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Chapterr 3 

Transcriptionall regulation of KIHAP4 points towards a role of the HAP 

complexx of K. lactis during carbon limitation 

Inn K. lactis the HAP2/3/4/5 transcriptional activator complex plays only a minor role in induction 

off nuclear genes involved in mitochondrial respiration and is dispensable for growth on non-

fermentablee carbon sources. This contrasts sharply with S. cerevisiae, which requires the HAP 

complexx for induction of mitochondrial respiration and for non-fermentative growth. The 

ScHAP4ScHAP4 gene encoding the activator subunit is the only one of the complex to be strongly 

regulatedd by carbon source at the transcriptional level in S. cerevisiae. In this study, we 

examinee the transcriptional regulation of the HAP4 gene in K. lactis in order to get clues towards 

thee function of the Hap2/3/4/5 complex in this yeast. We show that KIHAP4 is constitutively 

expressedd upon a shift from glucose to non-fermentable carbon source in batch cultures of K. 

lactislactis CBS2359 as well as in different carbon-limited steady-state chemostat cultures. However, 

afterr the addition of a glucose pulse to glucose-limited chemostat cultures, KIHAP4 behaves 

similarlyy to ScHAP4 in being repressed within minutes after the pulse and strongly induced once 

carbonn depletion is near. We hypothesize that K. lactis and S. cerevisiae share a conserved 

functionn for the HAP complex in signalling nutrient limitation, and that in S. cerevisiae, the HAP 

complexx has attained a dual function in being essential for non-fermentative growth. 

Inn collaboration with Andre Boorsma, Anne-Marie Zeeman, Yde Steensma, Jolanda Blom and 

Less Grivell 
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Transcriptionall regulation of KIHAP4 

Introduction n 

Thee yeasts Saccharomyces cerevisiae and Kluyveromyces lactis exhibit clear physiological 

differencess in their response to the presence of glucose. Whereas S. cerevisiae predominantly 

fermentss glucose to ethanol, K. lactis metabolizes glucose oxidatively, provided that conditions 

aree fully aerobic. Only when pulsed with glucose, glucose-limited steady state cultures of K. 

lactislactis produce some ethanol starting one hour after the pulse, contrasting with the immediate 

onsett of ethanol production in S. cerevisiae under the same conditions [104]. Moreover, the final 

concentrationn of ethanol is much lower than in S. cerevisiae (15 mM versus 50 mM; [48, 104]. 

Thee reason for this difference in the start of ethanol production is unclear. It is not due to an 

absencee of key enzymes of alcoholic fermentation in K. lactis immediately after the glucose 

pulsee [104]. Furthermore, Zeeman et al. have demonstrated that the transcriptional regulation of 

structurall genes encoding key enzymes of glucose metabolism (KIPDC1, RAG1, KIADH1, 

KIACS1,KIACS1, KIADH2, KIADH3) is very similar in the two yeasts [210]. Only transcription of the 

KIPDA1KIPDA1 gene, encoding a subunit of pyruvate dehydrogenase, differs in the two organisms, 

beingg regulated by available carbon source in K. lactis while its S. cerevisiae counterpart is 

constitutivelyy expressed. Although post-transcriptional and post-translational regulatory 

mechanismss cannot be ruled out, a discrepancy between the physological differences and 

similarr transcriptional regulation of genes involved in glucose metabolism seems to exist. An 

explanationn might be sought in a different capacity of respiratory pyruvate metabolism in K. 

lactislactis and S. cerevisiae. Alternatively, the difference in onset of ethanol production between the 

twoo yeasts might reside in the regulation of mitochondrial respiration rather than in the 

regulationn of the carbon flux at the level of the pyruvate branchpoint. Indeed, at the level of 

mitochondriall respiration, major differences between K. lactis and S. cerevisiae exist. First, it 

shouldd be noted that respiratory capacity is limiting in S. cerevisiae [2], but not in K. lactis [81]. 

