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Chapter 6 

Analysis of the HXT7 promoter. A 149 basepair activator sequence is 

necessary for HXT7 expression in Saccharomyces cerevisiae 

SUMMARY 

In this chapter, the cloning and characterization of various HXT7 promoter-lacZ fusions are 

described. A 149 bp region (-495 to -346) of the HXT7 promoter induces a high level of ß-

galactosidase activity. This critical region displayed a distinct contribution to the phenotype of 

the HXT7 promoter deletion mutants under glucose conditions, as described in chapter 4. 

Unexpectedly, the HXT7 promoter-lacZ fusions with a promoter extending beyond -495 from 

the start codon (including the full promoter region) failed to give rise to ß-galactosidase 

expression. We think that this abnormal phenomenon may be caused by interference between 

the TATA box in the HXT7 promoter sequence and a TATA box in the minimal promoter of 

plasmid pLacZi (Pcyci) which blocked lacZ gene expression. 

A preliminary analysis of promoter binding elements in the HXT7 promoter has been 

performed. A TATA box (TATAAA), a core promoter element, which contains the binding 

site for RNA polymerase II and controls the location of the start site of transcription, is found 

at -167 (relative to the translation start site ATG). An inverted CCAAT box (ATTGG), a cis-

acting site for Hap2/3/4/5 binding, is located upstream of the TATA box at -231. Two 

GG(A/G)G consensus sequences, the binding sites required by Adrl, which is a 

transcriptional activator of glucose-repressed genes, are located in inverted orientation at -243 

and -208. This region may be the UAS1 of the HXT7 promoter. All these essential elements 

probably contribute to the glucose-regulated transactivation, although we did not obtain 

evidence for this assumption from the ß-galactosidase assays on HXT7 promoter-lacZ fusions. 

However, the presence of only these essential components is not sufficient for initiating the 

expression of the HXT7 gene on glucose medium, because these components are located in 

the promoter region between -346 and -1, as described in chapter 4. The data suggest that 

each of the two separate regions (^495 to -346, -346 to -129) is necessary, but neither is 

sufficient for HXT7 expression. The critical 149 bp region is an activator sequence for 

initiation of HXT7 expression, working together with other elements downstream of it, as 
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Chapter 6  

mentioned above. Four Mig 1-binding sites were found within the region of 2.4 kb upstream of 

HXT7 ORF, however, no actual binding was suggested. 

INTRODUCTION 

The expression of all protein-coding genes is controlled at the transcriptional level through 

mechanisms involving the regulation of initiation. The levels of expression of structural genes 

are governed by signals that are received from the environment and are integrated by the 

cellular machinery to yield a response. The final step in these pathways that extend from the 

cell surface to the nucleus is the regulation of the synthesis or the activity of specific 

transcriptional regulators. The regulation of transcription plays an important role in the 

control of growth and differentiation. In eukaryotic cells, initiation of mRNA synthesis by 

RNA polymerase II is governed by DNA sequence elements comprising several functional 

classes. These include a core promoter element, which contains the binding site for RNA 

polymerase II and controls the location of the start site of transcription, and upstream 

promoter elements and enhancers, which regulate the rate at which RNA polymerase II 

initiates new rounds of transcription from the core promoter (37, 79). A comparative sequence 

analysis of 502 unrelated RNA polymerase II promoters showed the presence of several 

common elements, including the cap signal, TATA box, CCAAT box and GC box (19). 

Binding of the TATA (TATAAA)-binding protein (TBP) to the promoter is a pivotal step in 

RNA polymerase II transcription (205). Consensus sequences of TCGA (83) and 

PuPuPyPuPu (155) account for the majority of initiation sites, and if inserted near a TATA 

box, they will function as initiators. A protein that recognizes the initiator has not yet been 

identified. Eukaryotic activators bind to UASs or enhancers that can lie hundreds or thousands 

of bases away from the TATA box. Eukaryotic promoters can therefore be complex, with 

many different regulators influencing transcription promoted by a particular TATA box (144). 

The CCAAT box was one of the first elements to be identified. Later studies clearly 

established that such pentanucleotide sequences are present in a wide variety of vertebrate, 

yeast and plant promoters and are important for transcription (19). In S. cerevisiae the 

transcription of a number of respiratory genes is activated by a complex containing the 

proteins Hap2, Hap3, Hap4, and Hap5 when yeast grows on a nonfermentable carbon source 

(71). The Hap2/3/4/5 complex forms a promoter-binding complex and makes contacts with 

the CCAAT box. 

UASs and URSs are defined as the binding sites of transcription factors and play a crucial role 

in transcriptional regulation of genes downstream from them. Large amounts of research have 

been focused on UAS identification. Adrl, for example, activates transcription of the ADH2 
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gene, which encodes a glucose-repressible alcohol dehydrogenase in S. cerevisiae (43). Adrl 

binds to two sites in a perfect 22-bp inverted repeat, UAS1, in the ADH2 promoter. The 

identification of potential target genes for Adrl through characterization of essential 

nucleotides in UAS1 led to the formulation of a consensus sequence containing only four 

essential base pairs: GG(A/G)G (30). The DNA-binding region of Adrl is involved in both 

transactivation and DNA binding. (38). 

Transcriptional repression mediated by repressors is also important for regulated transcription. 

Migl is a key element in glucose repression which represses several glucose-repressible 

genes, including SUC2, GAL4, MALs and GAL1 (62, 77, 101, 157, 159, 254). Migl is a Cys2-

His2 zinc-finger protein. It binds to the promoters containing the consensus sequence 

(G/C)(C/T)GGGG (71) and recruits the general repression complex Ssn6-Tupl (42). Besides, 

an AT-rich region upstream to the GC box is required for DNA binding of Migl (138). A 

small leucine-proline rich C-terminal domain mediates Migl-dependent repression, and two 

internal elements in Migl are required for the inactivation of the repressor in the absence of 

glucose (163). Hxk2 and Rgtl seem to activate the Migl repressor (54). 

