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Chapte rr  2 

Dissectio nn of the promote r of the HAP4 gene in S. cerevisiae reveal s a 

mosai cc of c/s-actin g element s and sensitivit y to the glucos e 

derepressio nn facto r Cat8p 

Inn S. cerevisiae, the heteromeric Hap2/3/4/5 complex is necessary for induced transcription of a 

largee number of genes involved in oxidative metabolism on non-fermentable carbon sources. 

Thee Hap4p subunit is the activator subunit and at the same time also the regulatory part of the 

complex,, since it is the only one whose level is regulated by carbon source itself. Promoter 

deletionn analysis shows an activating region at position -1006/-741 bp downstream of the ATG 

startt codon. Gel mobility shift experiments combined with reporter gene activity studies reveal a 

mosaicc of c/s-acting elements within this region, that may constitute binding sites for a 

multimericc protein. Carbon-source dependent activation mediated by the 260 bp region, and a 

300 bp element located within this, is dependent on the presence of functional CAT8 gene, 

unveilingg a complex framework by which the expression of the HAP4 gene is coordinated. 

Inn collaboration with Marian de Jong, Michèle Valens, Les Grivell, Monique Bolotin-Fukuhara 

andd Jolanda Blom. 

Submittedd for publication 
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Transcriptionall regulation of ScHAP4 

Introductio n n 

Whenn growing on glucose, Saccharomyces cerevisiae undergoes glucose or catabolite 

repression,, a state in which mitochondrial respiratory chain function is repressed and the steady 

statee mRNA levels of hundreds of genes are lowered. Previous analysis of a number of nuclear 

geness encoding mitochondrial proteins showed that carbon source dependent regulation of 

respirationn is achieved mainly at the transcriptional level [83]. In S. cerevisiae, this 

transcriptionall control is mediated by the Hap2/3/4/5p complex, which also regulates a large 

numberr of nuclear genes whose products are involved in energy conservation and oxidative 

carbohydratee metabolism. Whereas the genes encoding the DNA binding subunits HAP2, HAP3 

andd HAP5 are constitutively transcribed, transcription of HAP4, coding for the activator subunit, 

iss strongly regulated by carbon source [69]. It is repressed by glucose (Lascaris, manuscript in 

prep.)) and induced during the diauxic shift [53]. Transcriptional activation by the HAP complex 

duringg growth on non-fermentable carbon sources is hence dependent on the availability of 

Hap4p.. A yeast strain overexpressing HAP4 showed partial alleviated repression of respiratory 

functionn and altered the fermentative metabolism on glucose towards a more oxidative 

metabolismm [12]. This confirms the view that during growth on glucose the level of Hap4p 

becomess limiting, leading to down-regulation of the target genes, and shows the pivotal role 

Hap4pp plays in the balance between oxidative and fermentative metabolism. 

Forr a full understanding how this delicate balance between respiration and fermentation can be 

affectedd by Hap4p, it is important to know how transcription of HAP4 responds to changes in 

environmentall conditions and, moreover, which signalling pathways are involved in regulating 

thiss response. What is known thusfar is the presence of a Miglp binding site located around 350 

bpp upstream of the translation initiation codon. In vitro studies have shown that Miglp is able to 

bindd this sequence [122], but in vivo evidence for a functional Miglp binding site is lacking. In a 

mig1mig1 disruption strain, the expression of HAP4 is not derepressed on glucose, but this could be 

duee to the absence of specific activators [107] and does not rule out the possibility that glucose 

repressionn of the HAP4 gene is, at least partially, mediated by Miglp. In order to get more 

insightt in elements involved in the transcriptional regulation of HAP4, we carried out a detailed 

analysiss of the HAP4 promoter. Parts of the promoter were fused to an E. coli lacZ reporter 

gene,, and assayed for the ability to induce the reporter gene on different carbon sources. The 

bindingg of S. cerevisiae proteins to regions identified to be significant in the promoter analysis 

wass also studied. This led to the conclusion that the HAP4 gene possesses a complex promoter 

whosee mosaic structure may harbour binding sites for one or more synergistically acting 
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transcriptionn factors that link the expression of the gene into other regulatory circuits controlling 

C-sourcee responses in yeast. 

Material ss  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 contained 0.67% yeast nitrogen base without 

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

addedd at 2% (w/v) glucose (D), 2% (v/v) ethanol plus 2% (v/v) glycerol (EG), 2% galactose or 2% lactate. 

Mediaa were solidified with 2% (w/v) agar. 