Second,, glucose repression of genes encoding respiratory chain subunits is not as pronounced 

inn K. lactis as it is in S. cerevisiae [134]. This results in a generally high level of transcription of 

thesee genes on glucose, contributing to the more respiratory glucose metabolism exhibited by 

K.K. lactis. Third, in S. cerevisiae, the transcriptional control on mitochondrial respiration is highly 

dependentt on the heteromeric HAP2/3/4/5 activator complex, which is required for release of 

glucosee repression of genes involved the respiratory pathway and for induction of mitochondrial 

function.. Whereas the genes encoding the DNA binding subunits Hap2p, Hap3p and Hap5p are 

constitutivelyy transcribed, transcription of HAP4, coding for the activator subunit, is regulated by 

carbonn source [69] and induced during the diauxic shift [53]. Transcriptional activation by the 
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HAPP complex during growth on non-fermentable carbon sources is thus dependent on the 

availabilityy of Hap4p. In fact, it plays a key role in the balance between fermentative and 

oxidativee glucose metabolism, as overexpression of HAP4 partially alleviates repression of 

respiratoryy function and alters the fermentative metabolism on glucose towards a more 

oxidativee metabolism [12]. In K. lactis, the HAP complex does not seem to play a crucial role in 

thee balance between oxidative and fermentative glucose metabolism. It is not necessary for 

eitherr fermentative or non-fermentative growth in K. lactis on rich media, although Ahap2 and 

Ahap44 mutants grow slower on minimal media containing non-fermentable carbon sources [20, 

133,, 142]. Moreover, although the Hap2/3/4/5 complex does contribute to generally high level 

transcriptionn of genes involved in respiration, irrespective of the carbon source, it is not involved 

inn induction of transcription on non-fermentable carbon sources [135]. This raises the questions 

whyy the impact of the Hap2/3/4/5 complex on oxidative and fermentative glucose metabolism 

differss between the two yeasts and what the precise function of the Hap2/3/4/5 complex is in K. 

lactis.lactis. Answers to these questions might be found by studying transcriptional regulation of the 

geness encoding subunits of the HAP complex. The fact that, in S. cerevisiae, the Hap4 activator 

subunit,, playing such a pivotal role in the activity of the complex, is strictly regulated in response 

too carbon source, prompted us to focus on the correponding HAP4 gene in K. lactis. The 

KIHAP4KIHAP4 gene was isolated by functional complementation of the Schap4 null mutant [20]. 

Althoughh the overall similarity between KIHap4p and ScHap4p is rather low, except for two 

highlyy conserved short domains, KIHap4p interacts with ScHap2 and ScHap5 and activates the 

transcriptionn of a target gene, ScCYCI in S. cerevisiae, demonstrating that the functionality of 

KIHap4pp is similar to ScHap4p [20], However, the growth-deficiency of the Schap4 null mutant 

couldd only be restored when the KIHAP4 under control of its own promoter was present on a 

multicopyy plasmid or when the KIHAP4 gene placed under control of the S. cerevisiae HAP4 

promoterr was integrated into the chromosome [20]. This could suggest that transcription of 

KIHAP4KIHAP4 under control of its own promoter is either not properly regulated in S. cerevisiae, or 

thatt the KIHAP4 promoter does not contain a high intrinsic activation. Therefore, we decided to 

havee a closer look at the transcriptional regulation of the KIHAP4 gene. Furthermore, we studied 

thee expression patterns of two nuclear genes (KIQCR8 and KICYC1), encoding subunits of the 

mitochondriall respiratory chain and which are regulated by the HAP complex in S. cerevisiae, 

sincee not only transcription patterns of the KIHAP4 gene, but also similarities and differences in 

co-regulationn with other genes could provide insight in the role of the Hap2/3/4/5 complex in K. 

lactis. lactis. 
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Materiall and Methods 

Strainss and media. K. lactis strain CBS2359 (=NRRL Y-1140, ATCC 8585; [200]) was used in this study. 

Forr the glucose-pulse experiment in a chemostat, CBS2359 was cultured in mineral medium 

supplementedd with a filter-sterilized vitamin solution as described by [104]. For batch cultivation in 

Erlenmeyers,, the strain was grown in rich medium containing 1% (w/v) yeast extract (Difco) and 2% (w/v) 

peptone.. Carbon sources were added at 2% or 5% (w/v) glucose, and 2% (v/v) ethanol plus 2% (v/v) 

glycerol. . 