Because of the ability of activators and repressors to act at a distance, promoters may contain 

two or more UASs and URSs that respond to different signals. In many cases, these UASs and 

URSs work synergistically, potentiating great diversity and flexibility with a fixed number of 

regulators responding to a limited set of signals (79, 179). The CYC1 gene is activated by a 

second upstream activation site, UAS2, in addition to the Hap 1-responsive UAS1 (81). Two 

URSs have been found in the yeast stress-regulated ENA1 gene: a Migl-binding motif which 

is regulated by carbon source; and the second one, regulated by osmotic stress (178). These 

results indicated that different signaling pathways (HOG osmotic pathway and glucose 

repression pathway) use distinct promoter elements of ENA1, via specific transcriptional 

repressors and via the general Ssn6-Tupl complex. 

In general, regulatory proteins are endowed with three activities: binding to specific DNA 

sequences, activation or repression of transcription, and response to specific regulatory 

signals. Regions responsible for each of these three activities have been, in the case of certain 

activators, localized to discrete gene segments that encode discrete regions of the 

polypeptides. This localization has been facilitated by assays that can measure each of these 

activities separately. First, DNA binding can be assayed in vitro by gel-shift analysis either in 

yeast extracts (2) or with protein synthesized in vitro (98). Alternatively, DNA binding can be 

measured in vivo by the ability to interfere with the activation of a heterologous promoter 

(17). Second, the ability to activate transcription per se can be determined in vivo by fusing a 

portion of the regulator to a heterologous DNA binding domain, such as that of lexA (18). 
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The fusion is synthesized in a yeast cell that contains a reporter gene (typically cycl-lacZ 

lacking a CYC1 UAS) bearing a TATA box and a lexA-binding site as a UAS. Such 

experiments demonstrated that DNA-binding and activation domains could be separated (18, 

115). Finally, regions that respond to regulatory signals can be identified by mutations within 

the body of the activator that result in a constitutive phenotype or by transfer of the regulatory 

response to a different protein via gene fusion (79). 

The yeast S. cerevisiae is capable of transporting various nutrients from its environment into 

the cytoplasm via specific transport systems located in the plasma membrane. Carrier-

mediated hexose transport across the plasma membrane is an essential step in the utilization 

of hexoses and is performed by the hexose transporters, which are encoded by the HXT 

hexose transporter gene family (47, 123). Glucose is the preferred carbon and energy source 

for S. cerevisiae. Regulation of the expression of individual HXT genes or a subset of the HXT 

hexose transporter gene family is a result of sensing the glucose concentration and 

transducing the resulting signal, which ultimately leads to activation of factors associated with 

transcription activation or repression. 

In order to analyze the HXT7 promoter characteristics in more detail and to define various 

promoter segments, which permit the normal operation of the glucose repression mechanism, 

construction of HXT7 promoter-CYCV-lacZ fusions and assay of the activity of the produced 

ß-galactosidase in dependence of various portions of the HXT7 promoter, have been 

performed as described in this chapter. The putative HXT7 promoter transcription initiation 

components are also discussed here. 

MATERIALS AND METHODS 

Construction of HXT7 promoter-lacZ fusions 

The plasmids with the various HXT7 promoters, constructed as described in chapter 4, were 

amplified by PCR with Expand High Fidelity PCR system kit (Roche). The primers used in 

this study are listed in Table 6.1 and were synthesized by Isogen. The full-length promoter 

region and various promoter-deletion regions were amplified with forward primer LY7 and 

reverse primer LY8 to produce HXT7 promoters of different length. The critical 149 bp region 

(the promoter sequence between -495 and -346 relative to the translation start site ATG) 

whose presence or absence results in a significantly different phenotype and expression level 

OÎHXT7 (see chapter 4), was amplified with primers LY9 and LY10. The promoter region 

between 4 9 5 and start codon of HXT7 ORF was amplified with primers LY9 and LY8. This 

region appeared to be necessary and sufficient for regulation OÎHXT7 expression (chapter 4). 
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TABLE 6.1. Oligonucleotides 

Name Sequence Description  

LY7 CGGTCTCC4 GC7TAAATTCTGACAGCTAACTAG The underlined nucleotides correspond to 

Hinäm" the DNA 5' of the HXT7 promoter 

region. 

LY8 CGGTCTCGrCG^ CGCGTCTTGTGACGTTTTTTG The underlined nucleotides anneal to the 

Sail DNA conjunction between the 3 ' end of 

the HXT7 promoter region and 5 ' end of 

the HXT7 ORF, except that the start 
codon ATG (CAT) was mutated to CGT. 

LY9 CGGTCTCG4 GC77CTCAGAAATGCATGCAGTG The underlined nucleotides anneal to the 

Hindi]!' DNA within the HXT7 promoter region 

starting at -495 bp (5' side) 

LY10 CGGTCTCGrCG4 CTGAACCTCAGAAGAACACG The underlined nucleotides anneal to the 

Sail DNA within HXT7 promoter region 

starting at -346 bp (3 ' side) 
L Y11 ura3 GACTAGGATGAGTAGCAGCACGTTC 
a Here the HinäBl' site is not a full restriction site. After £co311 treatment, the sticky end of Hinàlïl is 
produced. 

Amplification was performed in two thermal profiles different in annealing step: 1) 94 °C 1 

min, 43 °C 1 min, 72 °C 2 min, 5 cycles; 2) 94 °C 1 min, 60°C 1 min, 72 °C 3 min 30 cycles. 

The first annealing temperature was based on the melting temperature calculated for the part 

complementary to the template. The second annealing temperature was based on the melting 

temperature calculated for the whole primer. The melting temperatures were calculated using 

Oligo Calculator (20). 

A well characterized type IIS restriction endonuclease Eco311 (Dovetail PCR product cloning 

kit, MBI Fermentas) was used to digest the PCR products leaving a 5' end and a 3' end which 

were complementary to Hindlll and Sail sticky ends respectively. The digested PCR products 

were directionally inserted in front of the CYCl-lacZ gene present on the lacZ fusion vector 

pLacZi (Clontech), which was treated with SalUHindlll and calf intestine alkaline 

phosphatase for dephosphorylation, to construct in-frame fusions of different 5'-flanking 

regions of HXT7. The ligation mixtures were transformed into DH5a competent cells and 

plated on LB medium containing 60 |ig ml"1 ampicillin. The names of the selected plasmids, 

pLYPO - pLYP21, followed the template plasmids with the size of the undeleted promoter 

regions from large to small. pLYPHO and pLYP1112 are derived from the PCR products 

using primers LY9/8 and LY9/10, respectively. 
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The plasmids with the HXT7 promoter-/aeZ fusions and the parental plasmid pLacZi were 

linearized by Stul and introduced into wildtype strain MC996A at the ura3-52 locus. The 

Ura+ colonies were selected from SC-UD (containing 0.16% Yeast Nitrogen Base, 0.5% 

ammonium sulfate, 0.1% casamino acids, 0.01% tryptophan, 2% glucose, 40 mg l"1 histidine 

and 60 mg l"1 leucine) plates at 30°C. 

