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Chapte rr  4 

Carbon-sourc ee dependen t transcriptiona l regulatio n of the QCR8 

genee in Kluyveromyces lactis 

Identificationn of c/s-acting regions and frans-acting factors in the KIQCR8 upstream 

region n 

Thee QCR8 gene of the yeast Kluyveromyces lactis is transcriptionally regulated by the carbon 

sourcee in the growth medium. Deletion analysis of the KIQCR8 promoter shows that an element 

locatedd between -144 bp and -113 bp specifically controls induction of QCR8 gene expression 

onn non-fermentable carbon sources. Specific and differential protein binding to the activating 

sequencee was observed with extracts from glucose and ethanol/glycerol grown cells. Induction 

off the reporter gene and protein binding was dependent on the presence of a functional KICAT8 

gene,, suggesting that, in K. lactis, KICat8p acts in the transcriptional regulation of respiratory 

function.. The activating element contains no other known regulatory sites but two elements 

requiredd for RNA holoenzyme functioning, raising the intriguing possibility of carbon source 

dependentt regulation by a subunit of the RNA polymerase holoenzyme in K. lactis. 

Inn collaboration with Agnieszka Dryla, Esther Plüger, Thessa Vinkenvleugel, Nadine Homig, Les 

Grivelll and Jolanda Blom 

Currentt Genetics, in press 
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Identificationn of cis-elements in the KIQCR8 promoter 

Introductio n n 

Inn terms of protein sequence similarity, Kluyveromyces lactis is closely related to baker's yeast 

SaccharomycesSaccharomyces cerevisiae. However, the two yeasts differ significantly in the way they respond 

too the presence of glucose in the environment. Under aerobic conditions, S. cerevisiae grows 

fermentativelyy on media containing glucose, whereas K. lactis exhibits a predominantly 

respiratoryy metabolism. In S. cerevisiae, mitochondrial function is repressed by glucose. This 

occurss mainly at the level of transcription of genes encoding respiratory proteins [52]. In K. 

lactis,lactis, glucose repression, although still present, is far less pronounced [134] and is strain 

dependentt [24]. 

Inn S. cerevisiae, the Hap2/3/4/5p transcriptional complex is required for the transition from 

fermentativee to respiratory metabolism. The HAP complex consists of three constitutively 

expressedd subunits (Hap2, 3 and 5p), involved in DNA binding, and one activator subunit, 

Hap4p.. The transcription of the latter subunit is upregulated during the diauxic shift from glucose 

too ethanol [53]. The limiting availability of the Hap4p activator subunit on glucose leads to a low 

levell of transcription of target genes involved in respiration and a large number of nuclear genes 

encodingg proteins involved in energy and carbohydrate metabolism. Overexpression of Hap4 

resultss in a more oxidative growth on glucose [12]. The importance of a functional HAP complex 

iss demonstrated in S. cerevisiae strains carrying hap mutants, which are defective in growth on 

alll non-fermentable carbon sources [86,154]. 

Althoughh all components of the Hap complex have been identified in K. lactis [20, 21, 133, 142], 

disruptionn of the corresponding genes does not result in a growth deficiency on complete media 

containingg non-fermentable carbon sources. In fact, genes encoding respiratory chain proteins, 

likee KICYC1 and KIQCR8, are still induced in the absence of a functional HAP complex [133, 

135].. This is in sharp contrast to S. cerevisiae, in which this induction is absolutely Hap2/3/4/5p 

dependentt [51] and essential for respiratory growth, suggesting differences in transcriptional 

controll mechanisms between respiratory and fermentative yeasts. Moreover, this leaves a role 

forr additional, yet unknown, factors in the non-fermentative induction of gene expression in K. 

lactis. lactis. 

Inn order to identify these factors, we used the QCR8 gene, encoding subunit VIM of the ubiquinol 

cytochromee c oxidoreductase or bc^ complex, as a model. In K. lactis, the transcription of the 

KIQCR8KIQCR8 gene is not subject to glucose repression, and therefore relatively high levels of 

KIQCR8KIQCR8 mRNA are present in cells grown on glucose. In contrast, the ScQCR8 gene from S. 

cerevisiaecerevisiae is repressed by glucose, leading to low levels of ScQCR8 transcripts. However, when 
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thee yeasts are grown on non-fermentable carbon sources, the respective QCR8 genes are 

induced.. The 5' region of the KIQCR8 gene reveals several homologies to regulatory sites in the 

upstreamm region of the ScQCR8 gene. Both promoter regions contain binding sites for the 

transcriptionn factors Abflp, Cpflp and Hap2/3/4/5p, and these three sites have been shown to 

bee involved in the transcriptional regulation of the QCR8 gene [51, 135, 136J. The function of 

