Eukaryortic CELL, Oct. 2008, p. 1742-1749
1535-9778/08/$08.00+0 doi:10.1128/EC.00169-08

Vol. 7, No. 10

Copyright © 2008, American Society for Microbiology. All Rights Reserved.

The Gluconeogenic Enzyme Fructose-1,6-Bisphosphatase Is
Dispensable for Growth of the Yeast Yarrowia lipolytica
in Gluconeogenic Substrates”

Raquel Jardon, Carlos Gancedo, and Carmen-Lisset Flores™

Department of Metabolism and Cell Signaling, Instituto de Investigaciones Biomédicas Alberto Sols CSIC-UAM,
C/Arturo Duperier 4, E-28029 Madrid, Spain

Received 16 May 2008/Accepted 4 August 2008

The genes encoding gluconeogenic enzymes in the nonconventional yeast Yarrowia lipolytica were found to be
differentially regulated. The expression of Y. lipolytica FBP1 (YIFBPI) encoding the key enzyme fructose-1,6-
bisphosphatase was not repressed by glucose in contrast with the situation in other yeasts; however, this sugar
markedly repressed the expression of YIPCKI, encoding phosphoenolpyruvate carboxykinase, and YUCLI,
encoding isocitrate lyase. We constructed Y. lipolytica strains with two different disrupted versions of YIFBP1
and found that they grew much slower than the wild type in gluconeogenic carbon sources but that growth was
not abolished as happens in most microorganisms. We attribute this growth to the existence of an alternative
phosphatase with a high K,, (2.3 mM) for fructose-1,6-bisphosphate. The gene YIFBPI restored fructose-1,6-
bisphosphatase activity and growth in gluconeogenic carbon sources to a Saccharomyces cerevisiae fbpl mutant,
but the introduction of the FBPI gene from S. cerevisiae in the Ylfbpl mutant did not produce fructose-1,6-
bisphosphatase activity or growth complementation. Subcellular fractionation revealed the presence of fruc-

tose-1,6-bisphosphatase both in the cytoplasm and in the nucleus.

The growth of yeasts and other microorganisms in nonsugar
carbon sources is dependent on gluconeogenesis. This pathway
implicates specific gluconeogenic enzymes, such as fructose-
1,6-bisphosphatase (Fbp) and phosphoenolpyruvate carboxyki-
nase (Pck), that bypass the two physiologically irreversible
steps in the glycolytic pathway, namely, phosphofructokinase
and pyruvate kinase. In addition, under certain growth condi-
tions, the enzymes from the glyoxylate cycle, isocitrate lyase
(Icl) and malate synthase, are also required for the function of
gluconeogenesis (Fig. 1). Growth in any nonsugar carbon
source requires Fbp, which catalyzes the hydrolysis of fructose-
1,6-P, to fructose-6-phosphate, and therefore, Fbp is a key
enzyme in gluconeogenesis. The simultaneous function of spe-
cific gluconeogenic enzymes and their glycolytic counterparts
would lead to futile cycles, i.e., reactions that waste ATP with-
out yielding a net product (42). Presumably due to evolution-
ary pressure, a series of control mechanisms have been se-
lected to minimize the functioning of those cycles. In the yeast
Saccharomyces cerevisiae, the activities of phosphofructokinase
and pyruvate kinase are controlled by a series of activators and
inhibitors whose concentrations vary upon growth on sugars or
nonsugar carbon sources (12, 61, 65). The activity of gluconeo-
genic enzymes is determined by the interplay of a variety of
mechanisms. The transcription of the genes encoding them is
subjected to catabolite repression, a complex regulatory phe-
nomenon that involves many proteins (13, 32, 41). In addition,
in S. cerevisiae, most of the gluconeogenic enzymes undergo
catabolite inactivation (27, 48, 50), a proteolytic degradation
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that destroys them after glucose addition. Control by metabo-
lites appears to be restricted to Fbp that is inhibited by AMP
(31) and by fructose-2,6-P, (34), whose concentration increases
rapidly during growth in glucose (25, 45).

