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Lack of triose phosphate isomerase activity (TIM) is of special interest because this enzyme works at an
important branch point of glycolytic flux. In this paper, we report the cloning and sequencing of the Kluyvero-
myces lactis gene encoding TIM. Unlike Saccharomyces cerevisiae ATPI1 mutants, the K. lactis mutant strain was
found to be able to grow on glucose. Preliminary bioconversion experiments indicated that, like the S. cerevisiae
TIM-deficient strain, the K. lactis TIM-deficient strain is able to produce glycerol with high yield.

The interaction between glycolysis, the pentose-phosphate
pathway, ethanol fermentation, and respiration in Saccharo-
myces cerevisiae has been extensively studied, and, in recent
years, this interaction has also been investigated in Kluyvero-
myces lactis. For the latter yeast, several genes encoding gly-
colytic enzymes have been isolated, and sequenced, and dele-
tion mutants have been constructed (8, 13, 15, 20, 22). Among
these, deletion mutants in the genes encoding phosphoglucose
isomerase (KIPGII) (22) and phosphofructokinase subunits
(KIPFKI and KIPFK2) (13) revealed that, unlike S. cerevisiae,
K. lactis can grow on glucose medium lacking these enzymes.
This seems to indicate that the pentose-phosphate pathway in
K. lactis is sufficient to partially substitute the glycolysis flux in
the carbohydrate metabolism (14). However, growth is sup-
ported only if respiration is not blocked. In fact, the addition of
respiratory inhibitors, such as antimycin A, prevented the
growth of these mutants (13, 22). Accordingly, both KIPGII
and KIPFK2 have been found within a set of previously isolated
rag mutants and have been screened for their lack of ability to
grow in the presence of antimycin A (23). Some rag mutants
carry mutations in glycolytic structural genes (10, 13, 15, 21,
22), while others carry mutations in genes encoding the tran-
scriptional regulation of glucose metabolism (2, 3, 16).

Lack of triose phosphate isomerase activity (TIM) is of spe-
cial interest because this enzyme works at an important branch
point of glycolytic flux. In S. cerevisiae, the absence of TIM is
known to cause an accumulation of only one of the two trioses,
dihydroxyacetone phosphate (DHAP), due to the sufficient
drainage of the glyceraldehyde 3-phosphate through the gly-
colysis (4). Two pathways in living cells initiate from DHAP:
one leads to the production of glycerol, and the other is a
system developed by all living cells to detoxify the methylg-
lyoxal arising from DHAP (the so-called methylglyoxal path-
way [7]). In our laboratory, we previously developed different
S. cerevisiae strains deleted in the TPII gene (ATPII), coding
for TIM. We used these mutants to obtain elevated produc-
tions of glycerol (i.e., 80 g/liter) with high yield on the carbon
source (molar ratio, 80 to 90%) (5, 6). With the aim to com-
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pare the physiological relevance of TIM and glycerol produc-
tion in the Crabtree-positive S. cerevisiae and in the Crabtree-
negative K. lactis yeast strains, we decided to characterize the
TPII gene from K. lactis. In this paper we report the cloning
and sequencing of the K. lactis gene encoding TIM. Unlike the
S. cerevisiae mutant, the deleted mutant strain was found to be
able to grow on glucose. Preliminary experiments of biocon-
version indicated that, similar to the S. cerevisiae TIM-deficient
strain, the K. lactis TIM-deficient strain is able to produce
glycerol with high yield.

Cloning and sequence analysis of the K. lactis TPII gene. A
1.5-kb **P-labelled fragment of the S. cerevisiaec TPII gene (1)
was used as a probe to screen a K. lactis genomic library (kindly
supplied by M. Wésolowski-Louvel) by colony hybridization
(18). After hybridization (overnight at 43°C in 30% form-
amide, 5X SSC [1X SSC is 0.15 M NacCl plus 0.015 M sodium
citrate], 10% dextran sulfate, 4X Denhardt’s solution, and 100
pg of salmon sperm DNA per ml), the membranes were
washed at 48°C twice with 2X SSC, once with a solution con-
taining 0.5X SSC and 0.1% sodium dodecyl sulfate (SDS), and
once with 0.1X SSC-0.1% SDS. A DNA fragment of about 10
kb was isolated. Different subclones were constructed in the
shuttle vector YEplac 112 (9) and were used to complement
the TIM-deficient phenotype of the S. cerevisiae strain
W303ATPII (MATe, tpil::ura3, ade2-1, canl-100, trpl-1, his3-
11, 15) (5). The BgllI-Csp45 1 DNA fragment, which restored
both the TIM activity and growth on glucose medium to ATP/]
S. cerevisiae, was sequenced on both strands (Primm srl, Milan,
Italy). An open reading frame (ORF) of 553 bp encoding a
protein of 184 amino acids was identified. The molecular mass
of the product, calculated from the predicted amino acid se-
quence, is 20,293 Da. In the upstream region of the gene, an
AT-rich segment was present around position —384, followed
by a TATAAA at position —360. The sequence AATAAA,
thought to be a polyadenylation signal and/or transcription
terminator (17), is present at position +633. The deduced
protein sequence of the K. lactis TIM was compared to the
sequence of other TIMs reported in GenBank by using the
BLAST program. The K. lactis enzyme represents the shortest
known TIM sequence. The identity of the segments from po-
sition 61 to the end of the K lactis polypeptide and from
position 124 to the end of the S. cerevisiae protein reaches 82%.
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FIG. 1. Confirmation of gene disruption by Southern analysis. Lane 1, DNA
from the control strain; lane 2, DNA from the disrupted strain; lane 3, Dig-
labelled DNA molecular weight marker IIT (Boehringer Mannheim).