Abflpp and Cpflp seems to be similar in the two yeasts, playing a more general role in the 

transcriptionn regulation, but the transcriptional control exerted by Hap2/3/4/5p complex differs 

significantly.. In S. cerevisiae, the HAP complex is required for derepression and induction of 

ScQCR8,ScQCR8, In K. lactis, point mutations in either the Abflp, Cpflp and Hap2/3/4/5p binding sites 

inn the KIQCR8 promoter decreased overall KIQCR8 transcript levels. However, an induced level 

off KIQCR8 mRNA on ethanol/glycerol medium could still be observed, even when a 93 bp 

regionn from the KIQCR8 promoter containing these sites was deleted [135]. This suggests the 

existencee of an additional c/s-acting element in the KIQCR8 promoter and frans-acting factor or 

factors,, responsible for induction of KIQCR8 transcription in K. lactis when growing on non-

fermentablee carbon sources. Interestingly, this induced level of KIQCR8 under control of the A93 

bpp promoter was not observed when present in S. cerevisiae [135], suggesting that either the 

c/s-actingg elements are not functional in S. cerevisiae or that species-specific factors are 

involvedd in the induction in K. lactis. 

Inn this study, the carbon source dependent transcriptional regulation of the KIQCR8 promoter is 

characterizedd in more detail aiming at the identification of additional c/s-acting elements. 

Furthermore,, the influence of frans-acting proteins, involved in the glucose signalling pathway, 

onn the induction of KIQCR8 was studied in order to get more insight in the transcriptional 

regulationn of respiratory function in K. lactis. 

Materia ll  and Method s 

Strain ss and media. The yeast strains used in this work are listed in table 1. Rich medium was 1% (w/v) 

yeastt extract and 2% bacto-peptone (YP), selective medium (WO) contained 0.67% yeast nitrogen base 

withoutt amino acids (Difco) supplemented with the appropriate amino acids and bases. Carbon sources 

weree added at 2% (w/v) glucose (D), or 2% (v/v) ethanol plus 2% (v/v) glycerol (EG). Media were 

solidifiedd with 2% (w/v) agar. Yeast cells were transformed by means of electroporation [170]. 

Recombinan tt  DNA procedures . All DNA manipulations (restriction enzyme digestions, ligations), E. coli 

transformationss were performed according to standard procedures and recommended by the 
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manufacturer.. Sequencing was performed using the dideoxy method [175] with M13 reverse primer 

(Promega). . 

Tablee 1: Kluyveromyces lactis strain s used in thi s stud y 

Name e Genotyp e e Sourc e e 

JA6 6 

Yig8Acat8 8 

JA6Afog1 1 

JSDlAsnfl l 

MATa,, ade, trpl, ura3 

MATa,, ade, trpl, ura3, AcatS 

MATa,, ade, trpl, ura3, fog1::URA3 

MATa,, acte, trpl, ura3, snf1-A1::URA3 

K.D.. Breunig 

[74] ] 

[76] ] 

[58] ] 

Plasmid ss and plasmi d construction . E. coli vector pBluescript was used for subcloning and generating 

promoterr deletions, the K. lactis/E. coli shuttle vector pCXJ18 [33] was used to transform K. lactis cells. 

Usingg primers PH660 and PH661, a 290 bp KIQCR8 promoter fragment containing point mutations in the 

bindingg sites for Abflp, CpMp and Hap2/3/4/5p (further referred to AHAC) was obtained by PCR 

amplificationn with pRSK8.7AHAC [135] as template. After verifying the sequence of the PCR product, the 

Psfl-BamHII fragment was cloned into pBluescript (pBS). Directly behind the AHAC promoter, a 2 kb 

BamH\-Xho\BamH\-Xho\ GusA fragment from pGUS2 [125] was cloned into a BamHI-Xóal linearized pBS. The Xbal 

andd Xho\ ends were made compatible by fill-in reactions. A 2.3 kb Kpnl-Sacl fragment containing the 

290bpp AHAC promoter plus GusA gene was cloned into the Kpn\-Sac\ sites of pCXJ18 and pCXJ19. 

Promoterr deletions were made at the 5' end by linearizing with Xho\ and treatment with Bal-31 

exonuclease.. After digestion with Sacl, fragments containing shortened promoters and the GusA gene 

weree isolated from agarose gel, and cloned into Smal-Sacl linearized pCXJ18. The sizes of the promoter 

deletionss were determined by sequencing. 