The dimorphic yeast Yarrowia lipolytica is an organism of
great biotechnological interest due to its ability to excrete
organic acids and proteins to the medium (5). It is able to grow
in a variety of nonsugar carbon sources, indicating the function
of an active gluconeogenesis. This characteristic, and the fact
that phosphofructokinase and pyruvate kinase, which catalyze
the physiologically irreversible steps in glycolysis, present ki-
netic properties quite different from those of their homologous
S. cerevisiae enzymes (22, 38), led us to initiate a study of the
regulation of gluconeogenesis in Y. lipolytica with particular
attention to that of its terminal enzyme Fbp. Our results show
that in Y. lipolytica, glucose does not repress the gene encoding
Fbp but represses those encoding Pck and Icl. Although in this
yeast there is only one gene encoding a protein showing se-
quence similarity with other Fbps, we have found that its dis-
ruption did not lead to the inability to grow in gluconeogenic
carbon sources in contrast with the situation in most microor-
ganisms (1, 24, 30, 58-60, 64). We also found that a fraction of
Fbp has a nuclear localization.

MATERIALS AND METHODS

Strains, culture conditions, and plasmids. The following yeast strains were
used: Y. lipolytica CLIB89 (Collection de Levures d'Interét Biotechnologique,
Grignon, France; provided by C. Gaillardin), its derivative POla MATA leu2-270
ura3-302 (4) (provided by A. Dominguez, Salamanca, Spain), and H222-S4
(provided by G. Barth, Dresden, Germany) and S. cerevisiae W303-1A ade2 ura3
leu2 trp1 his3 and CIM197 fbp1::HIS3 (29). The yeasts were grown at 30°C with
shaking either in rich YP medium (1% yeast extract, 2% peptone) or in minimal
YNB medium (0.17% yeast nitrogen base [Difco, Detroit, MI], 0.1% glutamate)
with 2% glucose, 3% glycerol, or 2% ethanol as a carbon source. Auxotrophic
requirements were added at a final concentration of 20 pg/ml. The transforma-
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FIG. 1. Scheme of gluconeogenesis and glycolysis in yeasts. Specific
gluconeogenic enzymes are indicated in bold letters. When appropri-
ate, their glycolytic counterparts are indicated. Pyruvate carboxylase
(Pyc), an anaplerotic enzyme, might be needed both in gluconeogen-
esis and in glycolysis, depending on the carbon source. Fbp, fructose-1,
6-bisphosphatase; Ptk, phosphofructokinase; Pyk, pyruvate kinase; Icl,
isocitrate lyase; Mls, malate synthase; OAA, oxaloacetate.

tion of the yeasts was done as described by Barth and Gaillardin (4) for Y.
lipolytica and by Ito et al. (40) for S. cerevisiae. The following plasmids were
constructed to create new strains of Y. lipolytica or S. cerevisiae: pRJ43 was used
to integrate the Y. lipolytica FBP1 (YIFBPI) gene into the YILEU2 locus of strain
RIMO01 (see below) to give strain RIM004. A 3,258-bp DNA fragment carrying
1,264 bp upstream of the initial YIFBPI ATG, the YIFBPI open reading frame
(ORF), and 600 bp downstream of the stop codon was inserted into plasmid
pINA354B (11) digested with Clal and NotI and blunt ended. pRJ43 was di-
gested with Apal to direct it to the YILEU2 locus. Plasmid pCL200 carries the
YIFBPI ORF under the control of the YITEFI promoter in plasmid pCL49 (21)
and upon transformation of strain RIM002 (see below) originated strain
CIMS540. Plasmid pCL201 is an episomal plasmid that carries a 600-bp Smal-
EcoRV DNA fragment from the S. cerevisiae FBPI (ScFBPI) promoter and the
first 18 codons of ScFBPI in frame with the YIFBPI ORF in plasmid pDB20 (7)
digested with Smal and Notl; pCL202 is similar to pCL201 but carries only the
ScFBPI promoter fragment; pCL203 expresses the YIFBPI ORF under the
control of the ScADHI promoter in the episomal plasmid pDB20 (7); and
pCL204 is similar but with YIFBPI in the inverted orientation. Other plasmids
used were pRG6, an episomal plasmid bearing the S. cerevisiae FBPI gene (16),
and pINA237, which carries the YILEU2 gene (23).

Isolation of the YIFBPI gene. Since the sequence of the gene encoding Fbp in
Y. lipolytica was not available at the start of this work, it was isolated using
degenerate oligonucleotides matching two regions of conserved amino acid se-
quences in Fbps, SEEQED and FEQAGG, and considering the Y. lipolytica
codon bias (http://www.kazusa.or.jp/codon/). Chromosome walking and PCR
allowed the isolation of a DNA fragment of 3,254 bp comprising the YIFBPI
coding region, 1,232 bp upstream, and 1,006 bp downstream. This fragment was
cloned into plasmid pGEM-T Easy (Promega) to give plasmid pRJ50.

