, 56). Interestingly,
Ssn6-Tupl and SWI/SNF complexes have antagonist remodeling
effects in S. cerevisiae (18). As both SSN6 and TUP1 homologous
genes are conserved in the K. lactis genome, further analysis will be
necessary to determine their putative involvement in RAGI gene
regulation.

ChIP analysis showed that KISnf2 is associated with the RAGI
and RAGS5 promoters, suggesting the recruitment of the K. lactis
SWI/SNF complex to regulate RAGI and RAG5 genes. Genome-
wide expression analyses revealed that transcription of roughly
5% of S. cerevisiae genes requires the SWI/SNF complex, whose
transcriptional role is exerted at the level of specific promoters
rather than over a large chromosomal area (21, 43). The SWI/SNF
complex can be recruited to targeted promoters via interactions
either with RNA polymerase II holoenzyme (38) or with se-
quence-specific transcription activators. In S. cerevisiae, SWI/SNF
is recruited to the HO promoter in vivo or to an artificial Gal4-
driven promoter in vitro by the transcriptional Swi5 and Gal4
activators, respectively (10, 56). In muscle cells, SWI/SNF is tar-
geted to specific promoters by the myogenic bHLH MyoD activa-
tor (11). To date, the bHLH Sckl protein is the only transcrip-
tional activator known to bind the RAGI promoter to specific
UAS sequences (E-boxes) located in the —1150/—944 region (33).
However, our results demonstrated that Sckl does not trigger
KISnf2 recruitment to the RAGI promoter (Fig. 5B), which was in
agreement with the difference between the moderate and severe
RAGI expression levels observed in the Asckl (24) and AKinf2
(Fig. 3A) mutants. Interestingly, the loss of a cis-acting element in
the RAGI promoter (—750/—621 region devoid of E-boxes) led to
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a drastic 20-fold decrease in expression of a RAG1-lacZ fusion (8).
It remains unclear whether this promoter region binds an uniden-
tified transcription factor, but we speculate that this additional
activator may recruit the SWI/SNF complex to activate RAGI ex-
pression. On the other hand, nucleosome occupancy within a pro-
moter influences accessibility of specific transcription factor bind-
ing motifs and modulates targeted gene expression in response to
environmental nutrient variations (57). In the present study, we
did not investigate nucleosome occupancy at the RAGI and RAG5
promoters in response to glucose, but our results clearly show that
KISnf2 facilitates binding of the Sckl activator to the RAGI pro-
moter.

Recently, another mechanism has been proposed that links
glucose metabolism to chromatin remodeling (19, 48). Histone
acetylation, necessary for Snf2-mediated chromatin remodeling,
relies on (ATP)-citrate lyase (ACL), which converts glucose-de-
rived citrate into acetyl coenzyme A (CoA). Consequently, histone
acetylation is regulated in a nutrient-dependent manner that relies
on glucose and acetate availability. Glucose feeding causes a tran-
sient increase in acetylation, which contributes to transcriptional
activation (19, 48). In K. lactis, glucose induction of the RAGI
gene requires functional glycolysis (25), suggesting the existence
of ametabolic intracellular signal in addition to the Rag4 pathway.
The underlying mechanism is still unknown, but the glycolytic
defect may cause acetyl-CoA depletion in vivo and could disturb
histone acetylation at the RAGI promoter. In this context, it will
be interesting to investigate whether hexokinase rag5 or enolase
Kleno mutants display a histone acetylation pattern suitable to
KISnf2 targeting to the RAGI promoter.

Glucose transport and glycolysis are tightly coordinated at the
transcriptional level in K. lactis, and KISnf2 appears as a major
element of this metabolic coordination. KIRgt1 strongly locks glu-
cose catabolism by repressing RAGI glucose permease gene and
the hexokinase RAG5 gene in the absence of glucose (39). This
negative control is reinforced through KlRgtl repression of the
SCK1 gene, whose product participates in activation of RAGI and
glycolytic genes by glucose (20, 33). Once KIRgt1 is inactivated by
the Rag4 signaling pathway, the presence of KISnf2 on both RAGI
and RAGS5 promoters could establish favorable conditions by gen-
erating a local chromatin topology conducive to transcription ac-
tivation by the Sckl activator. Second, hexokinase RAG5 gene
expression is severely impacted in the absence of KISnf2. Hence,
KISnf2 exerts additional control on glucose uptake by controlling
the glycolysis-mediated intracellular signal necessary for RAGI
expression (25).

Finally, a significant insight gained from our study is that
KISnf2 is also implicated in the posttranslational regulation of
KIRgt1 by controlling Sms1 degradation in the presence of glucose
(Fig. 7B), but the underlying mechanism is still unclear. Smsl
degradation is triggered by the Rag4-dependent extracellular glu-
cose signaling pathway (Fig. 1), which may be deficient in Klsnf2
mutants. However, several pieces of evidence have indicated that
this signaling pathway and its components (Rag4, Rag8, and
KIGrr1) are still functional in the absence of KISnf2. First, KISnf2
and KIRgtl do not presumably regulate the RAG4 gene, since its
expression is constitutive and not regulated by glucose (1). Sec-
ond, in addition to a Rag™ phenotype, the loss of KIGrr1 leads to
an abnormal elongated cell morphology phenotype (20) which is
not displayed by Kisnf2 mutants (data not shown). Third, Rag8
kinase phosphorylates Sckl to control its cellular steady-state
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level, and a LexA-Sck1 fusion was degraded in a rag8 mutant (33).
However, during our ChIP experiments, we confirmed that LexA-
Sckl was expressed in the AKlsnf2 mutant by Western blotting
(data not shown), indicating that KISNF2 deletion has little if any
effect on Rag8 kinase activity. On the other hand, considering the
strong impact of KISnf2 on expression of the RAG5 hexokinase
gene and other glycolytic genes (data not shown), the influence of
KISnf2 on KIRgtl and Smsl posttranslational control may be a
consequence of impaired glycolysis in Klsnf2 mutants and thus
absence of the intracellular glucose signal. Finally, a direct impli-
cation of KISnf2 in Sms1 degradation control remains biologically
relevant as, besides its transcriptional role, the human Snf2 coun-
terpart, the BRG1 protein, interacts with the p53 tumor suppres-
sor and promotes its polyubiquitination and degradation in vivo
in a chromatin remodeling-independent context (31). Indeed,
SWI/SNF complexes represent a novel link between chromatin
remodeling and cell tumorigenesis, as mutations in the human
Snf2 counterpart BRGI protein have been identified in various
cancers (53). Thus, it will be interesting to analyze in detail the
molecular mechanism of KISnf2 control on Sms1 degradation and
to investigate whether important and evolutionarily conserved
functions exist in Snf2-like proteins, in addition to their well-
known chromatin remodeling activities.
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