Tablee 2: Syntheti c oligonucleotide s used in thi s study . Lower case are nucleotides that were 
addedd to facilitate subcloning. Underlined sequence correponds to activating region between -144 bp 
andd -113 bp of the KIQCR8 promoter. 
Name e Sequenc ee (5'-3' ) 

PH6600 ccctgcagGTAAAGCATATATTATCTAACC 

PH6611 ccggatccTTCGTCTTAATATTTTAATTCTTG 

MM WG159 ccccggatccGTATGCGC ACTATG 

MM WG160 ccccatcgatTATG ACTTTATATTAG 

MWG1611 cccctctagaGGGAAAAAGCTTTATATATAAGAAATAAGCTggatcccccc 

MWGG 162 ggggggatccAGCTTATTTCTTATATATAAAGC I I I I I CCCtctagagggg 

Constructio nn of a minima l KICYC1 promote r in fron t of the GusA gene. Using primers MWG 159 and 

MWG160,, and chromosomal DNA of a wild-type K. lactis strain as a template, a 211 bp fragment was 

obtainedd by PCR amplification. This fragment corresponds to the region extending from -1 to -211 bp of 
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thee KICYC1 gene, and based on results as described by Ramil et al. [167], we took this as a minimal 

promoterr containing all elements necessary for basal transcription. The PCR fragment was digested with 

SamHII and C/al and subsequently ligated in front of GusA in pCXJ18GUS to yield pJB2. 

Enzym ee assays . For assaying GUS activity, transformed yeast cells were pre-grown overnight at C in 

55 ml of selective media containing 2% glucose. These overnight cultures were diluted into 20 ml of fresh 

selectivee media, and further grown overnight to an OD600nm of 1.5. Cells were centrifuged for 4 minutes at 

4000gg at , and resuspended in 1 ml of sterile water. 250 pi and 500 pi aliquots were transferred to 40 

mll WO-media with 5% glucose and 40 ml WO-media with 2% EG respectively. Cultures were grown for 

ann additional five hours, after which cells were pelleted at 4000g, . Cells were washed with ice-cold 

sterilee water, resuspended in 500pl of GUS extraction buffer (GEB: 50 mM NaP04, pH7.0; 10 mM (3-

mercaptoethanol;; 10 mM Na2EDTA; 0.1% Sodium Lauryl Sarcosine; 0.1% Triton X-100) and stored at -

CC till protein lysate isolation. For the isolation of crude lysates, cells were thawed, pelleted and 

suspendedd in 200 pi ice-cold GUS extraction buffer with 1 mM PMSF and 7 mM B-mercapto ethanol. An 

equall volume of 0.5mm diameter sterile glass beads were added and the cells were disrupted by 

vortexingg at C for 15-20 min. Samples were centrifuged at C for 30 min, and the supernatant was 

usedd for enzyme assays. The protein concentration was determined according to the method of Lowry 

[120].. GUS activity was measured in 10-20 pi of protein lysates in a final volume of 750 pi GEB. 250 pi of 

substratee (fi-nitrophenyl B-D-glucuronide, Sigma, 4 mg/ml GEB) was added and incubated at . After 

terminationn of the reaction with 1 ml of 1M Na2C03, absorbance at 415nm was measured. 

Preparatio nn of protei n extract s and gel mobilit y shif t assay . Yeast cells were pre-grown overnight at 

CC in 5 ml of rich media containing 2% glucose. These overnight cultures were diluted into 20 ml of 

freshh complete media, and further grown overnight to an OD600nm of 1.5. Cells were centrifuged for 4 

minutess at 4000g at , and resuspended in 1 ml of sterile water, 250 pi and 500 pi aliquots were 

transferredd to 40 ml complete media with 5% glucose and 2% EG respectively. Cultures were grown for 

ann additional five hours, after which cells were collected, washed and resuspended in extraction buffer 

(2000 mM Tris pH8.0; 400 mM (NH4)2S02; 10 mM MgCI2; 10% glycerol, 1 mM EDTA, 1 mM PMSF; 7 mM 

3-mercapto-ethanol).. The cells were broken by vortexing in the presence of 0.5 mm glass beads for 20 

minn at . After centrifugation, the supernatant was centrifuged for another 45 min at . This 

supernatantt was divided into aliquots and frozen immediately in liquid N2 and stored at C for later use 

inn the binding experiments. 