Batchh and chemostat cultivations. For medium shift experiments in batch cultivations performed in 500 

mll erlenmeyers, CBS2359 was pre-cultured at C under vigorous shaking in 20 ml rich medium 

containingg 2% glucose to an OD600 of 1. Cells were collected and resuspended in 1 ml H20. 250 y\ was 

inoculatedd into 50 ml rich medium containing either 5% glucose or 2% of ethanol/glycerol. Cells were 

grownn until an optical density at 600 nm of 0.6-0.8 was reached. Carbon-limited steady-state cultivations 

weree performed in 2-litre Applikon fermentors (Applikon, Schiedam, the Netherlands) with a working 

volumee of 1.0 I. Dilution rate was set at 0.1 hr \ the cultivation temperature was . The pH was kept at 

5.00 by automatic addition of 2.0 M KOH via an Applikon ADI-1030 controller. The oxygen concentration 

insidee the vessel was monitored by an Ingold polarographic oxygen electrode and remained above 20% 

off air saturation. The air flow was set at 500 ml air.min"1. Glucose-pulse experiments were performed in 

aerobic,, glucose-limited cultures. Immediately before the pulse, the medium and effluent pumps were 

stopped,, after which a concentrated, sterile glucose solution was added, resulting in an initial glucose 

concentrationn in the culture of 50 mM. 

RNAA isolation and Northern blot. RNA was isolated from K. lactis cultures as described by Schmitt 

[176].. For Northern blot analysis, 10 pg of RNA was mixed with 2fj\ 10xNBC (0.5 M Boric Acid, 10 mM 

sodiumm citrate and 50 mM NaOH), 3 /vl formaldehyde and 10 y\ formamide in a total volume of 20 fj\. 

Eachh sample was mixed with 2 pi of 10xloading buffer (15% Ficoll, 0.1 M Na2EDTA pH8.0, 0.25% 

Bromophenoll Blue) and 0.05 pg//vl ethidium bromide before being loaded on a 1% agarose gel containing 

0.925%% formaldehyde and run in 1xNBC. After 2 hrs at 100V, the RNA was transferred to Nylon 

membranee by blotting in 20xSSC (3.0 M NaCI, 0.3 M sodium citrate pH7.0). Hybridization was carried out 

overnightt at C in 0.5M Na2HP04 pH7.2, 7% SDS, 1 mM EDTA. Probes were labeled radioactively 

usingg an hexanucleotide labeling kit (Boehringer). After hybridization, blots were washed at C with 

2xSSC,, 0.1% SDS for 15 minutes, followed by two washes with 1xSSC, 0.1% SDS and 0.5xSSC, 0.1% 

SDSS at . Blots were exposed to a phosphor imager screen and analysed using the Phosphor Imager 

Systemm (Molecular Dynamics, B&L Systems, Maarssen, NL) and ImageQuant software. 
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Results s 

Constitutivee expression of HAP4 in steady-state cultures 

Too study whether the KIHAP4 gene is constitutively expressed or, like ScHAP4, repressed by 

glucose,, we analysed transcript levels in a medium shift experiment performed in batch 

cultures.. Cells were pregrown on 2% glucose, transferred to medium containing either 5% 

glucosee or 2% ethanol/glycerol and grown for an additional 3 to 5 hours when cells were 

growingg exponentially. As shown in figure 1, transcript levels of KIHAP4 gene do not change 

significantlyy 3 hours after the shift from fermentative carbon source to non-fermentable carbon 

sourcee or to higher glucose concentrations. In contrast, KICYC1 and KIQCR8, encoding 

respiratoryy chain components, are induced on ethanol/glycerol. These results are in line with 

previouss observations that in K.lactis the HAP complex is not involved in the induction of 

respiratoryy genes. The same results were obtained 5 hours after the shift (data not shown), 

whenn cells were still growing logarithmically. Therefore, we assumed that transcript levels were 

adjustedd to the altered carbon source 3 hours after the shift and in that respect, the cultures 

weree regarded as quasi steady-state cultures. 