Disruption of the chromosomal YIFBPI copy. Two different disruption cas-
settes were prepared: one with YIURA3 and other with YILEU2. Plasmid pRJ50
was digested with BamHI, blunt ended, and ligated to a blunt-ended 1.7-kb Sall
fragment carrying the YIURA3 gene obtained from plasmid pINA156 (57) to
produce plasmid pRJI38A. A DNA fragment of 5,221 bp obtained by the diges-
tion of pRI38A with NotI was used to transform Y. lipolytica, producing strain
RJMO001. To generate a disruption cassette with YILEU2, we introduced by PCR
an Ncol site 125 bp upstream of the initial YIFBPI ATG (see Fig. 4A) in pRJ50.
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A 984-bp fragment from the YIFBPI gene was replaced with an Ncol fragment
of 2,100 bp carrying the YILEU2 gene obtained from plasmid pINA62 (28) to
give plasmid pRJ39B. A digestion of pRJ39B with NotI produced a 4,370-bp
DNA fragment that was used to transform Y. lipolytica-originating strain
RIMO002. Strain RIM003 is RIM001 with YILEU2 reintroduced in the genome.

Integration of a YIFBPI promoter-lacZ fusion into the YILEU2 locus. A
1,300-bp DNA fragment upstream of the initial ATG of YIFBPI was obtained by
PCR, inserted into plasmid pINA354B (11), and digested with NotI and BamHI;
the resulting plasmid was digested with Apal to direct the insertion to the
chromosomal YILEU2 locus and used to transform strains POla and RJM001 to
give strains RIM007 and RIJMO00S, respectively.

Preparation of antibodies against YIFbp. A YIFBPI-GST fusion was ex-
pressed in Escherichia coli in the commercial plasmid pGEX4T2 (GE Health
Care). The fusion protein was purified from the extract, and the YIFbp protein
was isolated by electrophoresis after excision of the GST portion with thrombin.
The identity of the protein was checked by matrix-assisted laser desorption
ionization—time of flight. The protein was used to immunize mice, and antibodies
were obtained by standard procedures.

Nucleic acid manipulations. For Northern analysis, the yeasts were filtered
and flash frozen in liquid nitrogen according to the procedure of Belinchén et al.
(8). Total RNA was extracted using the TRIzol-LS reagent (Invitrogen), sepa-
rated on 1.5% agarose-formaldehyde gels, and transferred to Nytran filters
(Schleicher and Schuell, Dassel, Germany). The probes were labeled with 3P
using the Rediprime II random prime labeling kit (GE Health Care).

Probes for Northern analysis. The following probes obtained by PCR using
genomic Y. lipolytica DNA and adequate oligonucleotides were used: for
YIFBPI, a 1,025-bp fragment corresponding to the ORF; for YIPCKI, a 230-bp
fragment starting 226 bp after the initial ATG; for YUCLI, a 1,466-bp fragment
starting 38 bp before the initial ATG; and for 18S rRNA, an 840-bp fragment
described in reference 8.

Extracts and assay of enzyme activities. Extracts were prepared by breaking
the yeast with glass beads in 20 mM imidazole (pH 7) in five cycles of 1 min of
vortexing and 1 min on ice. The homogenate was centrifuged in the cold for 15
min at 13,000 rpm in an Eppendorf tabletop centrifuge, and enzyme activities in
the supernatants were assayed. Fbp was assayed as described by Gancedo and
Gancedo (33), Pck as indicated by Perea and Gancedo (53), and Icl as described
by Dixon and Kornberg (18). The protein level was determined using a com-
mercial bicinchoninic acid protein assay kit.

Extraction and determination of intracellular metabolites. About 200 mg (wet
weight) yeast cells was rapidly filtered in a vacuum through a 0.8-um-pore-
diameter Millipore filter AAWPO4700 and snap-frozen in liquid nitrogen. The
pellets were treated with boiling ethanol as in Gamo et al. (29) and the metab-
olites determined by spectrophotometric methods (10). For calculations, it was
assumed that 1 g wet yeast has an intracellular volume of 0.6 ml (14).

Subcellular fractionation. The cells were converted to spheroplasts with Zy-
molyase, lysed gently, and fractionated basically as described in reference 55
through a combination of Ficoll and Percoll gradients with an additional cen-
trifugation step at 100,000 X g for 2 h at 4°C to eliminate Percoll from the nuclear
fraction. Equal amounts of protein (40 pg) were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (PAGE), transferred to nitrocellulose
filters, and hybridized to different specific antibodies.

Nucleotide sequence accession number. The sequence of the YIFBPI gene has
been deposited in GenBank with the accession number AY324116.