Southern blot analysis for selection of single-copy integrants of lacZ fusions 

Genomic DNA was isolated as described (96). The genomic DNA was digested with BamHl 

and Stul in a 100 ul volume at 37°C overnight. The digestion system contained 100 ug/ml 

BSA. Genomic DNA were concentrated by ethanol precipitation and dissolved in loading 

buffer. DNA was separated by electrophoresis through a 1.1% agarose gel. The DNA 

fragments were transferred to nylon membrane (BioRad) by vacuum blotting, and cross-

linked to the membrane with ultraviolet light (Stratalinker 2400, Stratagene). The blot was 

prehybridized in 5 ml prehybridization buffer (6x SSC, 0.1% SDS, 5x Denhardt's, 100 ug ml" 
1 sheared, denatured salmon sperm DNA) at 45 °C for 1 h. Five pmol of the URA3 probe (see 

Table 6.1) was labeled with 20 uCi y-[32P]-ATP (Amersham) and 10 units T4 polynucleotide 

kinase (Roche) according to the manufacturer's instructions. Purified probe was hybridized 

with the blot at 45 °C for 4 h in a MICRO-4 Hybridization Oven (Hybaid). The blot was 

washed with 6xSSC/0.1% SDS 2x10 min at 37 °C, lxSSC/0.1%SDS 2x5 min at 37 °C and 

3x5 min at 45°C. 

In this experimental design, the relative autoradiographic intensity measured for the integrated 

URA3 band and the nonfunctional ura3-52 band present in the MC996A strain provides the 

copy number of the lacZ fusion gene integrated into the genome using a Bio-RAD 1650 

Scanning Densitometer. The strains with the same relative intensity of the URA3 band as that 

of the ura.3-52 band were selected as single-copy lacZ fusions. 

Analytical PCR 

To verify correct targeting of the HXT7 promoter-/acZ fusion into the yeast genomic locus, 

the isolate was subjected to PCR-analysis according to (134) with some modifications. 

Briefly, single colonies from the restreaked transformants with a single-copy lacZ fusion gene 

were resuspended in 10 ul lysis buffer (1.2 M sorbitol, 100 mM sodium phosphate, pH7.4 and 

2.5 mg ml"1 zymolyase). The cell suspensions were incubated at 37 °C for 5 min and heated at 

95 °C for 5 min to inactivate the proteases secreted by S. cerevisiae cells. 1 ul spheroplast 

suspension was directly used for PCR-analysis. Amplification was performed as follows: 1) 

94 °C 1 min, 45 °C 1 min, 72 °C 2 min, 15 cycles; 2) 94 °C 1 min, 55 °C 1 min, 72 °C 3 min 

20 cycles. 5 ul PCR products were loaded on 1.2% agarose gel. 
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The isolates confirmed by Southern blot and PCR analysis were named LYPO - LYP21 and 

LYP110, LYP1112, corresponding to the plasmid names. 

ß-Galactosidase assay 

Expression of HXT7 promoter-/acZ fusions was measured by the liquid ß-galactosidase 

quantitative assay, according to (187) with some modifications. 

The wildtype strain MC996A and the strains transformed with all HXT7 promoter-/acZ 

fusions as well as the plasmid pLacZi were precultured in 5% YPD medium at 30 °C with 

shaking for about 20 h until mid-exponential phase. Precultures were inoculated into 1% YPD 

medium and grown overnight to A6oo about 0.5 (mid-exponential phase). The cells were 

shifted to fresh 1% YPD (with A6oo 0.2) and continued culture at 30 °C. The growth rate was 

monitored by measuring A6oo at different time points. At each of these time points the cells 

were harvested by centrifugation at 5000 rpm 5 min. The pellets were washed with Z buffer 

(60 mM Na2HP04, 40 mM NaH2P04, 10 mM KCl, 1 mM MgS04, 50 mM ß-

mercaptoethanol, pH 7.0) and resuspended in Z buffer to A<;oo 1 to make sure that the 

absorption range of ß-galactosidase reaction product, o-nitrophenol, at 420 nm, was between 

0.3 - 0.7. About 0.4 g glass beads were added to 1 ml of the cell suspension (A6oo = 10) for 

abrasion with vortexing 5 min at 4 °C. Then the cell suspension was mixed with 0.2 ml of 4 

mg ml"' o-nitrophenyl ß-D-galactopyranoside (ONPG, from Sigma, dissolved in 0.1 M 

sodium phosphate, pH 7.0). The mixture was immediately incubated at 30 °C for 30 min (or 

until a medium-yellow color had developed), and the reaction was terminated by adding 0.5 

ml of 1 M Na2C03 to inactivate ß-galactosidase. The reaction mixture was centrifuged at 

13000 rpm for 2 min and the supernatant was taken for determination of At2o- Each assay was 

performed in duplicate. 

ß-galactosidase activity (in Miller units, ref. 153) was calculated as: 

U = 1000 —— 
t -v-A-eoo 

where t = time of incubation (min), v = volume of cell suspension used in assay (1 ml). 

RESULTS 

Search for putative HXT7 promoter binding elements 

A survey of the binding sites of transactivation factors or essential elements in the HXT7 

promoter region was made by computer-aided scanning (TFSearch (1) and Matlnspector 

(180)) and literature search. 
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We found a TATA box (TATAAA) located at -167. TATA box is the core region for 

initiation by RNA polymerase II. Near the TATA box a consensus sequence of TCGA, in 

most promoters responsible for an initiation site of transcription (79), was found at -129. 

A potential CCAAT box and an inverted CCAAT box, required for Hap2/3/4/5 complex 

binding (144), were located at -146 and -231, respectively. 

Two Adrl binding subsites, an identical consensus sequence containing four essential base 

pairs GG(G/A)G (30), were found at the positions of -243 and -208 in an inverted 

orientation, spaced 31 bp. 