2DD 5D EG 

KIHAP4 KIHAP4 

KICYC1 KICYC1 

KIQCR8 KIQCR8 

KIACT1 KIACT1 

Figuree 1: KIHAP4 is constitutively expressed in quasi steady-state batch cultures. Northern blot 
analysiss of strain CBS2359 grown in batch cultures containing 2% glucose (2D) and grown for 3 hours 
afterr transfer to 5% glucose (5D) or 2% ethanol/glycerol (EG). 

Furthermore,, we analysed KIHAP4 transcript levels in well-defined carbon-limited steady-state 

chemostatt cultures with glucose, ethanol or acetate as carbon source. This clearly 

demonstratedd that the expression of KIHAP4 was constitutive (figure 2). When medium shift 

experimentss in batch cultures were performed with the glucose-sensitive JA6 strain or with a 

JA66 derived strain lacking the glucose transporters KHT1 and KHT2, the same results were 

obtainedd (data not shown). This demonstrates that KIHAP4 transcription is not sensitive either 
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too altered internal glucose concentrations (JA6), or to altered external glucose concentrations 

(doublee mutant) and strongly indicates that transcription of KIHAP4 is not regulated by carbon 

sourcess in steady-state cultures. 

GG G E E A A 

tltftl l 
W9W9 ^* ^ » ^ ^ ~ 

Figuree 2: Constitutive expression of KIHAP4 in carbon-limited steady state chemostat cultures. 
Northernn blot analysis of CBS2359 grown in carbon-limited steady-state chemostat cultures with glucose 
(G),, ethanol (E) or acetate (A) as a carbon source. All chemostat experiments were performed in duplo. 

Carbonn dependent expression of KIHAP4 in glucose-limited chemostat cultures pulsed 

withh glucose 

Althoughh analysis of steady state transcript levels in batch cultures suggests that KIHAP4 

transcriptionn is not sensitive to alterations in carbon sources or glucose concentrations, one 

cannott rule out the possibility of transient responses to changing carbon sources or 

concentrations.. Detailed transcript analysis studies as performed for example by DeRisi [53] 

clearlyclearly show the dynamics in response of many transcripts during transition of growth from 

glucosee to ethanol utilization and finally carbon source exhaustion and stationary phase. In 

orderr to follow KIHAP4 transcript patterns during these different phases, but under well-defined 

andd completely aerobic conditions, we grew strain CBS2359 in a glucose-limited chemostat and 

subjectedd the fully respiratory growing cells to an excess of glucose. As shown in figure 3, the 

transcriptt level of KIHAP4 decreases immediately after addition of 50 mM glucose, resembling 

ScHAP4ScHAP4 in comparable experiments (Lascaris, manuscript in prep.). KIHAP4 transcription 

remainss rather constant as glucose is being consumed (5 to 180 min), and is induced when 

glucosee is depleted and cells start consuming the ethanol produced during the first phase of 

growthh (180-270 min). Maximal levels of expression are reached when carbon depletion sets in 

(3300 min). The clear carbon-dependent regulation of KIHAP4 directed us to analyze the 

transcriptt levels of KIQCR8 and KICYC1, not only to see whether those genes are co-regulated 

byy the HAP complex under these defined conditions, but also with the unexplained observation 

off the delayed onset of ethanol formation in mind. Transcript levels of KICYC1 and KIQCR8 do 

nott follow the kinetics of the KIHAP4 transcript levels. KIQCR8 is highly expressed when cells 

aree growing fully respiratory at the start of the experiment, and is not repressed when an excess 

off glucose is added to the culture, in contrast to ScQCR8, which is repressed within 10 minutes 

afterr the addition of excess glucose in similar experiments (Lascaris, manuscript in prep.). 