Tablee 1: Yeast strain s used in thi s stud y 

strai n n 

MC999-1A A 

WAY.5-4A A 

DG2 2 

genotyp e e 

Matt a; ura3-52; his3M; leu2-3; 112trp1 

Matt a; ura3-52; his3-A1 

Matt a; ura3-52; cat8::HIS3 

sourc e e 

[160] ] 

[92] ] 

[92] ] 

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

transformationss were performed according to standard procedures and recommended by the 

manufacturer.. Sequencing was performed using the dideoxy method [175] with M13 reverse primer 

(Promega)) and PC1 (5' GTGTGTGTATTTGTG-3') within the cyd minimal promoter in pCZ. 

Plasmid ss and plasmi d construction . For the cloning of subfragments of the HAP4 promoter in front of a 

minimall CYC1 promoter fused to LacZ, restriction endonucleases were employed as indicated in figure 1. 

AA Smal-Smal fragment from -1006 bp to -741 bp was isolated from the HAP4 promoter and cloned into 

thee dephosphorylated Smal site of pUC18. Digestion of the Ssp\-Ssp\ HAP4 promoter fragment (-1224 to 

+79)) by Sau3>AI yielded many fragments, and, amongst them, one from -560 bp to -420 bp and one from -

4200 bp to -160 bp were cloned into the BarnH] site of pUCl8. After sequence verification, an EcoR\/Sal\ 

fragmentt from pUCl8/Smal fragment was inserted into an EcoR\/Xho\ digested pCZ plasmid (kindly 

providedd by E. Boy-Marcotte). The Sau3A\ fragments in pUC18 were cloned as EcoR\/Sph\ fragments in 

pCZZ digested with EcoRUSpM. For cloning of the 30 nt region containing a possible UAS, two 

complementaryy oligonucleotides (MWG186+MWG187, see table 2) containing the sequence were 

hybridizedd by heating for 2 minutes and subsequently slowly cooled down to room temperature. After 

digestionn with EcoR\, the double stranded oligonucleotide was cloned into the EcoRI site of pCZ and 

sequenced,, yielding pCZ/UAS. Subfragments of the Sma\tSma\ region (figure 7A) were obtained as PCR 
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productss using different combinations of primers (table 2), and after digestion inserted in the EcoR\/Sph\ 

sitee of pCZ/UAS. All constructs were verified by sequence analysis. 

Enzym ee assay s and crud e protei n preparation . For assay of LacZ activity, yeast cells transformed with 

pCZ-derivedd plasmids were pre-grown overnight at C in 5 ml of selective media containing 2% 

glucose.. Overnight cultures were diluted into 20 ml of fresh media, and grown overnight to an OD600nm 

off 1.5. Cells were centrifuged for 5 minutes at 5000g at , and resuspended in 1 ml of sterile water. 

250/vll and 500>l aliquots were transferred to 40 ml media containing 5% glucose and 2% EG 

respectively.. Cultures were grown for an additional five hours, after which cells were harvested by 

centrifugationn for 5 min. at 5000g, . Cells were washed with ice-cold sterile water, resuspended in 

500/vll of extraction buffer (160 mM Tris pH8.0; 400 mM (NH4)2S04; 10 mM MgCI2; 1 mM EDTA; 10% 

glycerol;; 1 mM PMSF; 7 mM 6-mercaptoethanol) and stored at C until protein lysate isolation. For the 

isolationn of crude lysates, cells were thawed, pelleted and suspended in 160 /;l ice-cold extraction buffer 

withh 1 mM PMSF and 7 mM f3-mercaptoethanol. An equal volume of 0.5 mm diameter sterile glass beads 

wass added and the cells were disrupted by vortexing at C for 15-20 min. Samples were centrifuged at 

CC for 30 min, and the supernatant was used for enzyme assay. The protein concentation was 

determinedd according to the method of Lowry [120]. For measurement of LacZ activity, protein lysate (10-

200 pg) was diluted in a final volume of 750 y\ extraction buffer, 250 y\ of substrate (ortho nitro phenyl B-D 

galactopyranoside,, Sigma, 4 mg/ml in extraction buffer) was added and incubated at . Absorption at 

415nmm was measured. 

Tablee 2: Syntheti c oligonucleotide s used in thi s study . Lower case are nucleotides which were 
addedd for convenient subcloning. Underlined sequence corresponds to the CSRE-like region. 
prime rr  sequenc e (5'-3') 

MWG1911 ccgc gcatgc CCG AGC TAC AAA TC 

MWG1922 ccgc gcatgc TTG ATT CGG TCG TGC 

MWG1944 ccgc gcatgc GAG GAA CAC GCG TTT 

MV55 ggaattcc GGG TTT CTC TGA AGC 

MV22 ggaattcc CCT CTC AGC GGC A 

MWG1866 gaattc GGGAA CAACG GAGGA ATAGA GCG AC AAG gaattc 

MWGG 187 gaattc CTT GTCGC TCTAT TCCTC CGTTG TTCCC gaattc 

Gell  mobilit y shif t assay . Electrophoretic mobility shift assays were performed using 4-8% 

polyacrylamidee (29:1) gels with 0.5xTBE buffer. Binding reactions were set up with 10-30 jvg of crude 

extractt in gel shift binding buffer (4 mM Tris-HCI (pH8.0), 40 mM NaCI, 4 mM MgCI2, 4% glycerol and 20 

