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Abstract In the "petite-negative" yeast Kluyveromyces 
lactis carbon catabolite repression of some cytoplasmic 
enzymes has been observed. However, with respect to 
mitochondrial enzymes, in K. lactis, unlike the case in 
the "petite-positive" yeast Saccharomyces cerevisiae, 
growth on fermentable carbon sources does not cause 
repression of respiratory enzymes. In this paper data 
are reported on carbon catabolite repression of 
mitochondrial enzymes in K. lactis, in particular on 
L- and D-lactate ferricytochrome c oxidoreductase 
(LCR). The L- and D-LCR (E.C. 1123, E.C. 1124) 
in yeast catalyze the stereospecific oxidation of D and 
L isomers of lactate to pyruvate. This pathway is 
linked to the respiratory chain, cytochrome c being 
the electron acceptor of the redox reaction. We 
demonstrate that the level of mitochondrial D- and 
L-LCR is controlled by the carbon source, being in- 
duced by the substrate lactate and catabolite-repressed 
by glucose. We cloned the structural gene for D-LCR 
of K. lactis (KIDLD), by complementation of growth 
on D,L-lactate in the S. cerevisiae strain WWF18-3D, 
carrying both a C YB2 disruption and the dld 
mutation. From the sequence analysis an open 
reading frame was identified that could encode a 
polypeptide of 579 amino acids, corresponding to a cal- 
culated molecular weight of 63484 Da. Analysis of 
mRNA expression indicated that glucose repression 
and induction by lactate are exerted at the transcrip- 
tional level. 
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Introduction 

In microorganisms, growth on glucose causes repres- 
sion of the synthesis of several enzymes required for the 
metabolism of either fermentable or non-fermentable 
carbon sources. This phenomenon is known as carbon 
catabolite repression (Magasanik 1961). In the yeast 
Saccharomyces cerevisiae, this regulatory mechanism 
has been extensively studied and a multitude of genes 
involved have been identified and characterized (for 
a review see Gancedo 1992). Cytoplasmic as well as 
mitochondrial enzymes can be affected. Respiratory 
enzymes belong to the class of repressed enzymes. In 
this way, in the "petite-positive" yeast S. cerevisiae, 
fermentative metabolism supports energetic require- 
ments during growth on glucose. 

The mechanism of carbon catabolite repression is 
also functional in non-Saccharomyces yeasts. In the 
"petite-negative" (Bulder 1964) yeast Kluyveromyces 
lactis, carbon catabolite repression of some cytoplas- 
mic enzymes such as NAD glutamate dehydrogenase 
and/~-galactosidase has been observed (Ferrero et al. 
1978; Breunig 1989; Kuzhandaivelu et al. 1992). It has 
also been reported that there is a strain-dependent 
sensitivity to glucose repression. (Ferrero et al. 1978; 
Breunig 1989; Kuzhandaivelu et al. 1992). 

As far as mitochondrial enzymes are concerned, in 
K. lactis growth on fermentable carbon sources does 
not cause repression of respiratory enzymes (DeDeken 
1966). However, some form of regulation exerted by 
glucose on mitochondrial functions does exist, since 
induction by glucose of mitochondrial, antimycin A- 
insensitive respiration has been reported (Ferrero et al. 
1981; Lodi et al. 1985). 

To obtain more information about the regulatory 
effect of catabolite repression on mitochondrial en- 
zymes in K. lactis, we have undertaken a physiological 
study of the lactate ferricytochrome c oxidoreductase 
system (LCR). The L- and D-LCR (E.C. 1123, E.C. 1124) 



in yeast catalyze the stereospecific oxidation of L and 
D isomers of lactate to pyruvate. This pathway is linked 
to the respiratory chain, cytochrome c being the 
electron acceptor of the redox reaction. This enzy- 
matic system has been extensively characterized in S. 
cerevisiae. The L-LCR (cytochrome b2) is a flavohemo- 
protein (Guiard and Lederer 1976; Jacq and Lederer 
1974; Lederer et al. 1985); the D-LCR is a Zn flavop- 
rotein (Nygaard 1961; Gregolin and Singer 1962, 1963). 
Both are nuclear encoded and localized in mitochon- 
dria, but the mechanism of import into the organelles 
has been elucidated only for cytochrome b2 (Gasser et 
al. 1982, Planner et al. 1988; Glick et al. 1992; Koll et al. 
1992). The synthesis of the two enzymes is subject to the 
negative control of catabolite repression (Galzy and 
Slonimski 1957; Somlo 1965). Moreover, both enzymes 
are absent in anaerobic cells and are induced during 
respiratory adaptation; both enzymes are induced by 
either of the two isomers of lactate (Slonimski 1953; 
Labeyrie and Slonimski 1964; Solmo 1965, 1966, 1967; 
Lodi and Guiard 1991). 