RESULTS

Effect of carbon sources on the activity of gluconeogenic
enzymes in Y. lipolytica. We assayed the activities of two glu-
coneogenic enzymes, Fbp and Pck, and the glyoxylate cycle
enzyme Icl whose activity is repressed by glucose (6, 49) in Y.
lipolytica grown in different carbon sources. The activity of Fbp
was similar in extracts from cells grown in glucose or in glu-
coneogenic carbon sources (Table 1). This result contrasts with
those found in other yeasts in which Fbp is repressed by glu-
cose (20, 39, 60). Pck and Icl activities were much lower in cells
grown in glucose or glycerol than in those grown in ethanol or
acetate (Table 1), showing that these enzymes are subject to
catabolite repression as in other yeasts (3, 20, 36, 43, 47).
However, catabolite repression was not as drastic as in S.
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TABLE 1. Specific activities of gluconeogenic enzymes of Y. lipolytica grown in different carbon sources”
Sp act (mU/mg protein)
Enzyme Glucose Glycerol Ethanol Acetate
YNB YP YNB YP YNB YP YNB YP

Fbp 123 + 12 80 £8 111 £ 11 115 £ 12 106 £ 6 98 =8 91 =8 99 5
Pck 36 £3 13+6 20 + 1 6+2 280 = 25 290 + 11 164 * 30 155 + 20
Icl 73 £ 10 32+5 45+ 10 304 438 + 27 300 = 33 228 = 32 145 = 19

Y. lipolytica wild-type strain POla was grown with the indicated carbon sources in minimal or rich media as described in Materials and Methods and harvested in
the exponential phase of growth. Extracts and enzymatic assays were done as described in Materials and Methods. Figures are the mean values * the standard errors

of the means of the results from four independent cultures.

cerevisiae; a residual activity in glucose-grown cultures that
could reach ca. 30% of the derepressed value was always ob-
served. The low values of Pck and Icl in cultures grown in
glycerol reflect their position in metabolism (Fig. 1). The sim-
ilar values of Y1Fbp in cultures with glucose or with gluconeo-
genic carbon sources were not a peculiarity of the strain used;
a similar pattern was observed in two other Y. lipolytica strains
of different origin and genetic background (results not shown).

Cloning of the gene YIFBPI and properties of its encoded
protein. A DNA fragment of ca. 600 bp obtained by PCR using
genomic DNA from Y. lipolytica strain POla as a template and
degenerate oligonucleotides was used to isolate the whole gene
as described in Materials and Methods. An ORF of 1,017 bp
that encodes a protein of 339 amino acids with a 60 to 70%
amino acid sequence identity with Fbps from other yeasts was
obtained; the corresponding gene has been named YIFBPI.
We found variations in the sequence of YIFBPI among strains
of different origin; at amino acid 69, the DNA sequences of
CLIB89 and of P0Ola read GCA, while those of H222-S4 and
the one deposited in the Genolevures (http:/cbi.labri.fr
/Genolevures/) database read GCC (silent mutation). At
amino acid 229, CLIB89 and POla read AAC, while the others
read GAC (change from D to N in the amino acid sequence).

The YIFBPI gene restored Fbp activity to an S. cerevisiae
fbpI mutant and complemented its growth defect in gluconeo-
genic carbon sources (Fig. 2). When it was expressed under the
control of the YITEFI promoter in Y. lipolytica, Fbp activity

Glucose

increased up to 1,200 mU/mg protein. In contrast, the S. cer-
evisiae FBP1 gene expressed under the control of the YITEF]
promoter did not complement the growth defect of a Ylfbp1I
mutant.

A preliminary kinetic characterization of YIFbp was done
using dialyzed extracts after treatment with protamine sulfate.
A K, of 30 uM for fructose-1,6-P, was calculated, a value in
the range found for other Fbps (9, 31, 52, 63). The activity was
inhibited by AMP (K;, 0.8 mM) or fructose-2,6-P, (50% inhi-
bition at 0.18 pM in the presence of 0.2 mM fructose-1,6-P,).
These characteristics support the idea that the activity consid-
ered corresponds to a typical Fbp.

Expression of YIFBPI and levels of YIFbp in Y. lipolytica. We
studied the expression of the YIFBPI gene in different carbon
sources using Northern blotting and by measuring the B-galac-
tosidase activities produced by a fusion of the YLFBPI pro-
moter to the E. coli lacZ gene integrated into the chromosomal
YILEU?2 locus. The result of the Northern analysis is shown in
Fig. 3. The probe against YIFBPI revealed a unique band
whose intensity did not vary markedly with the carbon source
used for growth, a result consistent with that of the enzyme
values (Table 1). Also, a Western analysis using a specific
antibody against YIFbp showed that the amount of this protein
was similar in all growth conditions used (Fig. 3). These results
show that catabolite repression does not affect the levels of the
YIFBPI mRNA and that YIFbp is not subject to catabolite
inactivation.