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

(1000 cps) of probe was added to the mixture and incubated in a total volume of 20 fj\ at RT for an 

additionall 20 min. Samples were loaded on acrylamide gel and run at C at 15 mA constant current. For 
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competitionn studies, cold competitor DNA was added and incubated for 5 min prior to addition of labelled 

DNA.. PCR products were digested with EcoR\ and endlabeled using y32P-dATP and Klenow enzyme. The 

double-strandedd oligonucleotides used as probe in the gel shift analysis were prepared by annealing the 

single-strandedd complementary oligonucleotides MWG186 and MWG187 (table 2), subsequent labelling 

withh T4 polynucleotide kinase and y32P-dATP. Probes were isolated from 8% polyacrylamide gel. 

s s 

Figuree 7A 

smm sm 
300 nt 

II m I 
-10066 ™ -741 

saa sa sa ATG 

Mig11 I ss HAP4 

-5600 -420 -160 +1 +79 

- **  -*  -«

Figur ee 1. Schemati c overvie w of par t of the HAP4 promoter . The restriction endonucleases used for 
subcloningg are indicated. Sm=Smal, sa=Sau3A\, ss=Sspl. Numbering is relative to the ATG. 

Partia ll  protei n purification . Total cell lysate was prepared from 3 I of strain MC999, exponentially 

growingg in YP medium containing 2% ethanol/glycerol. Cells were washed once with 100 ml H20, 

resuspendedd in 2 ml/gram wet weight DTT buffer (100 mM Tris.S04, pH 9.4; 10 mM DTT) and incubated 

att C for 20 min. After washing in 1.2 M sorbitol, cells were resuspended in 7 ml of spheroplasting 

bufferr (1.2 M sorbitol; 20 mM potassium phosphate, pH7.0) per gram of cells (wet weight). Zymolyase (2 

mgg per gram wet weight) was added and the preparation was incubated at C until spheroplasts 

formedd (about 2 hr). Spheroplasts were washed with 1.2 M sorbitol, resuspended in 7 ml/gram wet weight 

breakingg buffer (0.6 M sorbitol; 10 mM Tris, pH 7.4; 1 mM EDTA; 1 mM PMSF) and lysed with 10 strokes 

off a Dounce homogenizer. After centrifugation at 10.000g for 15 min, supernatant was collected and 

dialysedd overnight at C against buffer A (50 mM KCI; 20 mM Tris-HCI, pH 7.5; 0.1 mM EDTA; 10% 

glycerol;; 1mM PMSF; 1 mM (3-mercapto-ethanol). The dialysed supernatant was applied to a DEAE 

sepharosee CL-6B column (Pharmacia Biotech), which had been equilibrated with buffer A and proteins 

weree eluted using a step gradient of 100-200-300-400 and 500 mM KCI in buffer A. Fractions were 

dialysedd overnight at C against buffer A with 20 mM KCI, concentrated and stored at -70"C. Protein 

concentrationss were determined by the method of Lowry [120]. 

DNA-protei nn crosslinkin g by UV light . DNA probe (50 fmol) was incubated with 5 /jg of the 100 and 

3000 mM protein fractions eluted from DEAE-sepharose under the optimal conditions for binding as 

describedd for gel mobility shift experiments. After 25 minutes at room temperature, the reaction mixtures 

weree irradiated 30 cm below a UV light (256 nm) (UV dose=180 erg/mm2.sec, or 1.8 J) for 40 minutes at 

CC in open Petri-dishes. The cross-linked protein-DNA complexes were analyzed by electrophoresis on 

6%% SDS-polyacrylamide gels. Gels were stained, dried and exposed to a Phosphor Imager screen. 
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Result s s 

Ann activatin g regio n is locate d betwee n -741 bp and -1006 bp 

Thee HAP4 gene is preceded by an unusually long intergenic region of around 2400 bp, with 

threee transcription start sites, two mapped around -280 bp and one at -330 bp [69]. In order to 

mapp regions involved in the carbon source dependent transcriptional regulation, subfragments 

off the promoter (see figure 1) were cloned in front of a minimal CYC1-LacZ fusion gene and the 

activityy of the reporter gene was monitored in 3-galactosidase assays. The level of TATA-

mediatedd gene expression of the CYC1-LacZ reporter was not detectable on either glucose and 

lactatee after insertion of two Sau3A\ fragments ranging from -420 bp to -570 bp and from -160 

bpp to -420 bp, the region containing the Miglp consensus site. In more sensitive LacZ 

measurementss reading bioluminescence using galactone as a substrate, very low, though not 

significantlyy induced, levels of 6-galactosidase activity could be measured in these constructs 

onn both glucose and lactate (data not shown). In contrast, the Smal fragment from -741 bp to 