Here we describe the LCR system in the yeast 
K. Iactis and demonstrate that the synthesis of mito- 
chondrial D- and L-LCR is controlled by carbon sour- 
ces added during cell growth. In particular, unlike 
cytochromes or other respiratory enzymes, D- and L- 
LCR expression is affected by glucose. Moreover, clon- 
ing and molecular study of the structural gene of D- 
LCR of K. lactis is reported. 
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beads (0.5 mm diameter) were added to each gram of wet weight 
cells. The cells were broken by vortexing at 4 ° C. The suspension was 
then centrifuged at 5000 g for 5 rain, the precipitate discarded and 
the supernatant centrifuged at 17000 g for 30 min. The mitochon- 
drial pellet was washed once and resuspended in the extraction 
buffer. 

Preparation of cell free extract 

Cells grown to 1 x l0 s cells/ml were harvested by centrifugation, 
washed once with distilled water and once with extraction buffer 
[0.03 M TRIS-HCL, pH 8.5, 1 mM phenylmethylsulfonyl fluoride 
(PMSF)]. The cell pellet was resuspended in 1.25 volumes of extrac- 
tion buffer, and cells were disrupted by vortexing at 4°C in the 
presence of an equal volume of glass beads (0.5 mm diameter). The 
suspension was then centrifuged at 5000 g for 5 min at 4 ° C. The 
pellet was discarded, and the supernatant used for enzyme activity 
measurements. 

Enzyme assays 

L- and D-LCR activities were measured spectrophotometrically at 
600 nm at a standard temperature of 30 ° C in the presence of 50 mM 
phosphate buffer, pH 7, 10 mM sodium azide, 30 btM phenazine 
methosulfate, 50 I-tM 2,6 dichlorophenol-indophenol, 30 laM lactate 
(lithium salt) and an amount of mitochondria (for D-LCR assay) or 
cell-free extract (for L-LCR assay) corresponding to approximately 
0.1 mg/ml in the reaction mixture. The exogenous substrate was 
added to the reaction mixture after exhaustion of endogenous sub- 
strates. 

Materials and methods 

Strains 

The S. cerevisiae strain used in this study, WWF18-3D 
(a ade2 leu2 his3 ura3 CYB2:  : TRP1 did), was previously character- 
ized (Lodi and Ferrero 1993). The K. lactis strain PM4-4B (c~ uraA 
ade pKD1 +) has been described elsewhere (Goffrini et al. 1991). 

Escherichia coli strains JM83 ara A([ac-proAB) rpsL ( = strA) 
80 lacZ zXM15 and MC1066 (Casadaban et al. 1983) were used for 

plasmid amplification and preparation. 

Media 

M medium contained 5 g/1 Difco yeast extract and 10 g/1 Difco 
Bactopeptone supplemented with the carbon sources indicated in 
results. Mineral minimal medium was supplemented with 20 g/1 
glucose, and appropriate amino acids, uracil, or adenine to a final 
concentration of 40 I*g/ml. 

The E. coli strains were grown in LB or M9 broth (Maniatis et al. 
1982). Ampicillin was added to a final concentration of 150 gg/ml 
for plasmid maintenance. 

Isolation of mitochondria 

Three milliliters of extraction buffer (0.6 M sorbitol, 10mM 
imidazole, 0.5 mM EDTA and 0. l% BSA, pH 6.4) and 3 g of glass 

Measurement of respiratory activity 

This assay was carried out according to Ferrero et al. (1981). 

Transformation 

Transformation of S. cerevisiae cells was performed according to Ito 
et al. (1983). Transformants were selected on mineral minimal me- 
dium containing 2% glucose and the required amino acids or bases. 
K. lactis transformation was carried out according to Bianchi et al. 
(1987). Transformation of E. coli was performed according to Man- 
del and Higa (1970). 

Plasmids 

The genomic library of fragments of partially Sau3A digested 
K. lactis DNA in pSK1 was provided by M. W&olowski-Louvel. 
The plasmid pFL44 was provided by F. Lacroute; plasmid pUC19 
was purchased from Pharmacia. 

Preparation, analysis of DNA and electrophoresis 

Isolation and purification of plasmids from E. coli were carried out 
by standard methods (Maniatis et al. 1982). Established methods 
were used for preparation of yeast DNA (Nasmyth and Reed 1980). 
Agarose gel electrophoresis and Southern analysis were as described 
elsewhere (Maniatis et al. 1982). 
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Enzymes and chemicals 

Restriction endonucleases and T4 DNA ligase were purchased from 
Pharmacia. Digestion and ligation were performed in accordance 
with the supplier's instructions. 32P-labeled substrates for DNA 
probes were purchased from N E N - D U  PONT. 

Nncleotide sequence analysis 

Nucleotide sequence determination of the KIDLD gene was carried 
out by using the dideoxy chain termination method (Sanger et al. 
1977) with Sequenase Version 2 (USB). Overlapping deletion sub- 
clones were produced by digestion with exonuclease III and S1 
nuclease (Nested Deletion kit, Pharmacia) starting from opposite 
ends of the DNA insert. The sequence of both strands was determined 
by using the double-stranded plasmid DNA as a template and the 
17-nucleotide universal and reverse sequencing primers (Pharmacia). 