Electrophoreticc mobility shift assays were performed using 4-8% polyacrylamide (acryl:bisacryl 29:1) gels 

withh 0.5x TBE buffer. Binding reactions were set up with 10-30 pg of crude extract in gel shift binding 

bufferr (4 mM Tris-HCI (pH8.0), 40 mM NaCI, 4 mM MgCI2, 4% glycerol and 20 ng bromophenol blue) 

containingg 500 ng poly(dl-dC). Reactions were incubated for 5 min at RT. Approximately 50 fmol (100 

cps)) of probe was added to the mixture and incubated in a total volume of 20 pi at RT for an additional 20 
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min.. Samples were loaded on acrylamide gel and run at C at 15 mA constant current. For competition 

studies,, cold competitor DNA was added and incubated for 5 min prior to addition of labelled DNA. The 

double-strandedd oligonucleotide used as probe in the gel shift analysis was prepared by labelling the 

single-strandedd complementary oligonucleotides MWG161 and MWG162 (table 2) with T4 polynucleotide 

kinasee and v-32PdATP and subsequent annealing. The double-stranded oligonucleotide was isolated from 

8%% polyacrylamide gel. 

Result s s 

Promote rr  deletio n analysi s reveal s the presenc e of an activatin g regio n betwee n -144 bp 

and-11 33 bp 

Previouss studies on the KIQCR8 promoter have shown that Abflp, Cpflp and Hap2/3/4/5p 

contributee to the level of transcription of the KIQCR8 gene [135], but are not responsible for the 

two-foldd induction of this gene when grown on non-fermentable carbon sources. In order to 

locatee sequence elements responsible for KIQCR8 induction on non-fermentable carbon source, 

wee performed a promoter deletion analysis of the upstream region of a plasmid encoded QCR8-

GusAGusA fusion gene. For the generation of the 5'-promoter deletions we started from the KIQCR8 

promoterr containing point mutations in the binding sites for Abflp, Cpflp and Hap2/3/4/5p 

(AHAC;; [135]), so that all possible effects could directly be attributed to other repression or 

activationn sites. The different constructs were introduced in wild-type strain JA6 and the effect of 

thee deletions on the expression was measured by assaying the levels of ^-glucuronidase 

activity.. Although the overall activity on both glucose and ethanol/glyceroi was about a factor 10 

lowerr when the reporter gene was driven by the AHAC promoter compared to the wild-type 

promoterr (data not shown), the induction ratio between glucose-grown cells and ethanol/glyceroi 

wass two- to threefold in both cases, in concordance with previous observations [135]. 

Uponn deletion of sequences up to -144 bp, the specific activity of B-glucuronidase on glucose 

graduallyy decreased, whereas those on ethanol/glyceroi increased (figure 1). Regarding the 

variationn of the data, it is not yet clear whether these trends are significant. A dramatic drop in 

reporterr gene expression and loss of induction was observed after removing the 30 bp between 

-1444 bp and -113 bp, arguing for the presence of a positively acting c/s-element in this region. 

Deletionn up to -75 bp did not significantly alter the low levels of activity and further removal of 15 

bp,, containing a TA-rich sequence at -65 bp, abolished detectable R-glucuronidase expression 

abovee the background of a promoter-less construct (not shown). 
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Thee region between -144 and -113 bp contains a TA rich sequence, which might constitute the 

TATAA box involved in binding of RNA polymerase. Since another TA-rich region is located 

aroundd position -65 bp, the transcription start site was identified by primer extension analysis. 

Thiss showed the transcription start site to be located at position -25 bp (data not shown). 

However,, this does not exclude either of the TA-rich regions as a putative TATA box, since in 

yeast,, the TATA box may be located anywhere between 40 and 120 bp upstream of the 

transcriptionn start site. 

AHAC C 
(-294) ) 

Abf1 1 
rn f ii TA-rich nn Hap2/3/4/5 ^ N ^ 

-2111 X 

-171 1 

100 15 20 

GUSS activity (U/mg) 

Figur ee 1 : Deletio n analysi s of the AHAC KIQCR8 promoter . Four independent transformants of each 
constructt were pre-grown in selective medium containing 2% glucose, transferred to selective medium 
containingg either 5% glucose or 2% ethanol/glycerol, and subsequently grown for additional five hours. 
Proteinn lysates were prepared, and 3-glucuronidase activity was measured duplicate. The positions of the 
Hap2/3/4/5,, Cpf1 p and Abf1 p binding sites are indicated as well as TA-rich elements. 