-10066 bp showed a low level of reporter gene expression on glucose, and this expression was 

moree than ten-fold induced on lactate (figure 2). Interestingly, the activating capacity of the Smal 

fragmentt was lost in cat8, affected in the derepression of gluconeogenesis (figure 2). The 

absencee of reporter gene expression in the mutant grown on lactate cannot be ascribed to the 

poorr growth of the cells under these conditions, since expression of the reporter gene driven by 

twoo control promoter genes (ADE1 and ASN2) is not affected (data not shown). The results 

suggestsuggest that Cat8p is involved in the signalling pathway that controls HAP4 transcriptional 

regulationn and, furthermore, indicate that major activating capacity resides within the 265 bp 

fragment. . 

CAT88 wt cat8 

Figur ee 2. Activatin g capacit y of the 265 bp Smal regio n is dependen t on CAT8. 6-galactosidase 
activityy in wild-type (WAY.5-4A) and isogenic caf8 (DG2) strains were transformed with pCZ containing 
thee Smal HAP4 promoter fragment (-745/-1006). Data are obtained from at least two independent car8 
andd wt transformants. Dark bars, glucose-grown cells; light bars, lactate-grown cells. 

51 1 



Chapterr 2 

Carbon-dependen tt  activatio n by a 30 nt regio n 

Closerr analysis of the 265 bp Smal fragment revealed a 30 nt region containing the sequence 

CGGN6AGAA closely resembling the CSRE consensus, involved in derepression of 

gluconeogenicc genes (CGGN6GGA/C; [13]. In order to determine the functional relevance of this 

element,, an oligonucleotide corresponding to the 30 bp sequence was cloned in front of the 

CYC1-LacZCYC1-LacZ fusion and assayed for the ability to confer carbon source regulation. As shown in 

figuree 3A, the difference between repressed levels on glucose, derepressed levels on galactose 

andd induced levels on lactate is quite distinctive, implying that a specific activating element is 

locatedd in this region. Our interest in this region increased further when activation by the 30 nt 

regionn was studied in a Acat8 background (figure 3B). In the disruption mutant induction of the 

CYC1-LacZCYC1-LacZ fusion on lactate was lost, suggesting that Cat8p might exert a regulatory function 

viaa the 30 nt region. It should be noted that different wild-type strains are used in figure 3A and 

3B,, and that strain differences may account for the difference in absolute lacZ activities. 

glucosee galactose lactate CAT8 AcatS 

Figur ee 3. activating capacity of the 30 nt region. A) Effect of different carbon sources (glucose, 
galactosee and lactose) on B-galactosidase activity in 3 independent transformants of wt strain MC999 
transformedd with pCZ harbouring the 30 nt activating region of the HAP promoter in front of the cyd-LacZ 
fusion.. B) (3-galactosidase activity under control of the 30 nt region in 2-4 transformants of wt strain 
WAY.5-4AA and isogenic cafS mutant strains. Dark bars, glucose-grown cells, light bars, lactate-grown 
cells. . 

Carbon-specifi cc  protei n factor s interactin g wit h the 30 nt activatin g regio n 

Too determine whether proteins bind to the 30 nt activating region, a synthetic oligonucleotide 

(MWG186/187)) corresponding to the 30 nt sequence was used in gel mobility shift assays. 

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

protein-DNAA complexes could be observed, two major complexes CI and CM and one low-

abundantt complex Clll (figure 4, lane 3). Addition of more protein to the incubation mixture did 

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

saturatingg and that formation of the complexes observed is not mutually exclusive. Specificity of 
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thee complexes was demonstrated by competition with a 50 molar excess of unlabelled 

MWG186/1877 (lane 4), whereas addition of a 50 molar excess of unrelated oligonucleotide 

couldd not compete for binding (lane 5). Interestingly, CM was less abundant when protein 

extractss from glucose-grown cells were used (lane 2), pointing towards a specific function of the 

proteinn factor responsible for CM formation in gene activation mediated by the 30 nt region under 

non-fermentativee conditions. Since reporter gene induction by this region did not occur in the 

Acat88 strain, protein extracts prepared from repressed as well as induced Acat8 cells were used 

inn gel shift mobility experiments. As shown in figure 4, deletion of CAT8 did not affect protein 

bindingg in glucose grown cells (lane 6). However, under inducing conditions, lysates from Acat8 

cellss form another complex with intermediate mobility (CIV, lane 7). Binding to the 30 nt region 

couldd not be competed by excess of an oligonucleotide containing the CSRE of the ACS1 

promoterr [110], implying that the protein binding to the 30 nt region is not the same as the one 

bindingg to CSRE(/4CS7). 