Gene disruption. Different strategies were used for disrup-
tions of the KITPII gene. A deletion extending from the Kpnl
site (+319) to the EcoRI site (+523) inside the ORF was
replaced by the S. cerevisiae URA3 gene or by the kanMX
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module containing the kanamycin resistance ORF of the Esch-
erichia coli transposon 7n903 fused to transcriptional and
translational control sequences of the TEF gene of Ashbya
gossypii, conferring on yeast the resistance against G418 (size
of the fragment, 1,400 bp) (21). The obtained plasmids were
opportunely digested in order to obtain a linear fragment con-
taining the disrupted copy of the gene. In order to obtain
homologous flanking regions of different lengths, Bal31 diges-
tions were used. K. lactis PM6-TA (MATa, uraAl-1, adeT-600)
(10) cells were collected at the late logarithmic phase of
growth, and were washed and resuspended in 1 M sorbitol at a
cell density of a 10'° cells ml~'. The cells were then trans-
formed at 7.5 kV cm™, 200 , and 25 pF (Bio-Rad). The
transformants were selected for uracil prototrophy on minimal
medium plates (0.67% [wt/vol] yeast nitrogen base [YNB;
Difco]) containing 1% (wt/vol) ethanol-0.1% (wt/vol) glucose
or, after an overnight incubation on YEP (1% [wt/vol] yeast
extract [Biolife]-2% [wt/vol] peptone [Biolife]) containing 1%
(wt/vol) ethanol-0.1% (wt/vol) glucose and 1 M sorbitol, on
plates with the same YEP-ethanol-glucose medium plus G418
(200 mg liter ). Transformed cells were transferred onto 5%
glucose plates and 5% glucose-plus-antimycin A plates at a
final concentration of 5 wuM. One hundred fifty clones were
obtained (40 with the URA3 gene and 110 with G418). All
clones grew on glucose, but only one, resistant to G418 and
showing a rag phenotype, did not grow on glucose-antimycin A.
Cell extracts of this clone were prepared as described (5).
Protein content of cell extracts was determined with Bio-Rad
kit 500-002 with bovine serum albumin as a standard. The
specific activity of the TIM was determined on cell extracts in
a solution containing a buffer of 50 mM triethanolamine and
10 mM MgCl, (pH 7.4), 0.3 mM NADH, and 1 U of glycerol
3-phosphate dehydrogenase ml~' (Boehringer). The reaction

100
10
[a)
o
1
0,14 ; y .
o] 25 50 75 100
Time (hr)
100
10
[a)
o
1 .
0,1 [ ‘ - ‘
0 25 50 75 100
Time (hr)

FIG. 2. Growth curves of the K. lactis control strain (closed circles) and ATPII (open squares) strains. The values are the average of two independent experiments
with a standard deviation lower than 5%. A, YNB-2% glucose; B, YNB-2% lactose; C, YNB-0.5% ethanol-2% glucose; D, YEP-2% glucose. OD, optical density.
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was started by the addition of 0.4 mM glyceraldehyde 3-phos-
phate (Sigma). The complete absence of TIM in cell extracts of
this clone indicated that the disruption of the TPl gene had
occurred. The correct integration by gene replacement of the
disrupted copy of the gene into the 7PI locus was confirmed by
Southern analysis (Fig. 1). Yeast DNA was extracted from cells
by a standard procedure using zymolyase and SDS for cell lysis
(19). The DNA was digested with restriction endonuclease
Csp45 1, separated on agarose gel, and blotted onto a nylon
membrane (Hybond-N; Amersham), as suggested by suppliers.
Hybridization was performed by using as a probe the Bg/II-
Csp45 1 fragment, Dig-labelled (Random Primed DNA Dig-
labelling kit; Boehringer Mannheim) at 48°C in 50% form-
amide, 5X SSC, 0.2% SDS, and 2.5% blocking solution. The
filter was washed once at 50°C with 5X SSC, once at 50°C with
1X SSC, once at 50°C with 1X SSC-0.1% SDS, and once at
50°C with 0.1X SSC-0.1% SDS. The size of the hybridizing
band in the DNA of the mutant strain corresponds exactly with
the expected size of the fragment obtained after the insertion
into the corresponding locus of the disrupted copy of the
KITPII gene. The complete absence of TIM in cell extracts of
this clone and the presence of only one hybridizing band in the
DNA of the wild-type strain indicate that the gene encoding
TIM in K. lactis is present in one copy.