Scfbp1/pRG6
(ScFBPI)

Scfbpl/
pCL201
(YIFBPI)

Scfbp1/pDB20
(Control)

Scfbpl/pCL204

Scfbpl/
e (Control)

pCL202
(Control)

Scfbpl/
pCL203
(YIFBPI)

Glycerol + ethanol

FIG. 2. Phenotypic complementation of an S. cerevisiae fbpl mutant by expression of the YIFBPI gene. An S. cerevisiae fbpl mutant (strain
CIM197) was transformed with plasmids carrying the ScFBPI gene (pRG6 [16]), no insertion (pDB20 [7]), the YIFBPI gene under the control of
the ScFBPI promoter (pCL201), the ScFBPI promoter (pCL202), the YIFBPI gene under the control of the ScADHI promoter (pCL203), or a
similar plasmid with the YIFBPI gene in the inverted orientation (pCL204). A purified transformant of each was streaked on plates with glucose
or with glycerol plus ethanol as carbon sources. Specific Fbp activities (each given as the mean of two independent cultures) in mU/mg protein
were 250 for S. cerevisiae with pRG6, 550 for S. cerevisiae with pCL201, 80 for S. cerevisiae with pCL203, and <1 for S. cerevisiae with control
plasmids. For a detailed description of the plasmids, see Materials and Methods.
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FIG. 3. Analysis of the expression of gluconeogenic genes from Y.
lipolytica grown in different carbon sources and Western analysis of
YIFbp. Y. lipolytica strain POla was grown either in minimal or rich
medium with the indicated carbon sources, harvested in the late ex-
ponential phase of growth, and treated as described in Materials and
Methods. (a) The membrane with the separated RNAs was hybridized
with probes corresponding to the YIFBPI, YIPCKI, YUCLI, and Y.
lipolytica 18S rRNA genes (the last one as a loading control; see
Materials and Methods). The numbers under the bands show the
corresponding intensities (cpm/mm?) normalized against those of the
control. (b) Immunodetection of YIFbp. Extracts were subjected to
PAGE and probed with a specific antibody against Y1Fbp (see Mate-
rials and Methods). As a loading control, incubation with an antibody
against Y. lipolytica GAPDH was used.

When B-galactosidase was expressed under the control of
the YIFBPI promoter, there was a 1.5- to 2.5-fold increase in
activity in cells grown in ethanol or acetate with respect to
glucose- or glycerol-grown cells, both in minimal and in rich
medium (Table 2). The difference between the changes in
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FIG. 4. Nuclear localization of a fraction of YIFbp. An extract of
glucose-grown Y. lipolytica strain POla was fractionated into total (T),
cytoplasmic (C), and nuclear (N) fractions as described in Materials
and Methods. Equal amounts of protein (40 pg) of the different frac-
tions were used for Western blot analysis carried out with specific
antibodies against YIFbp and proteins of known subcellular localiza-
tion. Pyc, pyruvate carboxylase (cytosolic); Nop, nucleolar protein 1
(nuclear).

B-galactosidase activity and the data on Fbp activity and West-
ern and Northern analysis could be explained by an increased
instability of YIFBPI mRNA in media with ethanol or acetate.
The activities of B-galactosidase measured in a strain with a
disrupted YIFBPI followed the same trend as those found in a
wild type, but the activities were always higher (between three
to eight times) than in a wild-type background (Table 2). These
results may be interpreted in two ways that are not mutually
exclusive: either Y1Fbp controls the activity of its own pro-
moter, or the metabolic disturbance caused by the lack of the
enzyme affects the expression of YIFBPI.

If YIFbp participates in the regulation of the expression of
YIFBPI, it could be expected that a fraction of it will be found
in the yeast nucleus. To test this possibility, we did a subcellular
fractionation and followed the distribution of Fbp in different
fractions using a specific YIFbp antibody. As shown in Fig. 4,
YIFbp was detected in the nuclear fraction; the lack of cyto-
plasmic contamination in this fraction was shown by the ab-
sence of reaction with an antibody against pyruvate carbox-
ylase, a cytoplasmic protein in yeast (Fig. 4). Similar results
were obtained with nuclei prepared from cells grown in glucose
or in ethanol. This result together with those of B-galactosidase
activity would be suggestive of a moonlighting role for Y1Fbp.