KIHAP4 KIHAP4 
KIACT1 KIACT1 
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KIQCR8KIQCR8 transcription remains present rather constantly during glucose consumption, but, 

interestingly,, KIQCR8 transcripts are strongly induced when cells consume ethanol and are 

maximallyy induced when carbon starvation is near, similar to KIHAP4. In contrast, KICYC1 

transcriptt levels are undetectable in glucose-limited chemostat cultures, before addition of the 

glucose,, but gradually increase as the added pulse of glucose is being consumed and ethanol 

produced.. Transcription of KICYC1 drops abruptly when glucose has been consumed and cells 

startt metabolizing ethanol (t=210 min), with transcripts being undetectable when also ethanol 

hass been consumed. This suggests that under our experimental conditions, transcriptional 

activationn of KICYC1 is strongly dependent on the ethanol concentration, whereas KIQCR8 is 

partlyy dependent on ethanol and strongly upregulated when carbon sources are limiting. 

B B 
00 5 10 15 20 30 45 60 75 90 105 120 150 180 210 240 270 300 330 t ime (min) 

Figuree 3: Effect of glucose-pulse on KIHAP4 expression. A 50 mM pulse of glucose was added to a 
glucose-limitedd steady state culture of CBS2359. Glucose and ethanol concentrations as well as OD660 
weree measured throughout the experiment (A) and samples were taken at indicated time points for 
Northernn analysis (B). mRNA transcripts for KIHAP4 (black squares), KIQCR8 (grey circles) and KICYC1 
(lightt squares) were quantified relative to the actin signal and relative to the transcript level at t=0. (C). 

Discussion n 

Sincee the function of the Hap2/3/4/5 complex in K. lactis is still unknown, we wondered whether 

thee regulation of transcription of the genes encoding the different subunits could provide a clue 

towardss its role in K. lactis. Regarding the strict regulation of the ScHAP4 gene and its 
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importancee in the balance between respiration and fermentation, we started with the 

transcriptionall regulation of its counterpart in K. lactis, KIHAP4. In both quasi steady-state batch 

culturess and carbon-limited steady state chemostat cultures, KIHAP4 expression was 

constitutive,, irrespective of the carbon source. This is in agreement with previous reports that 

KIHAP4KIHAP4 transcript levels were similar on either glucose, lactate, glycerol or ethanol [20]. In 

contrast,, transcript levels of KICYC1 and KIQCR8 were induced upon a shift from glucose to a 

non-fermentablee carbon source. Our results with the steady-state cultures led us to hypothesize 

thatt a constitutive, relatively high, expression of KIHAP4 on glucose could contribute to the 

differencee in physiology between K. lactis and S. cerevisiae on glucose. Although the 

Hap2/3/4/55 complex in K. lactis is not required for growth on fermentable or non-fermentable 

carbonn sources [20, 133, 142], the role of this complex in respiratory glucose metabolism has 

neverr been studied. If the Hap2/3/4/5 complex contributes to the respiratory activity during 

growthh on glucose, growth of a K. lactis hap null mutant could be expected to be more 

fermentative.. At this moment no data are yet available to support this hypothesis. 

Followingg the kinetics of KIHAP4 transcript levels in glucose-limited chemostat cultures pulsed 

withh 50 mM glucose, new insights in the regulation of KIHAP4 expression arose. Strikingly, 

transcriptionn of KIHAP4 decreased immediately after addition of the glucose pulse, resembling 

ScHAP4ScHAP4 in comparable experiments {Lascaris, manuscript in prep.). Furthermore, the 

transcriptionn of KIHAP4 was induced when glucose was finished and cells started consuming 

thee ethanol produced during the first phase. In fact, the induction was maximal at the end of the 

experiment,, when carbon depletion had set in and cells entered the stationary phase. The clear 

regulationn of KIHAP4 suggests a role of the Hap2/3/4/5 complex in a dynamic regulation of 

adaptationn to carbon-limitation. In this respect, one can also explain the difference in KIHAP4 

transcriptionn between steady-state conditions and glucose-pulsed cultures. First, in the glucose-

pulsee experiment, KIHAP4 expression is relatively high during glucose-limited steady state 

chemostatt conditions (just before addition of the pulse), which is similar to the carbon-limited 

steadyy state cultures in figure 2. At the end of the experiment when glucose is finished, ethanol 

iss limiting and cells enter stationary growth, expression of KIHAP4 is maximal, suggesting that 