Growth properties of the K. lactis ATPI1 mutant strain. In a
mutant strain lacking TIM, a net energy gain from glycolysis
alone cannot be obtained, because only half of the glucose
flows through the glycolytic pathway. We previously observed
that S. cerevisiae ATPI]1 mutants were unable to grow on min-
imal YNB medium containing glucose as the sole carbon
source. Further, growth was also severely inhibited on YEP-
rich media by glucose concentrations higher than 0.2% (5).
Further, a S. cerevisiae ATPII strain is unable to grow on
medium containing ethanol as the sole carbon source, because
gluconeogenesis is impaired. In K. lactis, the respiratory system
does not seem to be glucose-repressed, at least not to the same
extent as in S. cerevisiae (11, 12). The kinetics of growth of the
K. lactis ATPI1 mutant and of the isogenic wild-type strain on
minimal medium containing 2% (wt/vol) glucose are reported
in Fig. 2A. After an overnight pregrowth period, cells were
inoculated in the same fresh medium at an optical density at
600 nm of 0.1 and were incubated with shaking at 30°C. The
cell growth was followed by measuring the optical density at
600 nm of a diluted sample of the culture. Unlike the S.
cerevisiae ATPI] mutant, the K. lactis mutant was able to grow
on YNB with glucose as the sole carbon source, even with a
lower specific growth rate than the wild-type strain. The same
behavior was observed on YNB medium containing lactose
(Fig. 2B). Like S. cerevisiae ATPI1, the K. lactis mutant is
unable to grow on media containing ethanol as the sole carbon
source. The addition of 0.5% (vol/vol) ethanol (Fig. 2C) or
growth on YEP-rich media (Fig. 2D) restored the ability to
grow on glucose at the same specific rate observed for the
wild-type control strain. This seems to suggest that ethanol, as
well as other components of the YEP-based medium, might
resolve the growth defect of the ATPII mutant. The presence
of ethanol at a much lower level also produces some benefits to
the S. cerevisiae ATPII strains (5); indeed, ethanol restores the
growth of S. cerevisiae mutant cells, but at a rate not higher
than 25% of that of the wild-type strain. Theoretically, ethanol
could be required as a C, and/or energy (i.e., NADH and ATP)
source. Comparative studies are under way to elucidate such
requirements for both K. lactis and S. cerevisiae mutant strains.

Glycerol production by wild-type and mutant strains. By
means of simple bioconversion processes, S. cerevisiae ATPI1
mutants can be used to produce glycerol with high yield (5, 6).
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FIG. 3. Production of glycerol and glucose utilization by the K. lactis control
strain (closed circles and squares, respectively) and the ATPII strain (open
circles and squares, respectively). Experimental results are the average of two
independent experiments with a standard deviation lower than 10%. Glu, glu-
cose; Gly, glycerol (g/).

To test if this also occurs with the K. lactis ATPII mutant, we
performed bioconversion experiments under the same condi-
tions used for S. cerevisiae ATPII cells. Cells, cultured on
medium containing glucose-YEP, were collected at the end of
the exponential growth phase and were resuspended at 100 g
(wet weight) liter ' in a buffer containing 10% (wt/vol) glucose
and 5% (wt/vol) phosphate. Concentrations of glucose and
glycerol were determined by Boehringer enzymatic kits 716251
and 148270, respectively. Data reported in Fig. 3 show glycerol
production from both wild-type and ATPI] mutant strains.
One can deduce the greater ability of the mutant to produce
glycerol by observing the different yields of carbon source, with
a value of 74% for the mutant and 17% for the wild type (the
theoretical yield of glycerol on glucose being 1 mol/mol). As
was observed in S. cerevisiae (5), the K. lactis ATPI] mutant
showed a rate of glucose utilization which was reduced in
comparison to the wild-type cells.

Nucleotide sequence accession number. The nucleotide se-
quence of the KITPII gene has been submitted to the EMBL/
GenBank/DDBJ data bank under accession no. AJ012317.
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