Northern analysis 

Total RNA isolation and formamide agarose gel electrophoresis 
were carried out according to Sherman et al. (1986). Northern 
blotting to Hybond N filters (Amersham) and hybridization to 
32P-labeled probes were performed using standard techniques 
(Maniatis et al. 1982). 

ResuAs 

Effects of growth on different carbon sources on levels 
of the mitochondrial enzymes n- and L-LCR in K. lactis 

The effects of fermentative and oxidative carbon sour- 
ces on the levels of I>LCR and L-LCR were analyzed in 
K. lactis. L-LCR was tested in cell-free extracts and 
D-LCR was tested in isolated mitochondria. Both L- 
and D-LCR are in fact mitochondrial enzymes, but 
L-LCR is a soluble protein located in the intermem- 
brane space, whereas D-LCR is linked to the membrane 
(Somlo 1965; Lodi and Ferrero 1993). Table 1 reports 
the enzyme activities measured in cultures grown, re- 
spectively, in the presence of i>, L-lactate, ethanol and 

Table 1 Effects of growth on different carbon sources on levels of L- 
and D-lactate ferricytochrome c oxidoreductases (L-LCR, D-LCR) 
and respiratory activity in the strain PM4-4B. L- and D-LCR activ- 
ities and oxygen consumption (Qo~) were measured as described in 
Materials and methods. D-LCR was measured after isolation of 
mitochondria; L-LCR was measured in cell-free extracts. Enzyme 
units are expressed as nanomoles of snbstrate per minute per milli- 
gram of protein. Qo~ is expressed as microliters of oxygen consumed 
per hour per milligram of dry mass. All the values in the Table 
represent the average of three independent experiments. In no case 
was the variation higher than 15% 

Growth conditions 
2% ethanol 2% lactate 2% glucose 2% glucose + 

2% lactate 

5-LCR 150 695 118 122 
D-LCR 394 1505 206 258 
-- 002 78 80 83 82 

glucose, alone or in the presence of i>, L-lactate, 
together with the oxygen consumption data obtained 
under the same growth conditions. Each carbon source 
was supplemented to a final concentration of 2%. 

After growth on ethanol, considered as a non-repres- 
sing carbon source, the level of L-LCR was only barely 
higher than on glucose; the level of D-LCR was approx- 
imately twice the level observed on glucose. Lactate, 
the substrate of L- and D-LCR, caused induction of both 
enzymes, which was prevented by glucose. The level of 
respiratory activity was the same, independent of the 
carbon sources added in the medium. Therefore, both 
D- and L-LCR, unlike the respiratory enzymes, are 
subject to glucose catabolite repression, which is epi- 
static to lactate induction. 

Cloning of the KlDLD gene 

In an attempt to clone the genes coding for D- and 
L-LCR in K. lactis we took advantage of a previously 
constructed strain of S. cerevisiae, WWF18-3D, which 
carries a non-reverting mutation (obtained by gene 
disruption) in the C YB2 gene, coding for L-LCR, and 
a mutation in DLD gene, coding for D-LCR (Lodi and 
Ferrero 1993). These mutations eliminate both LCR 
enzyme activities and the strain cannot grow on me- 
dium supplemented with D, L-lactate (Lct- phenotype). 

The WWF18-3D strain was transformed with a K. 
lactis genomic library, kindly provided by Dr. M. 
W6solowski-Louvel (W&olowski-Louvel et al. 1988) 
and composed of DNA fragments generated by partial 
Sau3A digestion and inserted into the BamHI site of the 
vector pSK1. Of about 10000 Ura + transformants 
obtained in three different experiments, and replica- 
plated onto M medium supplemented with D-, L-lactate, 
two possessed a Lct ÷ phenotype. When these clones 
were grown under non-selective conditions, the Ura + 
and the Lct + phenotypes were always lost together in 
subclones. When tested for LCR activities, these clones 
showed a high level of D-LCR activity only, suggesting 
that we had isolated the DLD gene of K. lactis 
(KIDLD). 

Plasmids extracted from the two Let + clones and 
amplified in E. coli showed different restriction patterns 
with some common bands. It therefore seems likely 
that the same gene had been independently cloned 
twice with different lengths of adjacent DNA. The shor- 
ter plasmid, designated pLD3 and containing a 7.2 kb 
insert, was analyzed further. 

In order to localize the KIDLD gene in the cloned 
DNA, different fragments of the plasmid pLD3 were 
cloned into the pFL44 vector (Bonneaud et al. 1991). 
The resulting plasmids were tested for their ability to 
complement the dld mutation in the strain WWF18-3D 
both for growth on lactate and for D-LCR enzyme 
activity. In this way we delimited the complementing 
region of pLD3 to a 3.85 kb fragment contained in the 



pNSD6 plasmid. The subcloning experiments and re- 
striction map are illustrated in Fig. 1. 