The results obtained for YIFBPI contrast with those found
with probes against YIPCK/ and YI/CLI (Fig. 3) that showed
a pattern of glucose repression in agreement with the values of
enzymatic activity (Table 1). The results obtained show that
expression of the genes encoding gluconeogenic enzymes in Y.

TABLE 2. Specific activity of B-galactosidase (mU/mg protein) produced from an integrated YIFBPI promoter-lacZ fusion in Y. lipolytica
grown in different carbon sources?

Sp act (mU/mg protein) of B-galactosidase

Strain and relevant

Glucose Glycerol Ethanol Acetate
genotype
YNB YP YNB YP YNB YP YNB YP
RIMO007 YIFBPI 36 5 14 x4 47 =4 12+1 83*6 36 =3 70 £5 23£5
RIMO08 Ylfbp1::URA3 97 =13 33x2 94 £ 15 235 297 £ 15 182+ 6 372 =13 189 *= 10

@Y. lipolytica strains RIM007 and RIMO008, wild type and Ylfbp1::URA3, respectively, bearing a fusion of the YIFBPI promoter to the E. coli lacZ integrated into
the chromosomal YILEU2 locus (see Materials and Methods) were cultured in minimal or rich medium with the indicated carbon sources, and B-galactosidase was
assayed as described in Materials and Methods. Results are the mean values * the standard errors of the means of the results from four independent cultures.
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FIG. 5. Disruption of the chromosomal copy of the YIFBPI gene and analysis of the disruptants. Scheme of the chromosomal region around
YIFBPI in wild-type strain POla (a) and in strains RIM001 YlfbpI::YIURA3 (b) or RIM002 Ylfbp1::YILEU2 (c). The bold lines show the regions
of DNA used for chromosomal disruptions. The Ncol site marked with an asterisk was created by PCR. (d) Southern analysis of the disruptants.
Genomic DNA was digested with Dral. The 1,108-bp DNA fragment indicated as a probe was obtained by PCR. The sizes of the DNA bands are
indicated. (e) Western blot analysis of YIFbp protein in the YlfbpI::LEU?2 disruptant. Extracts were subjected to PAGE and probed with a specific
antibody against YIFbp. A loading control probed with an antibody against Y. lipolytica GAPDH is shown. WT, wild type.

lipolytica is not regulated in parallel and that it differs from that
found in other yeasts.

Effects of the disruption of the YIFBPI gene. YIFBPI was
disrupted with two different cassettes (see Materials and Meth-
ods and Fig. 5). After transformation of the yeast and selection
in glucose medium, the transformants were transferred to a
medium with ethanol. Those that did not grow after 2 days
were checked for the correctness of the disruption (Fig. 5).
Also a Western blot of the disruptants showed no cross-react-
ing material against a specific YIFbp antibody (Fig. 5). These
results indicate that YIFbp is the main activity implicated in the
growth of Y. lipolytica in ethanol. However, Ylfbp! disruptants
grew after several days on ethanol plates, a behavior different
than that of S. cerevisiae fbpl mutants (Fig. 6). The growth was
not due to the appearance of extragenic suppressors, as iden-
tical volumes of a cell suspension of a Ylfbp! disruptant pro-
duced a similar number of colonies on plates with glucose,
glycerol, or ethanol (result not shown).

Since growth in gluconeogenic carbon sources requires the
formation of fructose-6-P by Fbp, we determined if there was
another phosphatase activity acting on fructose-1,6-P, in the
disrupted strain. We found such an activity that amounted to
about 20% of the total wild-type Fbp activity. This result shows
that in the absence of Y1Fbp, another phosphatase supports a
slow growth in gluconeogenic conditions. No such activity was
observed in an S. cerevisiae fbpl mutant, even if the concen-
tration of fructose-1,6-P, in the assay was increased 50 times.
The difference in generation times between the wild type and
the YIFBP! disruptant was more marked in ethanol (313 = 11
min versus 460 = 30) or acetate (190 = 14 versus 293 *+ 9) than
in glycerol (123 = 3 versus 142 * 3). Reintroduction of the

YIFBPI gene in a Ylfbpl::URA3 mutant restored normal
growth in ethanol, indicating that YIFbp is the phosphatase
responsible for growth in gluconeogenesis. Additional evi-
dence for this role is provided by the values of metabolites
directly related to fructose-1,6-P,, the substrate of Fbp. As
shown in Table 3, its concentration increased in the disruptant
during growth in gluconeogenic substrates and the levels of
hexose monophosphates decreased. The concentration of ATP
tended to be higher in the disruptant, with the exception of the
acetate cultures.