cm m 
CIV V 
CM M 

CI I 

Figur ee 4. Gel mobility shif t experimen t usin g the 30 nt region . Crude lysates were prepared and 
bindingg conditions set up as described in the materials and methods section. Lane 1, no protein extract 
added;; lane 2, protein extract from glucose-grown wild-type cells (WAY5-4A); lane 3, 4, 5 protein extract 
fromm EG-grown cells; lane 4, competition with 50-fold molar excess unlabelled 30 nt oligo; lane 5, 
competitionn with 50 molar excess unrelated oligo; lane 6; protein extract from Acaf8 cells grown on 
glucose;; lane 7, EG-grown Acaf8 cells 

Characterizatio nn of the protei n bindin g the 30 nt regio n 

Inn order to characterize the protein(s) binding to the 30 nt region, crude protein lysate was 

fractionatedd using a DEAE-sepharose column. Binding activity was localized in a fraction eluted 

att 100 mM KCI (CIM in figure 5A, lane 3) and in a fraction eluted at 300 mM KCI (CI, CM and CIV 

inn figure 5A, lane 5). In comparison to the low abundance of CI, CM and CIM observed with the 

samee amount (1/vg) of total yeast lysate (lane 2), considerable enrichment of the binding 

protein(s)) has been obtained. No other fractions were able to bind the 30 nt region. The 

specificityy of the complexes formed was demonstrated by competitive displacement with excess 

1 22 3 4 5 6 7 
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off unlabelled 30 nt oligonucleotide and unrelated oligonucleotide. As shown in figure 5B, 

complexx Clll was formed specifically in the 100 mM fraction. Likewise, the formation of CI and 

CMM in the 300 mM fraction was specific, whereas complex CIV turned out to be aspecific. 

3000 mM 
11 6 7~l 

„„ CI 
 CM 

Figuree 5. Purification of the 30 nt-binding protein from crude yeast lysate from EG-grown wild-
typee cells MC999. A) gel mobility shift assay with no lysate (lanel), 1 JJQ of total yeast lysate (lane 2) and 
1/;gg of the different fractions eluted from the DEAE column: lane 3, 100 mM; lane 4, 200 mM; lane 5, 300 
mM;; lane 6, 400 mM and lane 7, 500 mM KCI. B) Gel mobility competition experiment with fractions 100 
mMM (lanes 2 to 4) and 300 mM (lanes 5 to 6) with 100 molar excess of unlabelled oligonucleotide (lanes 
3,, 6) or unrelated oligonucleotide (lanes 4, 7). 

Too establish the identity of the factor(s) binding to the 30 nt region, a UV-crosslinking 

experimentt was conducted. Parallel irradiated and non-irradiated samples were analyzed by 

nativee gel electrophoresis and SDS-PAGE (figure 6A and B). Under denaturing conditions 

complexess that are not cross-linked dissociate. Use of the fraction eluted at 100 mM KCI from 

thee DEAE-sepharose column did not result in the cross-linking of any detectable protein binding 

too the 30 nt region on the SDS-PAGE gel, while under native conditions binding was established 

(6AA and B, lanes 5 and 6). With the 300 mM fraction, no radioactive signal on SDS-PAGE was 

detectedd without irradiation (6B, lane 2), while under native conditions the complexes CI and CM 

ass described above were clearly formed, migrating as large molecular weight complexes above 

2500 kDa (6A, lane 2). Incubation with 300 mM fraction followed by UV irradiation showed two 

majorr labelled complexes at around 190 and 230 kDa under denaturing conditions (6B, lane 3), 

whilee irradiation did not affect the formation of the complexes under native conditions. (6A, lane 

3).. The two complexes were competitively displaced upon addition of 100 molar excess of 

unlabelledd oligonucleotide followed by UV irradiation (6A and B, lanes 4), showing the specificity 

off the detected complexes. 

1000 mM 
11 l~2 3 4~ 
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fractionn - 300 100 

M M 
(kDa) ) 

250 0 
160 0 

1 1 ''  if i 
22 3 4 5 6 

- --

MM 1 2 3 4 5 6 
(kDa) ) 

250--

160--

1 0 5 -- 105-

25 5 5 0 1 1 
< 3 5 ™ ™ 

Figur ee 6. DNA-protei n cross-linkin g by UV light . Upon incubation with radiolabelled 30 nt 
oligonucleotidee and 300 mM or 100 mM eluted fraction, samples were irradiated, and half of the mixture 
wass loaded on a 6% native polyacrylamide gel (A) or on a 6% denaturing SDS polyacrylamide gel (B). 
Laness 1, radiolabelled 30 nt without protein; 30 nt with 5 pg of 300 mM fraction without (lanes 2) or with 
irradiationn (lanes 3) and excess of unlabelled 30 nt oligonucleotide (lanes 4); lanes 5 and 6, 30 nt 
oligonucleotidee with 5 fjg 100 mM fraction without (lanes 5) and with irradiation (lanes 6). To estimate the 
sizess of the complexes, the rainbow molecular weight marker (kDa) (Amersham Biotech) was used. 