Sequence of the KIDLD gene 

Nucleotide sequence determination of KIDLD gene 
was carried out by the method of Sanger et al. (1977), as 
described in Materials and methods. An open reading 
frame (ORF) of 1737 nucleotides was identified by 
translating the sequenced DNA in the six possible 
reading frames. The deduced protein sequence con- 
tained 579 amino acids and corresponded to a protein 
of 63484 daltons. The nucleotide and the predicted 
amino acid sequences are shown in Fig. 2. 

In the upstream region two AT-rich stretches were 
present at positions - 1 6 0  (TATATATATATA) and 
- 8 0  (TATATAATAA). The comparison between the 

K1DLD nucleotide sequence and that of the previously 
isolated DLD gene of S. cerevisiae revealed that the 
putative ATG initiation codon (at position + 1 in the 
sequence) is followed by a stretch of about 260 nucleo- 
tides before a region is reached that shows 80% se- 
quence identity with the S. cerevisiae homologue (data 
not shown). Similarly, comparison of the protein se- 
quences deduced from the KlDLD and S. cerevisiae 
DLD genes revealed that from positions 1 to 90 the two 
amino acid sequences are very different; from amino 
acid 90 to the end of polypeptide the similarity reaches 
82%, with an identity score of 64% (Fig. 3). 

The codon bias index (CBI) of the KIDLD gene, 
calculated according to Bennetzen and Hall (1982), is 
0.62, indicating that the protein is relatively abundant. 
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In this respect we observe a difference between K. Iactis 
and S. cerevisiae, since the CBI of the S. cerevisiae DLD 
gene is 0.27 (Lodi and Ferrero 1993). Recent studies 
concerning codon usage in K. lactis have indicated that 
the pattern of synonymous codon usage in the two 
species appears to be very similar: highly expressed 
genes have a high codon usage bias, while genes with 
a low expression level have a low bias (Lloyd and Sharp 
1993). It has been observed that corresponding genes in 
the two yeasts have similar CBIs. An exception to this 
rule is represented by genes encoding mitochondrial 
proteins, which display higher CBI values in K. lactis, 
indicating a higher level of gene expression (Luani et al. 
1994). 

Gene disruption 

To obtain a K. laais mutant devoid of D-LCR enzyme, 
we first constructed a deletion derivative of the KIDLD 
gene. The 2.7 kb region between the KpnI and HindIII 
sites was cloned in pUC19. The 1 kb BamHI fragment 
was excised and replaced by the BglII cassette bearing 
the selectable marker URA3 of S. cerevisiae (Bonneaud 
et al. 1991), which is able to complement the uraA 
mutation of K. lactis (De Louvencourt et al. 1983) 
(Fig. 1). Inactivation of the chromosomal KlDLD gene 
was achieved using the one-step gene replacement 
method (Rothstein 1983). The KpnI-PstI linear frag- 
ment from plasmid pUC19-DLD: :URA3 was used to 
transform strain PM4-4B uraA. Several transformants 
were selected and four were tested for D-LCR activity. 
One of these was devoid of the enzyme (strain TD4). 
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Fig. 1 A Restriction enzyme map of plasmid pLD3 containing the 
K1DLD gene and complementation analysis of the derived sub- 
clones. The bottom plasmid (pHK-D) represents the selection cas- 
sette used for the disruption strategy. Symbols for restriction sites: 
B BamHI; Bg BglII; E EcoRI; K Kpnl; N NheI; P PstI; RV EcoRV; 
S SaII; Sp Spel. +,  complementation for both growth on lactate and 
restoration of D-LCR enzyme activity. - ,  no complementation. The 
boxes indicate pSK1 vector sequences and the lines indicate yeast 
sequences. B Confirmation of gene disruption by Southern analysis. 
Genomic DNA from a wild-type strain (PM4-4B) and a null mutant 
(TD4 KlDLD: :URA3) was digested with EcoRV, subjected to elec- 

+ 

+ 

+ 
-Skb 

-4kb 

trophoresis in a 0.8% agarose gel, transferred to a Hybond N mem- 
brane and hybridized with 32p-labeled K1DLD probe. The KIDLD 
probe hybridized with an 8 kb EcoRV fragment in the wild-type 
genomic DNA (lane 1) and with two fragments of about 4 kb in the 
DNA of disrupted clones (lane 2) because one EcoRV site is present 
within the URA3 gene. The lengths of these fragments were deduced 
from the migration behaviour of co-electrophoresed 2 HindlII frag- 
ments. Since the two fragments generated by the deletion of a 1 kb 
region of the K1DLD gene and the insertion of the URA3 gene 
(1,2 kb) are of similar length only one band appears in lane 2. Lane 1, 
wild-type pattern; lane 2, disrupted pattern 
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Fig. 2 Nucleotide sequence and 
predicted amino acid sequence of 
the KIDLD gene. An asterisk 
indicates the termination codon. 
The genomic sequence has been 
assigned the accession number 
X71628 (EMBL/GenBank 
databases) 