The YIFBPI disruptants did not show microscopic differ-
ences in liquid cultures, but colonies on gluconeogenic sub-
strates were smoother than those of the wild type (results not
shown).

Some characteristics of the alternative phosphatase. The
available genomic sequence of Y. lipolytica (http://cbi.labri.fr
/Genolevures/) does not reveal proteins with significant se-
quence homology to YIFbpl, indicating that the activity de-
tected in the Ylfbpl mutant is due to a different type of
phosphatase. Its activity did not vary with the carbon source
(results not shown) and was not lost in extracts from proto-
plasts, thus ruling out an extracellular location. A preliminary
kinetic characterization, using extracts from Ylfbp1 cells pre-
cipitated with protamine sulfate and dialyzed, showed an op-
timum pH of 7.2, a K,,, for fructose-1,6-P, of 2.3 mM, and no
inhibition by AMP or fructose-2,6-bisphosphate. In some ar-
chaea, Fbp activity was ascribed to an inositol monophos-
phatase (62); since inositol monophosphatases are sensitive to
Li™ (46), we checked whether the activity in extracts of Ylfbpl
mutants showed this property. The alternative phosphatase
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WT WT

Scfbpl:HIS3 | Yifopl::LEU2

Ethanol
3 days

FIG. 6. Effect of the disruption of the FBPI gene on the growth of
Y. lipolytica and S. cerevisiae on ethanol. The following strains were
streaked on minimal medium plates with glucose or ethanol as carbon
sources and incubated at 30°C: Y. lipolytica wild-type (WT) POla (up-
per right), RIM002 Ylfbp1::LEU2 (lower right), S. cerevisiae CIM 197
(Scfbp1::HIS3; lower left), and S. cerevisiae W303-1A (wild type, upper
left). Pictures were taken 2, 3, and 5 days after the inoculation of Y.
lipolytica; S. cerevisiae strains on the ethanol plate were inoculated 3
days before.

Ethanol
5 days

was about 25 times less sensitive to inhibition by Li* than
Y1Fbp; 25 mM LiCl inhibited its activity only by 50%.

DISCUSSION

We have identified and cloned the YIFBP! gene encoding
Fbp in Y. lipolytica. The strong identity in protein sequence
with Fbps of diverse origin, the decrease in Fbp activity in a
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strain with a disrupted YIFBPI, the slow growth of this strain
in gluconeogenic carbon sources, the complementation of the
growth phenotype of an S. cerevisiae fbpl mutant, and the
increase in Fbp activity when YIFBPI is overexpressed in Y.
lipolytica or in S. cerevisiae show that the gene encodes this
protein. The ScFBPI gene did not restore growth on gluconeo-
genic carbon sources to a Ylfbpl mutant. The marked differ-
ence in codon bias between the two yeasts (19) may offer a
possible explanation for this result.

An examination of the available genomic sequence of Y.
lipolytica indicated that there is only one gene encoding a bona
fide Fbp. However, the growth of a Ylfbp/ mutant in nonsugar
carbon sources, although slower than the wild type, contrasts
with the lack of growth in these media observed in microor-
ganisms lacking Fbp activity (1, 20, 24, 30, 58, 59, 64). The
explanation for this growth is the existence of an alternative
phosphatase with a high K, for fructose-1,6-bisphosphate. We
do not know presently the gene encoding this activity, but its
kinetic characteristics suggest that it encodes a protein unre-
lated to classical fructose-1,6-bisphosphatases. A phosphatase,
even unspecific, acting on fructose-1,6-P, could support the
growth of an fbpl mutant on gluconeogenic substrates as
shown for E. coli, where a mislocalized phosphatase alleviated
the growth defect of such a mutant (17). No information is
available on the enzyme(s) that allow the growth of a Bacillus
subtilis mutant lacking Fbp in glycerol or malate (26). The
slower growth of the Ylfbp mutant in ethanol compared with
that observed in glycerol could be due to the differences in the
concentration of fructose-1,6-bisphosphate found in both con-
ditions.