Subclonin gg of th e 265 bp Smal regio n 

Inn  order to determine the functional relevance of the 30 nt region in a broader context, 

subfragmentss within the 265 bp activating HAP4 promoter fragment were obtained by PCR and 

clonedd in front of the CYCf-LacZ fusion (figure 7A). Interestingly, absence of the 30 nt region 

(PCR33 and PCR4) caused a decrease in both glucose and ethanol/glycerol values, but did not 

affectt the induction ratio (figure 7B). In fact, all subfragments gave significant levels of gene 

expressionn from the CYC1-LacZ fusion in a carbon-dependent way, above the basal, non-

inducedd level of the minimal CYC1-LacZ fusion. The induction ratio between ethanol/glycerol 

andd glucose was about two- to three-fold in each fragment, although the absolute values of 

activationn differed, implying that single binding sites in the different sub-fragments might act in a 

synergisticc way when simultaneously present within one fragment. Deletion of the fragment 

representedd by PCR5 seems to increase transcriptional activition on both C-sources (compare 

PCR22 vs PCR1 and PCR4 vs PCR5). This could be indicative of a repressing function in this 

PCR55 fragment, besides an activating function, but might also be due to the presence of 

additionall cis-acting factors contributing to the expression levels in the other fragments. 
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Smal l 
-1006--

300 nt 
8000 r 

Smal l 
•-741 1 

comp.. oligo o 4QQ 

PCR11 2 

PCR2 2 

PCR3 3 

PCR4 4 

PCR5 5 

Sma11 PCR1 PCR2 PCR3 PCR4 PCR5 

PCR11 PCR2 
1 22 3 4 5 6 

PCR33 PCR4 
88 9 10 11 12 

Figuree 7. subfragments of the Smal HAP4 promoter region. A) schematic overview of the location of 
thee subfragments. B) lacZ activity in transformants of strain MC999 transformed with the indicated 
subfragmentt in front of cyc-LacZ. Data are shown as percentages relative to the lacZ activity of the Smal 
fragmentt on glucose. Dark bars, glucose-grown transformants, light bars, ethanol/glycerol-grown 
transformants.. Three to four independent transformants were assayed, and the standard deviation is less 
thann 25%. C) gel mobility shift assay with the subfragments. Lanes 1, 4, 7, 10 and 13: no protein added. 
Laness 2, 5, 8 and 11: protein lysates from glucose-grown wt MC999 cells. Lanes 3, 6, 9, 12, 14, 15 and 
16,, protein lysates from EG-grown wt MC999 cells. Lane 15, competition with 100 molar excess 
unlabelledd oligonucleotide; lane 16, competition with 100 molar excess unrelated oligonucleotide. 

Thee ability of the subfragments to independently induce transcription in a carbon-specific 

mannerr is mirrored by their behaviour in mobility-shift experiments (figure 7C). All fragments 

showedd a complex pattern of protein binding in glucose-grown cells (lanes 2, 5, 8 and 11), with 

subtlee changes in complex formation when cells were grown on ethanol/glycerol (lanes 3, 6, 9 

andd 12). The major complex indicated as band II is most prominent in PCR1 and PCR3 on 

glucose,, and is formed to a lesser extent on ethanol/glycerol and in PCR2 and 4. The various 

complexess arise either from the binding of individual polypeptides to their recognition sites or 
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fromm the association of polypeptides subunits to generate different multimeric forms of a protein. 

Thee slight changes when lysates were used from cells grown on non-fermentable carbon 

sourcess (figure 7C, CI vs CM and 01II vs CIV) might be explained by differences in the relative 

amountss of carbon-specific subunits, contributing to carbon-source dependent activation of the 

HAP4HAP4 promoter. Three complexes formed by lysates from ethanol/glycerol grown cells 

interactingg with PCR5 are competitively displaced by an excess of an oligonucleotide spanning 

thee 5' part of PCR5 (figure 7C), but not with an excess of unrelated oligonucleotide (figure 7C, 

laness 15 and 16). Regarding the possibility of multiple binding sites within the 265 bp fragment, 

wee checked whether the same oligonucleotide can compete for binding in other parts of the 265 

bpp fragment. Thus, a gel mobility shift experiment was performed with fragment I and II (figure 

8A).8A). As shown in figure 8B, two of the complexes formed with fragment II, of which the 3' half 

overlapss with the competitor oligonucleotide, are displaced upon incubation with the competitor 

(figuree 8B, lane 7), but not with unrelated oligonucleotide (lane 8). Interestingly, the formation of 

twoo of the complexes formed with fragment I is specifically competed by addition of the 

competitorr oligonucleotide (lane 3), indicating that at least one binding site for a frans-acting 

factorr is repeatly present in the 265 bp Smal HAP4 promoter fragment. 