Migl mediates glucose repression of glucose-repressed genes by binding to their promoters 

and recruiting the general repression complex Ssn6-Tupl (42). In the HXT7 promoter region 

(up to -2.4 kb), four consensus sequences of the Migl-binding site were found (Table 6.2). 

The putative Migl-binding sites are absent in HXT7 promoter deletion mutants LYY8 and 

LYY12 - LYY25. The LYYO - LYY7, LYY10, and LYY11 strains retain different numbers 

(4, 3, 2, or 1, respectively) of the putative Migl binding sites. Remarkably, we did not find a 

different effect on glucose repression or derepression of HXT7 expression among the HXT7-

only strains with or without the Migl binding sites (see Figure 4.4 and Figure 4.7B). 

Table 6.2 Putative Migl-binding sites 

Consensus Migl binding sites *Position with respect to ATG 

GGAATTTGT *GCGGGG TA - 556 

CGTGGAAAT *GAGGGG TA - 57 7 

GGATTAAAT *CCGGGG CT - 1522 

GATAAAAGT *GTGGGG TG - 1712  

In addition, five putative Rgtl binding sites were found in the HXT7 promoter region (Table 

6.3), referring to the consensus sequence as described (169). Rgtl of S. cerevisiae is a key 

regulator of glucose-induced genes. It is both an activator and a repressor of transcription. In 

the absence of glucose, it functions as a transcriptional repressor; high concentrations of 

glucose cause it to function as a transcription activator; in cells growing on low levels of 

glucose, Rgtl has a neutral role. Rgtl function is determined by the signals generated by 

Rgt2, a high-glucose sensor, and Snf3, a low-glucose sensor, acting through Grrl (170). 

These Rgtl consensus sequences were maintained in the LYYO - LYY4 strains. 
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Table 6.3 Putative Rgtl-binding sites 

Consensus Rgtl binding sites *Position with respect to ATG 

TTTTT *CCG CCATA - 657 

TTTTT *CCG TAACA - 72 0 

AAATT *CCG AATGA - 1070 

TAAAT *CCG GGGCT - 1522 

TTTTT *CCG GTTCT - 1578 

In the 149 bp HXT7 promoter region between -495 and -346, only some heat shock factor 

binding sites (HSF) (60), a stress-response element (STRE) (202), and two reverse 

GG(G/A)G sequences CTCC and CCCC, spaced 77 bp, but not in inverted orientation, were 

found. These elements seem not absolutely required for transactivation. In chapter 4 and 

chapter 5, however, we found that this 149 bp region was critical for any HXT7 expression. It 

is reasonable to hypothesize that one or more unknown upstream activation sites exist in this 

region. The 149 bp promoter region between -495 and -346 is a 'black box' in HXT7 

expression and glucose transport. 

The schematic diagram of the HXT7 promoter is presented in Figure 6.1. 

-o m o m 

p < Transcription : O 
o start 

Rgt1 M ' 9 1
 2 3 1 ^ . ATG 

\ \ A -6P° H 3 ! L ^ ^ 2 1 ^ ,J0!b—ofltf2"» | | 1 ,-i<x> [M 

-495 -346 -243 -208 -167 -146 -129 
v o < o o o o 

AdM 

Figure 6.1 Schematic diagram of the yeast HXT7 promoter region The putative 

transcription elements were found by computer-aided scanning and literature search. The HXT7 

box represents the open reading frame. The putative transcription start site is located at -129 

relative to the translation start site ATG. TATA box is at -167 (closed symbol). A CCAAT box 

(striped symbol) and an inverted CCAAT box (open symbol) are located at -146 and -231 

respectively. An inverted orientation of GG(A/G)G sequence is located between -243 and -208. 

• , forward GG(A/G)G sequence; O, reverse GG(A/G)G sequence; • , Rgtl binding site; 

• Migl binding sites. A critical 149 bp DNA region is located between -346 and -495. 
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LYY4 LYY11 LYY16 

1 3 5 6 7 8 9 1 3 5 6 7 8 9 1 3 5 6 7 8 9 (h) 
,:••:-•:•«•.••. ...•...-..•',•:...-...-.:.•.:: ' ' "y:i:y:*c',L;-; 

Figure 6.2 Northern blots of HXT7 promoter deletion mutants RNA was isolated from 
each of three strains with a different HXT7 promoter lengths, LYY4 (729 bp), LYY11 (495 bp) 
and LYY16 (179 bp), after growth for the indicated time on YP medium containing 1% glucose. 
The resulting RNA blot was probed for HXT7 mRNA as described in chapter 4 Materials and 
Methods. At 8 h, the glucose was exhausted in the LYY4 and LYY11 cultures. LYY16 shows a 
normal (closed arrow) and an anomalously large HXT7 mRNA (open arrow). 

The partially deleted promoter sequence in LYY16 is evidence for essential elements of 

transactivation in the HXT7 promoter 

The HXT7 promoter deletion mutant LYY16, in which 1904 bp of the 5' non-coding sequence 

were deleted, displayed an abnormal feature compared with the other HXT7 promoter deletion 

mutants, as described in chapter 4 and chapter 5. Although the remaining HXT7 promoter 

length in LYY16 is only 179 bp, this strain is still able to grow on glucose medium, albeit 

slowly. Northern blotting displayed two weak HXT7 mRNA signals in LYY16: one HXT7 

mRNA of normal length, and another anomalously large HXT7 mRNA (see Figure 6.2 and 

chapter 4 Figure 4.7B). This phenomenon is by no means fortuitous. Although the inverted 

CCAAT box (ATTGG), two inverted orientations of GG(A/G)G consensus sequences (the 

putative UAS1) and the critical 149 bp region were deleted, the truncated HXT7 promoter 

sequence in LYY16 retains the essential TATA box and the transcription start site (Figure 

6.3). LYY16 itself is an excellent example to prove that the elements upstream of the TATA 

box, as mentioned above, are necessary for initiating HXT7 expression. However, what is the 

UAS in LYY16? After deletion of the 1905 bp sequence, a second TATA box, a putative 

transcription start site AGTAA (the PuPuPyPuPu consensus sequence (79, 155)) and another 

CCAAT box, which were originally far away from the translation start site, moved close to 

the first TATA box by the conjunction of the remaining promoter sequence. The low level of 

HXT7 expression in LYY16 may be explained as the interaction between the two TATA 

boxes, or the distance of related transcription initiation components, or absence of some 

important activators or enhancers. These activators may exist in the region between -495 and 

-346, the critical 149 bp sequence in the HXT7 promoter. 
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-1182 AGCACTAGCCAATTTAGCACTTCTTTATGAGATATATTATAGACTTTATT 

113 2 AAGCCAGATTTGTGTATTATATGTATTTACCCGGCGAATCATGGACATAC 

•1082 ATTCTGAAATAGGTAATATTCTCTATGGTGAGACAGCATAGATAACCTAG 

•1032 GATACAAGTTAAAAGCTAGTACTGTTTTGCAGTAATTTTTTTCTTTTTTA 
. TATA box. 