CCCGGGATCCTCTTAGAGTC~CGGTATATGATTGTTCCTATTCCGCGTTTG~CTGTTTTTTTTTTTCTCAGCTATG~ 

-253 ---+ ......... + ......... + ......... + ......... + ......... + ......... + ......... + . . . . . . .  174 

CTTGTACTTATATATATATATATATATATATGTAT~TCG~CGCCGTCTGTATTCCG~TATC~TATACTATAT~TA 

-I~ ---+ ......... + ......... + ......... + ......... + ......... ÷ ......... + ......... + . . . . . . .  94 

AGGTMCAACTTGGTAGAGAAACTTGGT~CTTAGCAGCTGTTTTGTGTACTTGTTATCGCAAAGTGC~GAAAGACCAG 

"~ -'-+ ......... + ......... + ......... + ......... + ......... + ......... + ......... + . . . . . . .  14 

AAACGC~CTC~TGTTCAGGTTTGTTGG~GATCCGGTTTTGCTTTGCGTGGTTCGCTGC~CTACGT~G~CGTTCT 

-13 -'-+ ......... + ......... + ......... + ......... + ......... + ......... + ......... + ...... 

M F R F V G R S G F A L R G S L Q L R K D V L 

GCGTTCTAG~C~CTGCCGTTGCAAAAA~CATTATTCGTCTTCT~CGGT~TMCGGCGGTG~TTTTCGTCCGC~ 

67 ---+ ......... + ......... + ......... + ......... + ......... + ......... + ......... + ...... 146 

R S R T T A V A K R H Y S $ S N G N N G G G F S S A I 

TTTT~GCGTTCTTGGTGGTTCTTT~TTGGTGGTGGGTTTGTTGCATATGCTCTAGGCTCT~GTTC~GAAGGAAAAG 

147 - - - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  226 

L S V L G G S L I G G G F V A Y A L G S Q F E K E K 

TCCGT~GT~TTTGTCCATTGCTAGATTGG;b~CCTT~TTCTCCC~GTACTGT~T~GGA;U~CTTTTGCTA~J~GC 

227 - ' - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  306 

S V S D L S I A R L E D L D S P E Y C D K E T F A K A 

TCTTGTTGAATT~GATGTCTTAGAAAACGATCCT~CTTCACTGTGGCT~G~C~TTTGGATGCTCATTCGG 

307 - - - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  3 ~  

L V E L K D V L E N D P E N F T V A K D D L D A H $ 0 

ATACCTATTTCAACTCTCATCATGCTGAAGCT~TCAJ~AGAC~GA;u~TTGTTTTGTATC~CGC~CA~GAA~TGTT 

387 - - - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  4 ~  

T Y F N S H H A E A N Q R P E I V L Y P R N T E D V 

TCCAAATTATT~TCTGT~CAAATACTCTATCCCAGT~TCCCATTTT~GGTGGTACCTCTTTGCVb~GGGCATTT 

467 - - - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  546 

S K L L K I C H K Y S I P V I P F S G G T S L E G H F 

CCTACC~CTA~CCAGGGTCTTGTGTCGTCTT~TATTTCAAAATATTTG~T~TTATTC~TTGAATAAA~GG 

547 - - ' +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  626 

L P T R P G S C V V L D I S K Y L N K I I Q L N K E D 

ATTTG~TGTTGTGGTAC~GGTGGTGTTCCATGGG~G~TTGAACGAATATTTGAAC~TCATGGTTTGTTGTTCGGT 

627  - ' - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  706 

L D V V V Q G G V P W E E L N E Y L N D H G L L F G 

TGT~CCCTGGTC~GGTGCTCA~J~TCGCCGGTTG~TTGCT~TTCTTGTTCTGGTACC~CGCTTATCGTTATGGTAC 

707 - - - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  786 

C D P G P G A Q I A G C I A N S C S G T N A Y R Y G T 

CATG~GGAAAACGTTGTT~TATTACTATGTGTATGGCT~TGGTACTATTGTT~CC~GAA~CCTA~T 

~ 7  - - - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  ~ 6  

M K E N V V N I T M C M A D G T I V K T K R R P R K S 

CGTCTGCTGGTTAC~TTTGAACGGGTT~TTATTGGTAGTGAAGGTACTTTGGGTATCGTTACTGAAGCTACTATTAAA 

~ 7  " - - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  946  

S A G Y N L N G L I I G S E G T L G I V T E A T I K 

TGTCATGTTA~TCTACTTTTGAAACTGTCGCTGTCGTTCCGTTCCC~CTGTCAGTGATGCTG~TCTTGTTCCTCTCA 

947  " - - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  1026 
C H V R $ T F E T V A V V P F P T V S D A A S C S S H 