Inn S. cerevisiae, constructs of minimal promoter sequences fused to a reporter gene have been 

usefull for the identification of activation sequences [84]. However, similar constructs are not 

availablee for K. lactis, and taking into account the possibility that species-specific factors are 

involved,, we were hesitant to test the influence of the -144/-113 promoter region in the minimal 

ScCYCIScCYCI promoter system. In order to construct a minimal promoter system for K. lactis, we 

thereforee first cloned a 211 bp part of KICYC1 promoter, containing the region from -211 to +1 

bp,, in front of the GusA gene. This region was reported to contain only the pyrimidine-rich 

elementt and TATA boxes [167]. A wild-type K. lactis strain was transformed with the construct 

andd 13-glucuronidase activity was assayed in four independent transformants. Unfortunately, the 

KICYC1KICYC1 promoter displayed a strong induction on ethanol/glycerol, indicating that the 211 bp 

regionn of the KICYC1 promoter still contains activating sequences. 
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Carbo nn sourc e dependen t activatio n is affecte d in glucos e signa l transductio n mutant s 

Inn order to get more insight in the nature of the activating process by the AHAC and -144 bp 

promoter,, carbon-source dependent activation was tested in several glucose signal transduction 

mutants.. Disruption of KIFOG1 [76], homologous to the S. cerevisiae Gal83p/Sip2p/Sip3p 

proteinn family interacting with the Snf 1 p kinase, slightly lowered the activity of R-glucuronidase 

onn glucose compared to wild-type (figure 2). A disrupted KISNF1 [58, 76], homologous to the S. 

cerevisiaecerevisiae SNF1 gene, resulted in a reduction of the B-glucuronidase activity on glucose to less 

thann 50% of the wild-type. Both the Asnfl and Afogl mutants, growing poorly on non-

fermentablee carbon sources like ethanol and glycerol, were completely unable to induce the 

reporterr gene under control of the AHAC promoter when grown on ethanol/glycerol. This 

indicatess that Snflp and Foglp, acting early in the glucose signalling pathway, are likely to be 

playerss in the signal transduction pathway leading to the induction of KIQCR8 on non-

fermentablee carbon sources. 

~\~\ glucose | | ethanol/glycerol 
12 2 

33 10 
E E 
aa s 
è--
>> 6 
"5 5 

0 0 
JA66 Afogl Asnfl 

Figur ee 2: Effect of disruptio n of KISNF1 and KIFOG1 on the expressio n of GusA under contro l of 
thee AHAC promoter . Wild-type strain JA6, Asnfl and Afogl disruptant strains were transformed with 
pCXJ19AHAC-GUS.. Two to three independent transformants were pre-grown on 2% glucose, shifted to 
eitherr 5% glucose or 2% ethanol/glycerol for 3 hours after which B-glucuronidase activity was assayed. 

Thee results obtained with a disruptant in KICAT8, a functional homologue of the ScCAT8, an 

activatorr of genes that are strongly derepressed under non-fermentative growth conditions [13], 

aree more complicated. Since Klcat8 mutants only show a growth deficiency on ethanol, and 

groww normally on either glycerol or a mixture of ethanol and glycerol [74], we checked the 

carbon-sourcee dependent activation of the AHAC KIQCR8 promoter on ethanol and a mixture of 

ethanoll and glycerol. Surprisingly, induction of GusA was lost in the Klcat8 mutant when 

transformantss were shifted to ethanol/glycerol, but induction was comparable to wild-type when 

ethanoll alone was used as non-fermentable carbon source (figure 3). Likewise, when the 

reporterr gene was placed under control of the -144 bp KIQCR8 promoter a similar picture was 
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obtainedd (data not shown). Furthermore, a similar induction of GusA as in wild-type was 

observedd when transformants were shifted to medium containing 2% glycerol (data not shown), 

raisingg the question why deletion in the KICAT8 gene affects induction by the AHAC and -144 

bpp KIQCR8 promoter on ethanol/glycerol but not on the single carbon sources. 

 glucose  ethanol  ethanol/glycerol 

15 5 

II 12 

È11 9 
_> > 
"o o 
™™ 6 
w w 

JA66 A c a t 8 

Figuree 3: Effect of disruption of KICAT8 on reporter gene activity driven by the AHAC promoter on 
differentt carbon sources. Wild-type strain JA6 and the isogenic Yig8 (AcatS) strain were transformed 
withh pCXJ18AHAC-GUS. At least three independent transformants were pre-grown on 2% glucose, 
shiftedd to either 5% glucose, 2% ethanol or 2% ethanol/glycerol for 3 hours. 

Protei nn factor s interactin g wit h the activatin g regio n 

Too determine whether proteins bind to the activating region, a synthetic oligonucleotide 

(MWG161/162)) corresponding to the -144/-113 interval was used in gel mobility shift assays. 