-93 2 TAAGAATGTTACCACCTAAATAAGTJTÄTAÄÄJGTCAATAGTTAAGTTTGAT 

-882 ATTTGATTGTAAAATACCGTAATATATTTGCATGATCAAAAGGCTCAATG 

-832 TTGACTAGCCAGCATGTCAACCACTATATTGATCACCGATATATGGACTT 

-782 CCACACCAACT|AGTAä|TATGACAATAAATTCAAGATATTCTTCATGAGAA 

-732 TGGCCCAGCGATATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGA 

-682 AAATACCGCATCAGGCGCCATTCGCCATTCAGGCTGCGCAACTGTTGGGA 

-532 AGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGG 

-582 GATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCA 

-532 CGACGTTGTAAAACGACGGCCAGTGAATTCAACAATGTTTAAACAAAAAA 

-482 TTCTGACAGCTAACTAGTAATTTTTGACATAAAATAATGATTATCTTCAC 

-432 CATGATAGAAATGCAGGACACGTAGTAAAAAGAAGAGATTTTTCCTTCTA 

-382 GTACCGCGTGCTCAATACCACACTTTTGCAAAAATGCATCGATATATTAG 

-332 GTAAACTCAAACAACGAAAGGAGGAATAGGCATTCGATATTGCTATTTTC 

-282 AAATTGTATGCTGACGTCAACTTTTTATTAAGGATATGATAAAATCAACA 

-232 AATGCCAACTTCTTCAACTTTTAGAAAGTACGAAATGCTAATAATCTTTT 
* . TATA box. 

-182 GTTCGTATG|ca]AAAGfrATAAA|TAGAGACGATATATGCCAATACTTCACAA 

-13 2 TGTJTCGÄJATCTATTCTTCATTTGCAGCTATTGTAAAATAATAAAACATCA 

- 8 2 AGAACAAACAAGCTCAACTTGTCTTTTCTAAGAACAAAGAATAAACACAA 
+ 1 

- 3 2 AAACAAAAAGTTTTTTTAATTTTAATCAAAAA|ATG| 

Figure 6.3 Nucleotide sequence of the S. cerevisiae HXT7 promoter in the LYY16 mutant 

The conjunction after the partial deletion of the promoter is presented as lower case. The 

underline represents the CCAAT box. Two putative transcription start points are shown in italic 

case. Two TATA boxes are highlighted with boldface. * A 1904 bp DNA fragment was deleted 

between ca. 
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Cloning and identification of HXT7 promoter-lacZ fusions 

Fusion of promoter sequences of S. cerevisiae to the bacterial lacZ gene as a reporter is often 

used to analyze transcriptional regulation of yeast genes. In order to define the promoter 

segments which perform transcriptional regulation of HXT7 gene, the same series of truncated 

HXT7 promoters as described in chapter 4 were cloned in front of the ß-galactosidase coding 

sequence downstream of the minimal promoter of the yeast cytochrome c\ gene (Fcyci)-

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 9 

Figure 6.4 Construction and identification of HXT7 promoter-/acZ fusions by PCR (A). 

The plasmids with various HXT7 promoter lengths used as the templates for producing 

Dovetail-PCR products. These products were digested only by £co311, leaving ends that were 

complementary to Hindlll and Sail. The fragments of various HXT7 promoters with Hindlll and 

Sail restriction enzyme sites were inserted into the plasmid pLacZi to form HXT7 promoter-/acZ 

fusions. The amplification products are shown in lanes 1-8 on 1% agarose gel. Lane 1: 175 bp 

DNA band containing the critical 149 bp HXT7 promoter region produced by the primers LY9 

and LY10. Lanes 2, 3, 5, 6, 7, 8: 302, 529, 875, 1156, 1228, and 2434 bp of DNA fragments 

coming from pLY21, pLY16, pLY12, pLY8, pLYll and pLYO (full HXT7 promoter region) 

produced by the primers LY7 and LY8. Lane 4: 534 bp fragment produced by the primers LY9 

and LY8. This region includes -495 to -1 upstream of HXT7 ORF. Molecular mass markers (X 

DNA digested withi/mdlll and £coRI): 21.2, 5.15, 4.97, 4.27,3.53,2.03, 1.90, 1.59, 1.38,0.95, 

0.83 and 0.56 kb. (B). Single colonies of various HXT7 promoter-/acZ fusions in MC996A were 

subjected to PCR analysis as described in Materials and Methods. 5ixl PCR analysis products 

were loaded on 1.2% agarose gel. The primers and the loading order are the same as that in 

Panel A. Lane 9 is the recipient strain MC996A PCR product as the control. 

Panel A in Figure 6.4 shows the PCR results on 1% agarose gel using pBCY7, pBCYA8, 

pBCYAll, pBCYA12, pBCYA16 and pBCYA21 as the templates respectively. The band in 

lane 1 was amplified with the primers LY9 and LY10 to produce the fragment between the 

position -495 and -346. This 149 bp promoter sequence strongly influenced the phenotype of 

the HXT7-on\y strains grown on YPD medium, as described in chapter 4. Lane 4 shows the 
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DNA band produced by the primers LY9 and LY8. This truncated HXT7 promoter, starting at 

the position - 495, was sufficient for high-level HXT7 expression. Lane 8 shows the DNA 

band of the full length HXT7 promoter. The PCR products in lanes 2, 3, 5, 6, 7 and 8 were 

produced with primers LY7 and LY8. These fragments contain the far upstream region of 5' 

noncoding sequences after parts of the HXT7 promoter region had been deleted. All of these 

bands show the correct DNA size as expected. 