TTTGATTC~GCCGGTATTC~TTG~TGCTATGG~TTGTTGGATGAT~CAT~TGAAAATCATC~CCAAAGTGGTG 

1027 - - - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  1106 

L I Q A G I Q L N A M E L L D D N M M K I I N Q S G A 

CTACTTCAAAG~T~CTGGGTCG~TCTCC~CTTTGTTCTTC~GATTGGTGGTAGATCTG~CAGATTATTC~G~ 

1 1 0 7  - - ' +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  1 1 8 6  

T S K D N W V E S P T L F F K I G G R S E Q I I Q E 

GTCATTAAAG~GTGGAAAAAATTGCTTCTC~CACAAC~TACCAAATTTGAATTTGCTACTGATG~GATTCC~GCT 
1187 - - - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  1266 

V I K E V E K I A S Q H N N T K F E F A T 0 E D S K L 

AG~CTATGGG~GCTAGAAAAGTTGCTCTTTGGTC~CCATTGATACCGGCA~CCAACCCAGATGCC~CATTT 

1267 - - - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  1346 

E L W E A R K V A L W S T I D T G R K T N P D A N I W 

GGAC~CCGATGTTGCTGTTCC~TCTCGAAATTCGCAGATGTTATT~TGCTACC~GC~AAGAAATG~CGCATCTGGT 

1347 - - - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  1426 

T T D V A V P I S K F A D V I N A T K E E M N A S G 

TTATT~CCTCTTTGGTTGGTCATGCTGGTGATGGT~CTTCCATGCATTCAT~TCTAC~CACTG~CA~J~GAAAAAC 

1427 - - - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  1506 

L L T S l V G H A G D G N F H A F I I Y N T E Q R K T 

AGCTGAAACTATTGTT~TATGGTC~GAGAGCCATTGATGCTGAAGGTACTTGTACCGGTGAACACGGTGTCGGTA 

1507 - - - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  1 5 ~  
A E T I V E N M V K R A I D A E G T C T G E H G V G I 

TCGGT~GAGA~CTACTTGTTGG~C~GTTGGTG~GACACTGTTGCAGTTAT~GAAAGTTGAAGCTCGCTTTGGAT 

1587 - - - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  1666 

G K R D Y L L E Q V G E D T V A V M R K L K L A L D 
CCT~G~TCTT~TCCAGAT~TCTTC~GATCTTC~GATTGATCCAAAC~TCATC~CATT~TCTGACCC 

I ~ 7  - - - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  1 ~ 6  
p K R I t N P D K I F K I F K I D P N D fl Q H * 
TCGGTTCTATCATT~TGAATG~TGAGCCT~TGA/b~ATGGT~CTACCGT~CT~TGTTATAC~TAC~CG~C 

1747 - - - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  1826 

TCTTCCCTAAAAAC~CA~JkAACTA~CCTAT~GGTAAATTCCCTGT~TTATTACGCTC~kATCCATACAAJ~CTGC~G 

1827 - - - +  . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . .  1906 
T~TCTATTGTT~TGATATTCAA~b~TAAAACACCAT~CTTTGGTATTT~G~G~CTACTAGT~TCATT~CCT 

1907 ---+ ......... + ......... + ......... + ......... + ......... + ......... + ......... + ...... 19~ 

~CGTTCCTCTA~TCA/~GGTGCAAATGGACTGTCT~TCAAAAACT~CGC~GTCGA 

1987 ---+ ......... + ......... + ......... + ......... + ......... + ...... 2046 
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10 FALRGSLQLRI(DVLRSRTTiVAI(RHYS.SSNGNNGGGFSSAIL..SVLGG 56 
: I . : - I  I . : . . 1 .  I : - I - - I - I - - : - :  I1-I 11::: 

2 L~AKRTCTRLIK~PIAQPRGRLVRRSCYRYASTGTGSTDSSSQWLI(YSVIAS 51 

57 SLIGGGFV.AYALGSQFEKEKSVSDL . . . . . . . . . .  SIARLEDLDSPEY~ 94 
I .  I:: ( - I  I- -II- :--I I. :(--III(:I 

52 SATLFGYLFAKNLYSRETKEDLIEKLEMVI(KIDPVNSTLKLSSLDSPDYL 101 

95 CI)KETFAKALVELK])VLENDPENFTVAKDDLDAHSDTYFNSHHAEANQRP 144 
I -- : . I . :  :[I:II:I-III:- I I - I I I I I I I I I I I - I I : - : : I I I  

102 HDPVKIDIO/VEDLKQVLGNI(PENYSDAKSDLDAHSDTYFNTHHPSPEQRP 151 

145 EIVLYPRNTEDVSKLLKICHI(YSIPVIPFSGGTSLEGHFLPTRPGSCVVL 194 
I:I:I:-II:III:IIIII- - : I I : I I I I I I I I I I I I I I I I  I--:-: 

152 RIILFPHTTEEVSKILKICHDNRMPVVPFSGGTSLEGHFLPTRIGDTITV 201 

195 DISKYLNKIiQLNKEDLDV~GGVPWEELNEYLNDHGLLFGCDPGPGAQ 244 
I:II::I-::.::I t l l : - l l : l : l l l : l l : l l - l l l l : l l I l l l l l l l  