We have also shown that the expression of the genes encod-
ing gluconeogenic enzymes in Y. lipolytica is not regulated in
parallel and that YIFBPI is not repressed by glucose. Catabo-
lite repression is very strong in S. cerevisiae (13, 32, 41) and
depends on a high glycolytic flux (29, 56). The low glycolytic
capacity of Y. lipolytica compared to that of S. cerevisiae could
explain the incomplete repression of YIPCKI or YUCLI in Y.
lipolytica. But the lack of repression of YIFBP] is almost com-
plete and suggests that this protein has other roles besides its
metabolic one. The lack of catabolite repression of the gene
YIFBPI and the partial expression of YIPCKI during growth in
glucose pose the problem of the waste of energy by the func-
tion of futile cycles. S. cerevisiae strains with functional futile
cycles are viable but are at a disadvantage in competition with
a wild-type strain (51). No measurement of futile cycles has
been done yet for Y. lipolytica; however, their functioning dur-

TABLE 3. Intracellular concentration (mM) of several metabolites in Y. lipolytica®

Concentration (mM)

Metabolite Glucose Glycerol Ethanol Acetate
YIFBPI Ylfopl YIFBP1 Ylfopl YIFBPI Ylfopl YIFBP1 Ylfopl
Glucose-6-P 0.47 = 0.10 0.43 = 0.10 0.50 £ 0.10 0.13 0.2 0.18 = 0.02 0.04 = 0.01 0.17 £ 0.04 0.06 = 0.01
Fructose-6-P 0.13 = 0.03 0.11 = 0.01 0.12 = 0.05 0.06 = 0.01 0.04 = 0.01 =0.02 0.04 = 0.01 =0.02
Fructose-1,6-P, 0.25 = 0.03 0.34 = 0.09 0.17 £ 0.01 0.65 = 0.06 0.03 = 0.01 0.11 = 0.02 0.03 = 0.01 0.29 = 0.06
ATP 0.53 £ 0.01 0.69 = 0.08 0.50 = 0.06 0.70 = 0.10 0.56 = 0.06 0.87 = 0.08 0.72 = 0.05 0.64 = 0.03

“ A wild-type strain of Y. lipolytica (POla) and a Ylfbp1::LEU2 strain (RIM002) were cultured in rich medium with the indicated carbon sources and harvested during
the exponential phase (optical density, 0.8 to 1). Metabolites were assayed after extraction as described in Materials and Methods. Results are the mean values * the

standard errors of the means of the results from four independent cultures.
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ing growth in glucose cannot be ruled out. In some bacteria
like E. coli (24), Bacillus subtilis (26), or Corynebacterium glu-
tamicum (58), the levels of Fbp did not vary with the carbon
source, but futile cycles appear to be avoided by allosteric
control of the corresponding enzymes (15, 37, 58). YIFbp is
strongly inhibited by fructose-2,6-P,, and this inhibition could
minimize the function of the cycle. Although AMP is a potent
inhibitor of most Fbps, its role in the regulation of the yeast
enzyme is not obvious, since its concentration does not show
great variations between gluconeogenic and glycolytic condi-
tions (2). Hines et al. (37) have shown that in E. coli, the
inhibition of Fbp by AMP is increased up to 10 times upon the
binding of glucose-6-phosphate, levels of which vary markedly
between glycolytic and gluconeogenic growth conditions, thus
making the sugar phosphate the actual controller of Fbp.
These authors suggested that a similar situation may occur with
AMP and fructose-2,6-P, in eukaryotic organisms. Phos-
phoenolpyruvate was without significant effect on the enzyme
of Y. lipolytica and this behavior is consistent with the finding
that the phosphoenolpyruvate binding site is not present in
Fbps from organisms that use fructose-2,6-P, in the regulation
of Fbp activity (37).

We have found that a fraction of YIFbp is present in the
nucleus; this finding and the differences in B-galactosidase
activity when expressed under the control of the YIFBPI pro-
moter in wild-type cells and in the Ylfbp! mutant could suggest
that YIFbp may have functions other than its pure metabolic
one. In some higher eukaryotes, Fbp has been found to be
associated with nuclei in different types of cells (35, 66). In
some cases, the localization of the protein was influenced by
the growth phase of the cells (35) or by changing metabolic
conditions (66). A well-defined explanation for the presence of
Fbp in the nucleus has not yet been advanced. Several studies
on Y. lipolytica have revealed important differences in the
properties of different enzymes implicated in carbohydrate me-
tabolism like hexokinase (54), phosphofructokinase (22), 3-P-
glycerate kinase (44), pyruvate kinase (38), or pyruvate carbox-
ylase (21) with respect to those of their homologues in S.
cerevisiae. The different properties in the regulation of the
expression of genes encoding gluconeogenic enzymes and in
the behavior of the Ylfbp! mutants described in this work
further stress the physiological differences between this yeast
and the model yeast S. cerevisiae.
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