Sa/l BamHI 

M HXT7 promoter?^ lacZ 

Hindlll BamHI 

<HXT7 promoler | M | lacZ 

P„, 

bp 

M 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 16171819 20 21 

Figure 6.5 Identification of the orientation of the HXT7 promoter-/acZ fusions The 

circular reporter plasmid is exhibited as a linear representation. (A) Correct orientation, the 

different size of HXT7 promoter fragments from 282 bp to 2.5 kb between ///«dill and BamHI 

and a 6.7 kb fragment can be detected on 1% agarose gel. (B) Incorrect orientation, a 157 bp 

DNA fragment and different sizes larger than 6.9 kb fragment will be obtained. (C) The plasmid 

pLacZi containing various HXT7 promoter fragments were digested with Hindlll and BamHI. 

Lanes 1-3: isolates form pLYP1112. A 282 bp band appeared in lanes 1 and 2. Lanes 4 and 5: 

isolates from pLYP21. Lane 5 shows a 409 bp band. Lanes 6-9: isolated from pLYPl 10. A 646 

bp band appeared in all 4 isolates. Lanes 10, 11: from pLYP12, showing a 982 bp band. Lanes 

12-14: from pLYP8, 1262 bp DNA band. Lanes 15-17: from pLYPll, 1335 bp. Lanes 18-20: 

from pLYPO, 2541 bp. Lane 21: plasmid pLacZi digested with Hindlll and BamRl. Molecular 

mass marker, see Figure 6.4. 

After insertion of the PCR fragments into the HindlWSaK sites on plasmid pLacZi and 

transformation of the ligation products into DH5a competent cells, the orientation in HXT7 

promoter-/acZ fusions was determined by restriction enzyme digestion with Hindlll and 

BamHI. The strategy of the orientation identification is shown in Figure 6.5. Only with the 
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correct directional insertion could the various HXT7 promoter-/acZ fusion fragments (from 

0.28 to 2.5 kb) be displayed (Figure 6.5A,C). Otherwise, the reversed HXT7 promoter-/acZ 

fusion insertions should all produce the same 157 bp band (Hindlll - BamUI fragment) 

(Figure 6.5B) and a DNA fragment larger than 6.9 kb depending on the various pLacZi-/ÜT7 

promoter-/acZ fusions, which were difficult to distinguish on agarose gel. Figure 6.3 C shows 

that the various HXT7 promoters were correctly fused with the CYCl-lacZ gene. 

MC996A strain served as the recipient for orientation-confirmed promoter-/acZ-fusion 

plasmids. Analytical PCR was performed from a single colony of each isolate after 

restreaking putative transformants on SC-UD plates. Panel B in Figure 6.4 shows the PCR 

analysis results on 1.2% agarose gel. Using MC996A genomic DNA as a control, lane 9 

reveals the same size DNA, containing the full length HXT7 promoter, as in lane 8. The 

analytical PCR results thus confirmed that the promoter-/acZ-fusions were integrated into the 

MC996A genome at the ura3-52 locus. 

Single-copy integration depends on low DNA concentration 

To evaluate the function of the various HXT7 promoters in the transcriptional regulation of 

yeast HXT7 gene, it is necessary to select single-copy integrants. In chapter 4 we reported that 

the HXT7 expression level was related with the gene copy number. We also found that for 

plasmid transformation of yeast cells it was important to use low concentrations (0.01-0.5 ug) 

of DNA in order to obtain single or low-copy integration. This result was in agreement with 

Plessisera/. (174). 
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Figure 6.6 Southern blot analysis of HXT7 integration Genomic DNA of the indicated yeast 

strains was digested with Stul and BamHl, and the resulting DNA was blotted and hybridized 

with a URA3 oligonucleotide probe. Each sample shows two bands: one comes from the 

nonfunctional ural-52 chromosomal locus in MC996A (see the control band in lane 

'MC996A'), and another comes from the inserted HXT7 promoter-/acZ fusions, with various 

sizes. The intensity ratio of these two bands represents the copy number of integration. The 

isolates with single-copy gene integration were labeled with a star. 
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Figure 6.6 shows Southern blot analysis for identification and selection of the single-copy 

integrants in yeast strain MC996A with partial promoter deletions on plasmid pLacZi. Two 

fragments, one from the nonfunctional ura3-52 chromosomal locus (slow band, comparable 

with the MC996A genomic DNA control) and one from the integration of promoter-/acZ 

fusion marked by the URA3 gene (fast band) were detected. The intensity ratio of the fast 

band vs. the slow band reflects the copy numbers of integration. Apart from the isolates 

LYP16-1 and LYP8-2, single-copy integrations were observed in all isolates. Southern blot 

analysis was not only used for the single-copy integrant selection but also to confirm that the 

various HXT7 promoter-/acZ fusions with the expected size ladder were correctly integrated 

into the MC996A genome at the URA3 locus. 

A 149 bp sequence in HXT7 promoter is the activator of HXT7 expression 

The lacZ gene encodes ß-galactosidase, which can hydrolyze a variety of ß-D-galactosides 

yielding colored products. To determine the ß-galactosidase activity ONPG was used as the 

chromogenic substrate. Cleavage of ONPG by ß-galactosidase yields two products, galactose 

and o-nitrophenol. The o-nitrophenol product is yellow and can be detected by its absorption 

at 420 nm. Because ONPG is present in excess in this assay, the amount of o-nitrophenol 

produced is proportional in time to the amount of enzyme present. Plasmid pLacZi contains 

the lacZ reporter gene downstream from a minimal promoter Pcycl. The minimal promoter 

without UAS exhibits no expression activity, whereas insertion of a functional UAS leads to 

an increase of transcription initiation, depending on the inserted element. That is, without 

activation from a cis-regulatory element lacZ expression is very low when the vector is 

integrated into the yeast genome. 