300 nt 

-1006-- -7411 Sma1 CHI . 

CIV--

||| j — competitor oligo 

ci i 

CM M 

Figur ee 8. cros s competitio n withi n the Smal fragment . A) schematic overview of the location of 
fragmentt I and II used in gel mobility shift as probe and competitor oligonucleotide. B) gel mobility 
experimentt using fragment I and II. Lanes 1 and 5, no protein added; lanes 2 to 4 and 6 to 8, lysates from 
EG-grownn MC999 cells. Competition with 100 molar excess of competitor oligonucleotide (lanes 3 and 7) 
orr unrelated oligonucleotide (lanes 4 and 8). 

Repeatedd sequence s are locate d withi n the 265 bp regio n 

Thee reporter gene studies as well as the gel mobility shift experiments suggest the presence of 

multiplee protein binding sites within the 265 bp region of the HAP4 promoter and possibly 

synergisticc interaction among those sites. Therefore, we looked for the presence of repeated 
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sequencess using the dyad detector program [189], designed for the detection of sites bound by 

Zn-clusterr containing factors. Direct and inverted repeats as well as dyad motifs (spaced pairs), 

turnedd out to be repeatedly present within the 265 bp region (figure 9). Although the 

physiologicall relevance of the motifs is yet unknown, the mosaic of the patterns is consistent 

withh the results from the reporter gene assays and gel shift experiments. Furthermore, a 

databasee search for known vertebrate consensus sites within the Smal region revealed the 

presencee of repeated sequences (GGAA) matching consensus sites for the vertebrate, 

multisubunit,, nuclear respiratory factor 2 (NRF2/GABP), involved in the activation of nuclear 

geness specifying mitochondrial respiratory function [194]. Interestingly, this heteromeric 

complexx binds in a concerted manner to repeated recognition sites, with the relative amounts of 

variouss subunits contributing to tissue-specific modulation. This could be illustrative of a similar 

wayy of action in the case of the repeated sequences in the HAP4 promoter, leading to carbon 

source-specificc modulation. 

! ! 

II I Nrf2 consensus ^ ^ ^ 

competitor r 

sma-sma a 
perl l 
pcr2 2 
pcr3 3 
pcr4 4 
pcr5 5 

Directt repeat 

11 dyad I [ 

CC / inverted repeat I 

]] dyad II «dyad III 

învertedd repeat II 

Figur ee 9. schemati c overvie w of the positio n of direct , inverte d and dyad repeats , GGAA 
consensu ss sequence s in the 265 bp Smal HAP4 promote r fragment . Direct repeat: gccn{16}gcc; 
invertedd repeat I: ccgn{19}cgg; inverted repeat II: agcn{13}agc; dyad I: ccgn{16}caa: dyad II: gagn{5}ccc; 
dyadd III: ggcn{3}gga. All fragments used for subcloning and gel mobility shift experiments are shown. 
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Discussio n n 

Thee transcriptional activator complex Hap2/3/4/5 plays a key role in the upshift of genes 

involvedd in oxidative metabolism in S. cerevisiae. The gene encoding the Hap4p activator 

subunitt is the only one of which the transcription is regulated in response to available carbon 

source,, and this regulation is the main determinant for the activity of the complex. The present 

studyy describes the characterization of the unusually long promoter region of the HAP4 gene as 

aa first step in the unravelling of the mechanisms of transcriptional regulation of HAP4 gene 

expression. . 

Cloningg of subfragments of the HAP4 promoter in front of a minimal CYC1-LacZ reporter 

showedd a carbon source dependent activation by a 265 bp fragment positioned from -741 bp to 

-10066 bp. This apparently long distance is not unlikely taking into account that the transcription 

startt site is located more than 250 bp upstream of the ATG [69]. Two other fragments 

downstreamm of the 265 bp activating region did not lead to a carbon source dependent 

activationn of the reporter gene. 

Basedd on the presence of a sequence closely resembling a CSRE consensus, a 30 nt region 

withinn the 265 bp sequence was selected to test its activating capacity. Indeed, this 30 nt region 

wass able to confer carbon source dependent regulation in a Cat8p dependent manner. 