202 DLSKFMNNVVKFDKLDLDITVQAGLPWEDLNDYLSDHGLMFGCDPGPGAQ 251 

245 IAGCIAN$CSGTRAYRYGTMKENVVNITM~4DGTIVKT~RRPRKSSAGY 294 
I : I I I I I I I I I I I I I I I I I I I I I : : I : I : - : : I I I I I I I I : I I I I I I I I I  

252 IGGCIANSCSGTNAYRYGTMKENIIRMTIVLPDGTIVKTKKRPRKSSAGY 301 

295 RLNGLIIGSEGTLGIVTEATIKCHVRSTFETVAWPFPTVSDAASCSSHL 344 
l l l l l : : l l l l l l l l l l l l l : l l l l : . -  I I I I I I - I . I : . I I I . I . I : I  

302 NLNGLFVGSEGTLGIVTEATVKCHVKPKAETVAVVSFDTIKI)AAACASNL 351 

345 IQAGIQLNAMELLDDNMMKIINQSGATS~NWVESPTLFFKIGGRSEQII 394 
-I. I I : I I I I I I I I : I I I I : I I-I :-I . :  : I I I . I I : I I I I I I I I - . I :  

352 TQSGIHLNAMELLDENMMKLIRASESTDRCDWVEKPTMFFKIGGRSPNIV 401 

395 QEVIKEVEKIASQHNNTKFEFATDEDSKLELWEARKV.ALWSTIDTGRKT 443 
-- : :- I I . : I  : : - . l : l l - l : l . l l l l l l l l t l  III-:I-::-- 

402 NALVDEVKAVAQLNHCNSFQFAKI)DDEKLEL~EARKVRRL~SVLDADKSK 451 

¢44 NPDANI~#TTDVAVPISKFADVINATKEEMNASGLLTSLVGHAGDGNFHAF 493 
:--I- I I I I I I I I I : I . I . . I I : . I I . : I . I I  l : - - : l l l l l I l l l l l l  

452 DKSAKIUTTDVAVPVSQFDIO/IHETKI(1)MOASKLINAIVGHAGDGNFHAF 501 

¢9¢ ]IYNT.EQRKTAETIVENMVKRAIDAEGTCTGEHGVGIG~RDYLLEQVGE 542 
I:I.I l::-I.- : i : - l l l l l : : l l l l l l l l l l l l l l l l : l l l l : : l l  

502 I~RTPEEHETCSQLVDRMVKRALNAEGTCTGEHGVGIGKREYLLEELGE 551 

543 DTVAVMRKLKLALDPKRILNPDKIF 567 
- - ( - : l l f : l l ( : l l i l l : l l : .  : 

552 APVDLMRKIKLAIDPKRIMNPGQNL 576 

! 2 3 4 

- KLDLD 

- -  ACT 

Fig. 4 Northern blot analysis of the KlDLD transcripts from strain 
PM4 4B. Total cellular mRNA was prepared from cells grown on: 
(1) 2% ethanol; (2) 2% lactate; (3) 2% glucose; (4) 2% glucose plus 
2% lactate. Hybridization was carried out using as a probe the 
KpnI-PstI fragment extracted from pNSD6 and a probe correspond- 
ing to the ACT1 gene of S. cerevisiae. The ACT mRNA served as an 
internal standard for the amount of RNA loaded. Each lane con- 
tained 20 gg of total mRNA 

observed on D-lactate alone (data not shown). It thus 
appears that the enzyme D-LCR is required for the 
stereospecific utilization of D-lactate and that there is 
no enzyme activity in K. lactis able to convert D-lactate 
into L-lactate. Moreover, the growth of the mutant 
strain on D, L- lactate indicates that disruption of the 
K1DLD gene did not affect L-LCR activity. 

Fig. 3 Sequence alignment between the K1DLD gene product and 
the DLD gene product of Saccharomyces cerevisiae. Vertical lines 
represent identical amino acid matches; dots indicate conserved 
residues. Gaps introduced for optimal alignment are indicated with 
dashes. Optimal alignment was found using the local homology 
algorithm of Smith and Waterman by program Bestfit (GCG Wis- 
consin). The upper sequence corresponds to the Kluyveromyces 
lactis polypeptide 

Southern analysis confirmed that gene replacement 
had taken place. 

The utilization of lactate by isogenic strains carrying 
wild-type or mutant alleles at the KlDLD locus was 
analyzed. Cells grown in M medium supplemented 
with 0.6% glucose until the carbon source was exhaus- 
ted, were inoculated at a concentration of 5 x 104 
cells/ml into M medium supplemented with either 1% 
D-lactate or 1% D, L-lactate. In the parental strain, no 
difference in growth was observed on D-, L-lactate and 
D-lactate. In the mutant strain, growth on D, L-lactate 
was observed as for the parental strain, but was not 

Transcriptional analysis 

To identify the RNA encoded by the K1DLD gene and 
to discover at which level glucose repression and lac- 
tate induction are exerted, a Northern analysis of 
K1DLD expression was carried out. Total RNAs were 
extracted from PM4-4B grown on media supplemented 
with ethanol, glucose, D, L-lactate with or without glu- 
cose. After agarose gel electrophoresis and blotting, the 
filter was hybridized with the 32p-labeled SalI-PstI 
fragment corresponding to the KlDLD gene. 