The ß-galactosidase activities of the HXT7 promoter-/acZ fusions with single-copy integration 

are listed in Table 6.4. LYP1112, harboring the critical interval of 149 bp fragment, shows a 

high ß-galactosidase activity. No ß-galactosidase activity was observed in any of the strains 

with the truncated HXT7 promoters of LYP12 (-346), LYP16 (-179) or LYP21 (-86). These 

severely deleted HXT7 promoters were not sufficient to initialize HXT7 expression as 

presented in chapter 4. Unexpectedly, ß-galactosidase activity was also almost hardly 

detectable in LYPO, LYP8 and LYP11, the strains harboring full length or slightly truncated 

HXT7 promoters. It is unnecessary to follow the in-frame fusion because lacZ contains the 

ATG itself. In previous studies (chapter 4 and chapter 5), these strains, LYYO - LYY11, 

demonstrated that the upstream sequences could be deleted from the promoter up to position -

495 without any large effect on the inducibility of the normal HXT7 transcription at low 

glucose concentrations. As for the results obtained with the HXT7 promoter-/acZ fusions, we 

may suppose that interference between the TATA box in the HXT7 promoter sequence and a 
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TATA box in the minimal promoter of plasmid pLacZi (Pcyci) blocks lacZ gene expression. In 

the future we will delete the TATA box in pLacZi and define the functions of the various 

HXT7 promoters on the transcriptional regulation of yeast HXT7 gene, as well as investigate 

the possible antagonistic relationship between two TATA boxes. 

Table 6.4 ß-Galactosidase activities of strain MC996A transformed with various 

HXT7 promoter-/gcZ fusions  

Mutant ß-Galactosidase activity  

LYP1112 22.2+2.7 

LYP21 0.76±1.2 

LYP16 1.8+0.4 

LYP110 2.1±0.6 

LYP12 1.2±1.1 

LYP11 0.710.6 

LYP8 2.8+1.1 

LYPO 1.6±0.4  

ß-Galactosidase activities are expressed in Miller units (153). 

Referring to the high-level expression OÎHXT7 under low glucose conditions in the promoter-

deletion strains in which the upstream sequences were deleted to position - 495, we presume 

that the induction factors of the HXT7 promoter are located in the region between -346 to -

129; the fragment between -495 and -346, a 149 bp sequence in the HXT7 promoter, is the 

activator OÏHXT7 expression. This cis-regulatory element activates the lacZ expression and is 

required for any function of the promoter region -346 to -129. 

Investigation of glucose repression of the LYP1112 strain 

To investigate further the role of the HXT7 promoter region between -495 and -346 (149 bp 

fragment) in glucose repression, cells from exponentially growing cultures of the LYP1112 

strain and the background strain (MC996A transformed with pLacZi) were inoculated into 

fresh YP medium containing 5% and 0.1% glucose respectively. After 3 h the cells were 

harvested for ß-galactosidase and invertase measurements, ß-galactosidase activity in 

LYP1112 was normalized to the pLacZi control strain. Table 6.5 shows that invertase activity 

was repressed at high-glucose concentration (47 nmoles min"' mg protein"1) and derepressed 

at low-glucose concentration (499 nmoles min"' mg protein"1) because all other Hxts and their 

promoters are present in the wildtype strain. No glucose repression was observed in the ß-

galactosidase activity assay. ß-Galactosidase activity in LYP1112 cells grown on high 

glucose medium was the same as in cells grown on low glucose medium. This experiment 

proves that there is no regulation of HXT7 expression by the HXT7 promoter region between 
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-495 and -346, and that this 149 bp fragment is a constitutive activator or enhancer of HXT7 

expression. 

Table 6.5 ß-Galactosidase and invertase activities in HXT7 promoter-/acZ fusion 
LYP1112 when grown in high- and low-glucose medium 

Mutant B-Galactosidase activity 
High glucose Low glucose 

Invertase activity 
High glucose Low glucose 

LYP1112 14.3+1.5 13.5±0.8 47±5.0 499±8.0 

For invertase assay, a 1% (w/v, wet weight) cell suspension was disrupted using glass beads at 4°C. 

B 

Figure 6.7 The HXT7 promoter region between -495 and -346 is not glucose-regulated. 
The strains LYP1112, pLacZi (in MC996A) and wildtype MC996A were grown on 1% YPD 
medium. (A) Growth curves and glucose consumption of the three strains. • , the strain of HXT7 

promoter-/acZ fusion, LYP1112; A , pLacZi (in MC996A); • , MC996A. (B) Investigation of 
invertase activities and glucose consumption in the three strains. (C) ß-Galactosidase and 
invertase activities in the LYP1112 strain. A , ß-Galactosidase activity; • , invertase activity; 
• , residual glucose concentration in the medium. 
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In another experiment, the time courses of ß-galactosidase activity, invertase activity, A6oo 

and glucose consumption were monitored in three strains: LYP1112, pLacZi (control) and 

MC996A grown on 1% YPD medium. The three strains grew on YPD medium with the same 

rates of growth and glucose consumption (Figure 6.7 A). The invertase activities in the three 

strains were almost the same and repressed at high glucose concentration. When the glucose 

concentration decreased to <10 mM, invertase activities increased significantly (Figure 6.7B). 

The ß-galactosidase activity of LYP1112 remained at the same level during the whole time 

course (Figure 6.7C). This result is in line with the result described above, because the 

promoter fragment in LYP1112 is not an intact and functional promoter. It is predicted that 

carbon source-dependent expression of ß-galactosidase will be observed in the HXT7-

promoter-ZacZ fusions harboring the functional promoter sequence (about 400 bp upstream 

region) with the Pcyci TATA box deleted. This upstream sequence at least to position -495 is 

harboring the sequences involved in regulation of HXT7 expression and repression by high-

glucose concentrations. 

DISCUSSION 

In this chapter we describe the construction of various HXT7 promoter-/acZ fusions. We 

found that a 149 bp fragment of the HXT7 promoter region led to a significant increase of 

transcription initiation. We have investigated the ß-galactosidase and invertase activities of 

this special HXT7 promoter-/acZ fusion strain. Invertase activity was induced at low glucose 

concentrations and repressed at high glucose concentration. Nevertheless, no glucose 

repression was observed in the ß-galactosidase activity assay. We further analyzed the 

promoter region of HXT7 promoter. This critical 149 bp fragment is located upstream of a 

TATA box, a potential CCAAT box and an Adrl binding site. These data suggest the 

presence of at least one positive regulatory element in the region between -495 and - 346. 