However,, although absolute values were decreased, deletion of the 30 nt sequence from the 

2655 bp activating fragment did not affect the induction ratio, indicating that other sequences in 

thee 265 bp also contribute to carbon dependent regulation. Further exploration of the 265 bp 

activatingg fragment revealed that several subfragments of the 265 bp fragment were also able to 

inducee transcription in a carbon dependent manner. The difference in absolute values of 

reporterr gene activity between the tested subfragment suggest that multiple activation/binding 

sitess are present within the 265 bp region and that cooperative binding, and subsequent 

synergisticc interactions, might occur. Indeed, a search for repeated sequences within the 265 bp 

regionn using the dyad detector program revealed a number of repeated sequences, consistent 

withh the cross-competition in gel shift experiments. The functional relevance of these sequences 

hass yet to be established, but the results are concordant with a model involving cooperative 

bindingg of a multimeric protein to individual recognition sites. Concerning the GGAA repeats, 

twoo of which are located within the 30 nt region (figure 9), closely matching the vertebrate 

NRF2/GABPP consensus binding site involved in the activation of nuclear genes specifying 

mitochondriall respiratory function, no close homologues of any of the subunits of the 

heteromericc complex have been identified in S. cerevisiae. Identification of the proteins binding 

too the 30 nt region has become nearer at hand with the partial purification of protein complexes 
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migratingg as high molecular weight structures at 190 and 230 kDa when cross-linked with the 30 

ntt region. 

Intriguingly,, the carbon source dependent activation by both the 265 bp region and the 30 nt 

regionn within this region, was dependent on the presence of a functional Cat8p as demonstrated 

bothh by lack of reporter gene induction and altered DNA/protein binding in the absence of 

Cat8p.. Cat8p has been reported not only to control expression of genes encoding enzymes of 

gluconeogenesiss [14, 92, 110, 165, 168], but also of IDP2, encoding NADP-dependent cytosolic 

isocitratee dehydrogenase [13] that has no direct role in gluconeogenesis. The role of Cat8p may 

bee a more general one, involving activation of other genes that are strongly derepressed under 

non-fermentativee growth conditions. In this light, it is interesting that HAP4 is also strongly 

inducedd when glucose becomes limiting during the diauxic shift [53], thereby inducing 

transcriptionn of genes involved in respiration. Idp2p has been suggested to play a defence role 

inn the increase in respiration and concomitant formation of reactive oxygen species [13], in 

additionn to its role in providing reducing equivalents [132]. In this prospect, transcriptional 

regulationn by Cat8p may thus be an efficient way coordinating the increase in glyoxylate and 

gluconeogenicc gene transcription with increase in respiratory function and defence mechanisms 

againstt reactive oxygen species. 

Proftt er al. suggest that Cat8p activation might globally affect respiratory metabolism based on 

thee observation that some cat8 mutant alleles showed a loss of cytochrome c oxidase and 02 

uptakeuptake activity [160]. This is consistent with our findings that activation of HAP4 expression is 

dependentt on Cat8p and recent experiments showing that Hap4p affects mitochondrial 

biogenesiss as a whole (Lascaris, manuscript in prep.). 

However,, Cat8p is not the sole determinant of carbon source dependent transcriptional 

inductionn of HAP4, as deletion of CAT8 has no effect on the regulated transcription of HAP4 

underr control of its full-length 5' promoter region. This has been demonstrated by Northern 

analysiss (data not shown), as well as in a genome-wide expression study for targets of Cat8p 

[90].. A possible explanation might be that the effect of Cat8p is indirect, and that the activation 

byy the protein(s) binding to the 30 nt region and the larger 265 bp fragment is mediated via an 

yett unknown signalling pathway. The fact that protein binding to the 30 nt region could not be 

competedd by the CSRE of ACS1, a target of CatBp, is an additional indication that the influence 

off Cat8p is indirect. 

Interestingly,, promoter analysis using the TRANSFAC database [163] revealed a sequence 

stronglyy matching for the consensus binding site for Hap2/3/4/5p (NYCNNCCAATNA) is located 

withinn the non-translated leader sequence around -92 bp. Although evidence for the 
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functionalityy of this sequence is lacking yet, it is tempting to postulate an autoregulatory 

mechanism. . 

Basedd on the results described in this study, it can be concluded that we have just started to lift 

aa corner of the veil that covers an extremely complex regulation of HAP4 gene expression in S. 

cerevisiae.cerevisiae. The relatively small part of the promoter that we have thoroughly examined thusfar, 

harbourss multiple repeats of sequence motifs that may constitute recognition sites for probably 

multimericc subunits, some with carbon-source specificity. We consider it likely that multiple 

trans-actingg factors are involved and a link to derepression of gluconeogenesis has been found 

viaa the activator Cat8p, functioning in the transcriptional cascade of HAP4 regulation. Given the 

importancee of balancing fermentative and oxidative metabolism, it is very likely that the actions 

off several different proteins converge at the HAP4 promoter and determine the final state of 

activationn of HAP4 gene expression. 
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