KIHAP4KIHAP4 is upregulated under conditions of carbon-limitation and stationary phase. In that 

respect,, the decrease of KIHAP4 transcripts after the glucose pulse could be explained by the 

absencee of a signal sensing carbon limitation rather than a glucose repression signal. This 

explanationn might be examined by addition of a pulse with another carbon source than glucose 

too a glucose-limited chemostat culture. This would also lead to a decrease in KIHAP4 

transcripts,, if KIHAP4 is regulated by carbon limitation. 
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Inn the medium shift experiment, cells are shifted from 2% glucose to 5% glucose or 2% 

ethanol/glycerol.. In none of the cultures, carbon-limitation does occur, and, in the perspective of 

carbon-limitationn being a trigger for KIHAP4 regulation, KIHAP4 transcript levels remain at a 

constitutivee level. The fact that no repression of KIHAP4 is observed when cells are shifted to 

5%% glucose would be consistent with carbon-limitation rather than glucose repression being 

responsiblee for KIHAP4 regulation, assuming that a glucose concentration of 2% is not a 

repressingg condition for KIHAP4 transcription. It should be noted that, from this point of view, 

thee absolute expression levels of KIHAP4 in the batch cultures should be lower than in the 

carbon-limitedd steady-state cultures, but this is difficult to conclude from the experiments 

describedd here. However, an alternative explanation might be that KIHAP4 transcription is 

transientlyy regulated by a dynamic reponse to changing carbon source conditions, as occurs in 

thee glucose-pulse experiment. In the medium shift experiment, cultures have already adapted to 

thee change in carbon source at the time points studied and have reached quasi steady-state 

constitutivee expression levels of KIHAP4 in these cultures. In this perspective, it cannot be 

excludedd by now that KIHAP4 transcription is transiently repressed by glucose as no data on 

KIHAP4KIHAP4 expression within shorter time intervals after the medium shift are available. 

Insightt in the role of the Hap2/3/4/5 complex in K. lactis might be obtained by identifying which 

geness are transcriptionally co-regulated with the KIHAP4 gene. In this respect, transcript levels 

off the KIQCR8 gene were studied, since the 5' promoter region of KIQCR8 contains a functional 

bindingg site for the HAP2/3/4/5 complex, as has been demonstrated by point mutation of the 

consensuss site and heterologous expression studies of KIQCR8 expression in S. cerevisiae 

[135].. However, it was shown that the Hap2/3/4/5 complex plays a minor role in maintaining 

generallyy high levels of transcription of KIQCR8 expression on both fermentable and non-

fermentablee carbon sources [135]. Furthermore, other, yet unknown, factors are involved in the 

inductionn of KIQCR8 transcription on non-fermentable carbon sources (see chapter 4 of this 

thesis).. Consistent with this, we observed a two-fold induction of KIQCR8 in our medium shift 

experimentt while KIHAP4 transcription was constitutive. Furthermore, KIQCR8 did not show a 

similarr response as KIHAP4 after the addition of an excess of glucose in the glucose-pulse 

experiment.. Whereas KIHAP4 was clearly down-regulated, transcript levels of KIQCR8 remain 

ratherr constant after the pulse during glucose consumption and increase when the majority of 

thee produced ethanol is consumed. Interestingly, KIQCR8 and KIHAP4 are co-regulated at the 

endd of the glucose-pulse experiment when cells enter stationary growth. Whether the induction 

off KIQCR8 in this phase is dependent on the Hap2/3/4/5 complex or whether the two genes are 

co-regulatedd by a common factor remains to be resolved. 
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Thee strong induction of KIHAP4 in the last phase of the glucose-pulse experiment very much 

resembless that of KIACS1, KIACS2, KIADH3 and KIADH4 [210], encoding acetyl-CoA 

synthetasee and mitochondrial alcohol dehydrogenase isozymes, which all become strongly 

increasedd at the end of the glucose pulse experiment, when carbon starvation is near. 