In chapter 4 and chapter 5, it was found that the upstream sequences could be deleted from the 

promoter up to position —495 without any large effect on the inducibility of high-level HXT7 

expression and glucose transport activity. Surprisingly, the HXT7 promoter-ZacZ fusions with 

longer than -495 promoter region (including the full promoter region) failed to give rise to ß-

galactosidase expression compared with the LYP1112 strain. The possibilities of incorrect in-

frame fusion and wrong insertion of HXT7 promoter-/acZ fusion were excluded. First, in-

frame fusion is unnecessary since the ATG is located in the lacZ ORF in the plasmid, rather in 

/ÖT7-derived DNA. Secondly, the restriction fragments obtained by digestion with Hindlll 

and BamEl as described above confirmed the expected HXT7 promoter-/acZ fusion 

orientation. We think that this abnormal phenomenon may be caused by interference between 

the TATA box in the HXT7 promoter sequence and a TATA box in the minimal promoter of 
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plasmid pLacZi (Pcyci) which blocked lacZ gene expression. This presumption needs to be 

experimentally proven. In view of the high-level expression of HXT7 in the promoter deletion 

mutants (up to -495) at low glucose concentrations and the insensitivity of the ß-galactosidase 

activity of LYP1112 to glucose repression, it is likely that the presence of a regulatory 

element in the -495 to -129 region is responsible for modulation of the basal expression of 

the HXT7 gene. It suggests that the yeast HXT7 promoter is composed of at least two separate 

regions (-495 to -346 and -346 to -129). Each is necessary, but neither is sufficient for 

normal HXT7 expression. The region upstream of ^ 9 5 may also be relevant to high level of 

HXT7 expression. 

Migl and Rgtl have been found to act directly on HXT2 and HXT4 gene transcription by 

binding to their promoters (169). The low-glucose-induced expression of HXT2 and HXT4 

was mediated by two independent repression mechanisms: in the absence of glucose, 

transcription of HXT2 and HXT4 was prevented by Rgtl ; at high levels of glucose, expression 

of both genes was repressed by Migl. Only at low glucose concentrations were both 

repressors inactive, leading to a 10- to 20-fold induction of gene expression (169). To 

compare the function of Rgtl and Migl on HXT7 promoter function, it is necessary to 

investigate the cells of HXT7 promoter-/acZ fusion growing on ethanol/glycerol, low glucose 

and high glucose medium, respectively, by ß-galactosidase activity assay. It is expected that 

in the strains containing both Rgtl and Migl binding sites (LYPO - LYP4), lacZ expression 

will be prevented in ethanol/glycerol medium; repressed by high concentrations of glucose; 

and induced by low levels of glucose. For LYP8 (without Rgtl and Migl binding sites), at 

low glucose concentrations, lacZ should be only moderately expressed because of the absence 

of glucose induction coming from Rgtl. There should be no glucose repression occurring in 

the LYP8 strain, i.e., lacZ expression should be the same in high-glucose as in low-glucose 

medium. HXT7 expression in the LYY8 strain was constant but significantly lower than 

LYYO - LYY7 and LYY9 - LYY11 (see chapter 4). Perhaps this result will be explained by 

the analyses proposed above. 

In this study, a CCAAT box and an inverted CCAAT box were found at -146 and -231 

within the functional HXT7 promoter region (-495 to -129), respectively. The CCAAT box is 

located downstream of a TATA box and the inverse, ATTGG, is located upstream of the 

TATA box. It is possible that the inverted CCAAT box is a functional Hap/2/3/4/5 binding 

site because of its location upstream of the TATA box. A survey of 178 NF-Y (nuclear factor) 

binding CCAAT boxes (144) reported that the frequency of CCAAT boxes appeared to be 

relatively high in TATA-less promoters, particularly in the reverse ATTGG orientation. In 

TATA-containing promoters the CCAAT box is preferentially located in the -80/-100 region 

and is not found nearer to the start site than -50. 
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Several potential binding sites for Adrl monomers were found in the HXT7 promoter region. 

Adrl is a regulatory protein in the yeast S. cerevisiae that binds to and activates transcription 

of the ADH2 gene, which encodes a glucose-repressible alcohol dehydrogenase (43). The 

ADH2 promoter contains two elements, UAS1 (upstream activation sequence 1) and UAS2, 

which regulate the expression of the gene synergistically (257). Adrl is inactive as a 

transcription factor in the presence of glucose (14, 44). Adrl is also important for growth on 

glycerol (5). Two zinc fingers of the Cys2-His2 type and a region amino terminal to the fingers 

are essential for DNA binding (13). The transcriptional activation functions through UAS1, a 

perfect 22-bp repeat (TCTCCAACTTATAAGTTGGAGA) in the ADH2 promoter (206). 

Each half of the inverted repeat is an independent, functional binding site for one monomer of 

Adrl. Both halves of UAS1 must be present in inverted orientation, implying a tail-to-tail 

orientation of the two Adrl monomers on their adjacent binding sites (218). A computer-

aided search for potential Adrl target genes in S. cerevisiae led to an identical consensus 

sequence containing only four essential base pairs: GG(A/G)G (30), which were located in 

both halves of the inverted repeat. The specific nucleotide sequence of the central base pairs 

separating the two Adrl binding sites in UAS1 did not appear to contribute significantly to 

Adrl-DNA binding specificity. However, the spacing between the individual Adrl binding 

sites is important for allowing two monomers of Adrl to occupy UAS1 simultaneously. 

Cheng et al. found that the spacing between the two inverted GG(A/G)G sequences, allowing 

UAS activity, varied randomly in 51 yeast genes with 5' noncoding sequence homology to 

UAS1 from 8-40 bp. The central spacer DNA showed no bias in nucleotide composition. 

In the HXT7 promoter, we found two GG(A/G)G consensus sequences with inverted 

orientation at -205 to -208 and -240 to -243. The spacing between them is 31 bp. We think 

this sequence most probably is the UAS1 of the TATA box in the HXT7 promoter, which 

should be able to bind a regulatory protein such as Adrl. In the spacer an inverted CCAAT 

box is found. It is assumed that these essential elements, the TATA box, the ATTGG 

sequence and the potential UAS1, exert the glucose-regulated transactivation. A 'black box' 

located in the region between -495 and -346 may be the UAS2, which confers a high level of 

transcription. It is noteworthy that two reverse GG(G/A)G sequences CTCC and CCCC 

spaced 77 bp, but not in inverted orientation, were found in this 149 bp HXT7 promoter 

region. Anyway, the functional elements in this black box remain to be identified. The 

promoter sequence in LYY16 supports the presumption further that the elements upstream of 

the TATA box, including the element(s) harboring the critical 149 bp region, as mentioned 

above, are necessary for initiating the normal glucose-regulated HXT7 expression. 
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