Withh protein extracts prepared from ethanol/glycerol grown wild-type cells, four specific protein-

DNAA complexes could be observed (figure 4). Addition of more protein to the incubation mixture 

didd not result in a different binding pattern (not shown), illustrating that binding conditions are 

saturating.. Specificity of the complexes was demonstrated by competition with a 50 molar 

excesss of unlabelled MWG161/162 (lane 4), whereas addition of a 50-fold molar excess of 

unrelatedd oligonucleotide could not compete for binding (lane 5). Interestingly, complex II, and, 

lesss clearly, also complex IV, were absent when protein extracts from glucose grown wild-type 

cellss were used (lane 2). This strongly suggests that the protein factor responsible for CM and 

CIVV formation has a specific function in UASqcr8 mediated gene activation under non-

fermentativee conditions. 

Sincee the induction of GusA driven by the AHAC promoter as well as in the -144 bp promoter 

deletionn construct was abolished in the Klcat8 mutant grown on ethanol/glycerol, we tested 

whetherr protein binding was also affected. No difference in protein binding was observed with 

proteinn lysates from Klcat8 cells grown on glucose (lane 6), whereas protein lysates from non-

fermentablee grown Klcat8 cells, grown on ethanol (lanes 7) and ethanol/glycerol (lane 8), 

r * * 
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showedd a different pattern of binding than wt cells under these conditions. In the Klcat8 mutant 

relativelyy more complex II was present than complex I, in contrast to wt, in which complex I 

dominatedd (lanes 7, 8 versus lane 3). The increase in CM formation in the AKIcat8 mutant was 

accompaniedd by an increase in the abundance of CIV, suggesting that the formation of complex 

III and IV is coupled. The co-existence of complex II and IV was strengthened by the binding 

patternss of wild-type cells grown on EG (lane 3) compared to glucose (lane 2). Additionally, 

subtlee differences in binding patterns between the two non-fermentable carbon sources were 

observed.. CIII was more abundantly present in the Acat8 mutant grown on EG (lane 8) than on 

ethanoll (lane 7). 

Protein-UASqcr88 binding was also affected by deletion of KISNF1 as shown in lanes 9 and 10. 

Interestingly,, in lysates from both glucose and ethanol/glycerol grown cells, no complex I and III 

weree observed, but instead a lower mobility complex (V) was formed. It is not known yet 

whetherr this lower mobility is due to a defect in phosphorylation of CI otherwise performed by 

thee Snflp kinase. Alternatively, a different protein would have obtained access to the UAS 

regionn upon deletion KISNF1. 

JA66 Yig8 (Acat8) Asnfl 

Figur ee 4: Gel mobilit y shif t assay with UASqcr 8 (-144/-113). Crude lysates were prepared and binding 
conditionss set up as described in the materials and methods section. Lane 1, no protein extract added; 
lanee 2, protein extract from glucose-grown JA6 cells; lanes 3, 4, 5, protein extract from ethanol/glycerol-
grownn JA6 cells; lane 4, competition with unlabelled UASqcr8; lane 5, competition with unrelated 
oligonucleotide;; lane 6, protein extract from glucose-grown Yig8 (AK/cafS); lane 7, ethanol-grown Yig8; 
lanee 8, ethanol/glycerol-grown Yig8; lane 9, glucose-grown &Klsnf1; lane 10, ethanol/glycerol-grown 
AKIsnfl. AKIsnfl. 
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Discussio n n 

Inn  S. cerevisiae, transcriptional regulation of genes encoding subunits of the mitochondrial 

respiratoryy chain is controlled mainly by the HAP complex. In contrast, the HAP complex in K. 

lactislactis plays only a marginal role in this regulation. Deletion of subunits of the HAP complex in K. 

lactislactis does not impede inducible transcription of respiratory genes when grown on non-

fermentablee carbon source. In this study, we looked for cis- and rrans-acting elements that are 

involvedd in the induction pathway of respiratory function in K. lactis. 

Promoterr deletion analysis of the KIQCR8 promoter identified a 30 nt region from -144 bp to -

1133 bp that is involved in induced expression levels on ethanol/glycerol media. Deletion of the 

sequencee results in low levels of reporter gene expression on both glucose and ethanol/glycerol 

medium.. Furthermore, specific carbon-source dependent protein binding to this region is 

observedd and this binding is dependent on KICat8p, illustrating our interest in this region as 

beingg a potential answer to our question which carbon-source dependent factors are involved in 

thee induction of respiration in K. lactis. 