Especially,, the transcript pattern of KIADH3 exactly follows transcript levels of KIHAP4, being 

repressedd immediately after the addition of the glucose-pulse, and being induced upon glucose 

depletion.. Interestingly, three putative binding sites for the HAP complex have been identified in 

thee upstream region of KIADH3, at -950 bp, -750 bp and -730 bp from the ATG, and have been 

shownn to be important for full induction of KIADH3 (Saliola, M.; manuscript in preparation). 

Analysiss of the upstream promoter regions of KIACS1, KIACS2 and KIADH4 reveals that both 

KIACS1KIACS1 and KIADH4 promoter regions contain DNA motifs that show homology to the 

consensuss core (CCAAT) of the Hap2/3/4/5p binding site. Furthermore, this homology extends 

severall bases beyond this core and largely corresponds to the consensus sequence 

(YCNNCCAATNA)) in the Matlnspector database [163]. Although the functional relevance of 

thesee sites in the respective promoter regions is unclear, one might envisage that induction of 

thesee genes is necessary to redirect carbon fluxes and redox metabolism in the cell under these 

harshh conditions. Similar to what is observed in our glucose-pulse experiment is ACS1 strongly 

inducedd in stationary phase in S. cerevisiae [72]. 

Inn S. cerevisiae, the expression of the CYC1 gene is repressed by glucose and induction of 

ScCYCIScCYCI is mediated by the Hap2/3/4/5 complex. However, in K. lactis, KICYC1 is not 

repressedd by glucose as has been clearly shown by Mulder et a/[134]. Furthermore, our results 

showw that the transcript pattern of KICYC1 does not respond in the same way as KIHAP4 to 

changess in carbon source, although the 5' promoter region of KICYC1 contains consensus 

bindingg sites for the HAP complex [135, 167]. This suggests that KICYC1 is not a target for the 

Hap2/3/4/55 complex under any condition tested so far and this is in accordance with the fact 

thatt no functional relevance could be assigned to the Hap2/3/4/5p consensus site in the 

KICYC1KICYC1 promoter, since mutation of this site did not affect expression levels on either glucose 

andd glycerol [167]. Unexpectedly, our Northern blot analysis raised a question concerning the 

transcriptionall regulation of KICYC1. Although KIQCR8 and KICYC1 are functionally related 

genes,, a different transcriptional regulation of the two genes has previously been reported with 

regardd to the involvement of KICpflp [135, 167] and regulation of KICYC1 by oxygen [70]. 

Likewise,, our results also reveal that the transcription of KIQCR8 and KICYC1 is differently 

regulated.. KIQCR8 shows a more or less constitutive expression after addition of the glucose 

pulsee during the consumption of this excess of glucose, whereas KICYC1 transcript levels, 
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hardlyy detectable in the glucose-limited chemostat culture before the pulse, increase gradually 

whilee glucose is being consumed with a concomitant production of ethanol. Interestingly, while 

thee transcription of KIQCR8 is strongly induced during the consumption of ethanol following 

glucosee depletion, simultaneously with the increase in KIHAP4 expression, KICYC1 transcript 

levelss drop rapidly. In first instance, this seems contradictory to the respiratory metabolism that 

accompaniess ethanol consumption. Taking into account the fact that the growth rate goes down 

duringg the phase of ethanol utilization, respiratory activity could be reduced to such an extent 

thatt low expression of KICYC1 is sufficient to sustain oxidative ethanol metabolism. 

Interestingly,, a correlation could exist between the transcript levels of KICYC1 and specific 

growthh rate (data not shown). Possibly, KICYC1 transcription is even directly controlled by 

specificc growth rate, which is maximal (0.16 hr1) just before glucose is finished, and this would 

explainn the sudden drop in KICYC1 expression parallel to the decrease in growth rate 

accompaniedd by ethanol consumption. 