The Northern analysis (Fig. 4) showed that: (i) the 
KlDLD gene is transcribed as a single hybridizing spe- 
cies of about 1.8 kb, as expected from the sequence 
analysis; (ii) there is no significant difference between 
KlDLD transcript levels in ethanol and glucose; (iii) the 
level of KlDLD transcript is enhanced when cells are 
grown on lactate ; (iv) glucose inhibits induction by 
lactate; in fact the amounts of KlDLD mRNA in cells 
grown on glucose or on lactate plus glucose are the 
same. 
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Since, under the different growth conditions ana- 
lyzed, the  rate of transcript production paralleled the 
level of enzyme activity, we can conclude that the 
regulation previously observed is exerted mainly at the 
transcriptional level. 

Discussion 

The data reported here demonstrate that growth on 
glucose causes repression of the synthesis of the 
mitochondrial enzymes L- and D-LCR in the petite- 
negative yeast K. lactis. In contrast, growth on glucose 
does not affect respiration, which occurs at the same 
level independently of the carbon source in the growth 
medium. The existence of carbon catabolite repression 
of cytoplasmic enzymes in K. lactis has previously been 
reported; here we demonstrate carbon catabolite re- 
pression of mitochondrial enzymes. 

If we compare the effects of growth on glucose on 
mitochondrial respiration and on various mitochon- 
drial enzymes in K. lactis and in the petite-positive 
yeast S. cerevisiae, it appears that the two species be- 
have differently as far as respiration is concerned (glu- 
cose-repressible in S. cerevisiae, not glucose-repressible 
in K. lactis), but behave similarly with respect to the 
enzymes i> and I:LCR, which are repressed in both. 
However, the effect of carbon catabolite repression of L- 
and D-LCR in K. Iactis is different from that in S. 
cerevisiae. In K. lactis, glucose repression was mainly 
observed in the presence of lactate, i.e., under inducing 
conditions, indicating that glucose inhibits induction 
by lactate only. In S. cerevisiae, glucose repression is 
exerted both on uninduced and on induced levels, in- 
dicating that glucose repression prevents enzyme syn- 
thesis and not just its induction (Somlo 1967; Ferrero, 
unpublished results). 

To gain more insight into the carbon catabolite 
repression of LCRs in K. lactis, we undertook the 
cloning of the genes coding for L- and D-LCR by func- 
tional complementation in an S. cerevisiae mutant de- 
void of both LCRs and unable to use lactate as a car- 
bon source. In this way we isolated the structural gene 
for D-LCR of K. lactis (K1DLD). 

We used the corresponding probe to study the effect 
of different carbon sources on KIDLD gene expression. 
The highest level of transcripts was observed on lactate. 
The level of transcripts on ethanol, glucose and glucose 
plus lactate was quite similar. These results demon- 
strate that both aspects of regulation of K1DLD gene 
expression, i.e., induction by lactate and repression by 
glucose operate at the transcriptional level. However it 
cannot be excluded that post-transcriptional mecha- 
nisms might also act that affect metabolic steps that 
intervene in enzyme import into mitochondria and/or  
maturation processes. 

The KlDLD gene was characterized and completely 
sequenced. The amino acid sequence deduced from the 
nucleotide sequence of the KlDLD gene was compared 
with that of S. cerevisiae, previously characterized. 
Most of the protein revealed high conservation, except 
the N-terminal region of approximately 90 amino 
acids. We propose that the less conserved N-terminal 
part of the KlDLD gcne product corresponds to the 
presequence, necessary to target the protein to 
mitochondria, which may be cleaved during import 
into the 0rganelles. The observation that this putative 
presequence is rich in basic, hydroxylated and hydrop- 
hobic residues, typical of the mitochondrial presequen- 
ces studied to date in S. cerevisiae (yon Heijne 1986; 
Roise et al. 1986), favors this hypothesis. 

The complementation of an S. cerevisiae mutant by 
the K. lactis gene suggests that D-LCR can be imported 
into heterologous mitochondria, indicating that the 
K1-D-LCR putative presequence is able to target the 
protein into S. cerevisiae mitochondria and that 
the S. cerevisiae import machinery is able to process 
the K1-D-LCR apoprotein. The ability to express the 
KlDLD gene in S. cerevisiae will allow a study of 
whether and how the KlDLD gene of K. lactis is regu- 
lated in S. cerevisiae, contributing to an understanding 
of the mechanisms of glucose repression in the two 
species and the differences between them. 
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