Sequencee analysis of the -144/-113 region did not reveal similarity to any known consensus 

sequencess for transcription factors recorded in Matinspector [163]. However, the -144/-113 bp 

regionn is TA-rich, and opens the possibility that this region constitutes a docking site for RNA 

polymerase.. An alternative TATA-like sequence is located around position -65 bp. Primer 

extensionn analysis, mapping the position of the transcription start site to a cytosine residue 25 

bpp upstream of the initiating ATG codon, did not allow a more accurate identification of which 

TA-richh sequence harbours the cognate TATA box, since, in yeast, the TATA box can be 

locatedd anywhere between 40 and 120 bp upstream of the transcription start site. In the 

constructt with deletion up to -60 bp, no (3-glucuronidase activity could be detected above the 

backgroundd of a promoter-less construct. This could argue for the location of the cognate TATA 

boxx at position -65 bp. Alternatively, the cognate TATA box might be located within the -144/-

1133 bp region and deletion of this TATA box in the -113 bp promoter might enable the use of 

thee cryptic TATA box at -65 bp. 

Inn the context of binding of RNA polymerase holoenzyme, it is interesting that the activating 

regionn from -144 bp to -113 bp contains the motif AAGAAAT. This motif corresponds to the 

consensuss (A/C)(A/G)GAAAT identified in the SUC2 and HXK2 promoters in S. cerevisiae and 

iss required for derepression of these two genes [26]. Recently, it has been shown that Med8p, a 

subunitt of the mediator RNA polymerase II carboxy-terminal domain (CTD) complex, binds to 

thiss sequence [31]. Med8p has been suggested to act as a coupling factor by linking activating 

88 8 



Identificationn of cis-elements in the KIQCR8 promoter 

andd repressing transcription complexes to the RNA polymerase II holoenzyme transcriptional 

machinery.. Other mediator proteins associated with the CTD have been found to exert 

regulatoryy roles in glucose repression [5, 6]. In recent years, genetic analysis of transcriptional 

regulationn in yeast has come to focus increasingly on the function of the CTD {for review see 

[27]).. In this study, we could not identify other important activating regions in the KIQCR8 

promoterr except for a region that may contain elements involved in RNA polymerase 

functioning.. This could imply that for K. lactis carbon dependent transcriptional activation 

capacityy is a function of one of the subunits of the RNA polymerase II holoenzyme in K. lactis, 

effectingg an immediate and perhaps transient transcriptional response to a need for increased 

respiratoryy function. Mutation of the putative TATA boxes and the consensus sequence for 

Med8pp in the KIQCR8 promoter should provide more insight. Otherwise, systematic scanning of 

thee UASpcrfj region by mutating base pairs one by one, might characterize alternative regulatory 

motifss involved in the carbon-source dependent induction. 

AA similar regulation might apply for KICYC1 considering the clear induction on ethanol/glycerol 

inn the "minimal" KICYC1-GusA construct. In this light it is noteworthy that sequences with 

homologyy to the Med8p consensus binding site are located at position -192/-184 bp, within the 

2111 bp of the KICYC1 promoter and, moreover, in the 5' promoter region of the KIQCR7 gene, 

encodingg subunit VII of the be, complex. Furthermore, in the study on the regulation of the 

KIPDC1KIPDC1 gene [54], a promoter construct bearing only the active TATA box still led to carbon-

sourcee dependent B-galactosidase activity, favouring the hypothesis that carbon-source specific 

regulatoryy factors are present within the RNA polymerase holoenzyme in K. lactis. 

Thee ability of the UASqcr8 region to induce transcription under non-fermentable growth conditions 

iss dependent on the presence of a functional glucose signalling pathway, as demonstrated by 

thee lack of induction in the pleiotropic derepression mutants in KISNF1 and KIFOG1. 

Furthermore,, a reduction of reporter gene activity on glucose is observed in both mutants, which 

couldd be related to the more oxidative status of glucose metabolism in K. lactis, in which 

respiratoryy genes are highly expressed on glucose. Hence, this study shows that, besides 

derepressionn of genes involved in the metabolism of alternative carbon sources [76], KISnflp 

andd KIFoglp are involved in the transcriptional regulation of respiration on both non-fermentable 

carbonn sources and on glucose. Our results are in line with the observation that the induction by 

lactatee of D-lactate ferricytochrome c oxidoreductase has also been shown to be dependent on 

KISNF1KISNF1 and KIFOG1 expression [116]. 