Ourr analysis of transcripts of respiratory genes also sheds some lights on the difference 

betweenn the two yeasts in onset of ethanol production after addition of a glucose pulse. The 

excesss of glucose does not repress the expression of KIQCR8 and KICYC1. This might 

contributee to a respiratory function in K. lactis that remains sufficient to fully respire the excess 

off glucose much longer than in S. cerevisiae, where an excess of glucose immediately causes 

thee production of ethanol and repression of respiratory function. It is noteworthy that a higher 

pyruvatee dehydrogenase and lower pyruvate decarboxylase activity on glucose in K. lactis in 

comparisonn to S. cerevisiae has been reported in glucose-grown steady-state batch cultures 

[210],, directing pyruvate to a respiratory dissimilation and possibly contributing as well to the 

delayedd onset of ethanol production in K. lactis. 

Ann issue closely related to this and that still remains unsolved is the cause of the production of 

ethanoll approximately one hour after the pulse. Since transcript levels of both KIQCR8 and 

KICYC1KICYC1 around the onset of ethanol production are not changed, and perhaps are even slightly 

increased,, it is not likely that a limiting respiratory function provokes the production of ethanol. 

Assumingg that transcripts of other respiratory components show the same pattern, one might 

speculatee that another cellular component gets limiting to sustain fully respiratory metabolism. 

Interestingg in this respect is the decrease in KIPDA1 transcript levels that precedes the onset of 

ethanoll formation (see [210]), implying a limiting capacity of pyruvate dehydrogenase. Whether 

thee decrease in KIPDA1 transcription leads to decreased activity of pyruvate dehydrogenase 

shouldd be investigated by studying the kinetics of the pyruvate dehydrogenase complex. 
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Transcriptionall regulation of KIHAP4 

Furthermore,, post-translational regulation of the complex, as described in higher eukaryotes, 

cann not be excluded. 

Thee fact that the KIHAP4 gene is fully induced under conditions of carbon depletion and 

stationaryy growth points towards a possible role of the HAP complex when environmental 

conditionss become adverse, involving a transition from active growth to growth arrest, and 

ultimatelyy sporulation. The transcript pattern of KIHAP4 during the pulse experiment is very 

similarr to ScHAP4 transcript levels during and after the diauxic [53], being fully induced when 

cellss enter stationary phase. In recent years, a tight link between metabolism, nutrient starvation 

andd sporulation has been reported (for review see [43]). For example, the expression of IME1, 

att the integration point between metabolic and genetic control circuits during sporulation, is 

subjectt to catabolite repression via Snflp kinase and is dependent on respiratory activity. 

Furthermore,, the synthesis of mitochondrial DNA and proteins is required for yeast to sporulate, 

andd in this regard it is noteworthy that, at least in S. cerevisiae, the HAP complex has been 

shownn to play a important role in global mitochondrial biogenesis ([52]; Lascaris, manuscript in 

prep.).prep.). Our hypothesis that the HAP complex fulfils a function in stationary phase in both S. 

cerevisiaecerevisiae and K. lactis is supported by microarray experiments recently performed by Gasch et 

at.,at., exploring genomic expression patterns in S. cerevisiae responding to diverse environmental 

transitions,, among which the transition to stationary phase [72]. Induction of HAP4 at the 

progressionn to stationary phase exceeded the induction observed during the diauxic shift [53], 

suggestingg that ScHAP4 transcription responds even more strongly to stationary growth 

conditionss than changes in carbon sources. Cluster analysis (available at http://genome-

www.stanford.edu/yeast_stress)) shows that the induction of HAP4 in stationary phase is 

accompaniedd by an induction in expression of genes encoding respiratory and TCA cycle 

proteins,, genes that are also upregulated in strains overexpressing ScHAP4 (Lascaris, 

manuscriptt in prep.) and are required for cells to sporulate [43]. The observation in our Northern 

analysiss that KIQCR8 is simultaneously induced with KIHAP4 when cell are near carbon 

depletionn and stationary growth would be consistent with this. 

Basedd on our findings descibed here, a conserved function of the respective Hap2/3/4/5 

complexess of S. cerevisiae and K. lactis in stationary growth and nutrient deprivation is 

proposed.. Furthermore, taking into account that the HAP complex is required for non-

fermentativee growth in S. cerevisiae but not in K. lactis, we hypothesize that the HAP complex in 

S.. cerevisiae serves a dual function of which the non-fermentative one is either attained in this 

yeastt or lost in K. lactis during evolution. 
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