Althoughh KICAT8 fully complements the growth deficiency of a ScCAT8 mutant on non-

fermentablee carbon sources [74], the function of KICat8p differs in some important aspects from 
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itss S. cerevisiae counterpart. Deletion of KICAT8 results in a growth defect on C2-carbon 

sourcess like ethanol, acetate and lactate, but not on glycerol or a combination of ethanol and 

glyceroll [74]. Additionally, whereas ScCat8p is involved in derepression of gluconeogenic genes 

includingg FBP1 and PCK1 [168], gluconeogenesis in K. lactis is not controlled by KICat8p, but, 

inn analogy to the role of ScCat8p in the derepression of the glyoxylate cycle genes, the enzyme 

activitiess of two glyoxylate cycle proteins are reduced in a Klcat8 deletion strain [74]. Based on 

thee results presented in this paper, we propose a role of KICat8p in the signalling pathway 

leadingg to induction of at least one of the respiratory genes and note that this role is strictly 

dependentt on the type of non-fermentable carbon source. Interestingly, we observe an effect of 

KICat8pp in the induction of the QCR8-GusA fusion on ethanol/glycerol, a growth condition on 

whichh the AKIcat8 strain is not impaired in growth. On ethanol, on which the AKIcat8 strain 

growss poorly, the induction of the QCR8-GusA fusion was, like the wild-type strain, two-fold 

comparedd to glucose conditions, a response that might be attributable to stress induced by poor 

growthh conditions. Obviously, the growth defect in the AKIcat8 strain is not directly linked to a 

failuree in KIQCR8 induction, nor is a lack of induction of KIQCR8 in the AKIcat8 strain limiting for 

respiratoryy growth. Instead, one could speculate that, on ethanol/glycerol, AKIcat8 mutants are 

nott able to provide a metabolic signal that is possibly needed for the induction of KIQCR8, 

whereass this metabolic signal might be provided upon growth on the single carbon sources. 

Thee effect of a Klcat8 deletion on KIQCR8 transcriptional activation, as observed in our reporter 

genee studies, is confirmed by results obtained by in vitro binding experiments. However, 

althoughh the AKIcat8 mutant grown on ethanol shows slight changes in in vitro binding to the 

UAS,, this does not result in in vivo differences in the reporter gene assays. This contrasts with 

thee even more subtle difference in binding pattern between AKIcat8 mutants grown on ethanol 

andd ethanol/glycerol, and the explicit difference (induction versus no induction) observed in the 

inin vivo studies. Apparently, different combinations of proteins are being explored in order to fine 

tunee the expression of KIQCR8 to thee demands of the environment. 

AA complex picture arises when regulatory elements and their roles in the KIQCR8 promoter are 

comparedd with regulatory elements in the ScQCR8 promoter (figure 5). As mentioned before, in 

K.K. lactis, Cpflp, Abflp and the Hap2/3/4/5p complex are involved in the maintenance of a 

generallyy high expression of KIQCR8 under both glucose and non-fermentative growth 

conditions.. In contrast, in S. cerevisiae, the Hap2/3/4/5p complex specifically provides the non-

fermentativee signal for ScQCR8 induction, whereas the results presented in this study points 

towardss a specific role of KICatBp in the non-fermentative induction pathway of the KIQCR8 

genee via the identified UAS region. Recently, it has been shown that the KISnftp kinase and 
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KICat8pp physically interact [30], suggesting that the function of KICat8p is regulated post-

transcriptionallyy by phosphorylation. 

glucosee non-fermentable carbon source 

#Cpf1pp #Abf1p GHaP 2 / 3 / 5 H H a p4 /\ -X" 

Figuree 5: Schematic overview of the upstream regions of the QCR8 promoter in K. lactis and S. 
cerevisiae,cerevisiae, and interacting frans-acting factors under glucose conditions and under non-fermentative 
growthh conditions. 

Sincee no consensus binding site for Cat8p (CSRE) is present within the -144/-113 bp sequence, 

thee effect of KICat8p on the transcription of KIQCR8 is likely to be indirect, perhaps in 

establishingg an intricate way of combinatorial protein binding to the UAS. It is interesting to note 

thatt Kuchin ef al. have recently demonstrated that a regulatory shortcut exists between the 

Snflpp kinase and RNA polymerase II holoenzyme in S. cerevisiae [112]. This would justify the 

directt connection between KISnflp and factor X drawn in our model, if the protein binding to the 

activatingg region (factor X in figure 5) indeed turns out to be a component of the RNA 

polymerasee II holoenzyme that confers carbon source dependent transcriptional regulation of 

KIQCR8KIQCR8 and possibly other respiratory genes in K. lactis. 
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