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We have identified in the promoter of the yeast FBPl gene two sites able to bind nuclear proteins. These sites have a nucleotide sequence strongly 
similar to that of sites which bind the regulatory protein MIGl in the promoters of GAL4 and SUCZ. Deletions performed in the FBPI promoter 
showed that one of the sites contributes to catabolite repression of this gene. In the same promoter, another region was identified with a strong 
effect on the catabolite repression of FBPI. In this region a sequence similar to the consensus for the binding site of the MIGl protein was also 

present. 
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1. IPdTRQDUCTPON 

A great variety of enzymes involved in the utilization 
of carbon sources alternative to glucose are subject to 
catabolite repression in Succlzaromyces cerevisiae. The 
available evidence indicates that the molecular mecha- 
nisms underlying catabolite repression are different for 
different genes [I ,2J. Therefore to understand catabolite 
repression it is important to investigate a variety of 
genes which may be controlled in different ways. We 
have undertaken the study of the FEW1 gene, which 
codes :br the gluconeogenic enzyme fruc;tose-1,6-bis- 
phosphatase. To establish the function of the different 
regions of the promoter of this gene, we examined the 
capacity of fragments of the promoter to bind nuclear 
proteins and studied how deletions in the promoter af- 
fect the expression of the gene. We have identified re- 
gions which appear to be involved in the repression of 
transcription by glucose and which contain sequences 
strongly similar to those known to bind the product of 
the regulatory gene MIGZ in other promoters. 

2. MATERIALS AND METHODS 

2. I . Slr(iitt,s 
S. ccrcvi.riae CJM 088 (MATa, ura3, can”) was from our collection 

and S. cercvi.siue ABYSI, (MATa. pral, prbl, prcl( cpsl. adc), dcfi- 
cicnt in vacuolar protcases, was provided by D.H. Wolf (Stuttgart, 
Ccrmany). f3cherichicr co/i HBIOI and TGI were used for the plasmid 
manipulations. 

C~trrctsl,o,l~/~~~tc~ urlclras: J-M, Gonccdo, lnstituto dc Invcstigacioncs 
Biom&dicas del C.S,I.C., Facultad de Mcdiciaa. UAM. Arturo Dupe- 
ricr 4, E-28029 Mad&l. Spain. FilX: (34) (I) 5854015, 

2.2. Media and growth condiu’ons 
Yeasts were grown on Difco yeast nitrogen base supplemented with 

2% glucose. Repressed cells were obtained by harvesting them at the 
end of the exponential phase of growth (ca. 3 mg yeast wet wt/ml). 
Derepressed cells were prepared by overnight incubation in 1% yeast 
extract, 1% peptone, and 2% ethanol at a cell density of 20 mg/ml. 

2.3. Transformalians 
Competent cells were prepared, stored and transformed by standard 

techniques [3]. Yeast transformations were performed according to Ito 
et al. [4]. 

2.4. Preparation oj‘ycusr nuclear extracts 
Nuclear extracts were obtained from strain ABYSI as described in 

[5] using cells collected during the stationary phase of growth. 

2.5. BandsIr@ and DNase I foorPrinf assays 
For bandshift experiments, protein-nucleic acid complexes were 

allowed to form in IO mM Tris-HCI, pH 7.5, 5 mM M&I,, 2 mM 
EDTA, IO mM 2mercaptoethano1, I mM PMSF, 50 mM NaCI, and 
12.4% glycerol (v/v). In a volume of 20 PI, nuclear extract (l-4 ,ul 
containing I040 ,ug protein) was preincubated with poly di-dC (l-2 
,LQ) for 15 min in ice. The DNA probe. labelled with the Klenow 
fragment of DNA polymerase 1 as described [3], was then added 
(0.2-0.6 ng, ca 20 000 cpm) and incubation was continued for 30 min 
at room tempcraturc, Electrophoresis was performed on 4% poly- 
acrylamide gels in Tris-borate, pH 7.6, [3] at 12.5 V/cm for 2.5 h at 
4°C. Footprint assays were performed as described [6] but with the 
incubation conditions of the bandshift experiments, 

2.6, Ccttislr~rc/icm rfdektions in rife prottioler 
Unidirectional 5’ dclctions in the FDPI promoter were performed 

in the pJJl I plasmid (Fig. I) using the cxonuclcasc III/mung bean 
nuclcase system [7], WC used as resistant snd in the cxonuclcare III 
digestion the X/r01 site filled in with thionuclcotidcs [S] and as susccp- 
tiblc end the S& site. At the ends of each dclction WC inserted a 
Battrl-11 linker. The constructions were scquenccd by the didcoxy 
chain~tcrmination method [9) using Scqucnasc (USB, Cleveland, 
USA). Ta obtain 3’ unidirectional dclctions in the (;nPl promoter, 
plasmid pJJl2 was constructed as follows: the ~coRI.&oRV frag. 
ment from FiJP/ (ef, IQ. I) was modified a~ the L?oRV junction by 
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Fig. I. Structure of the pJJ11 plasmid. The 540 bp EcoRl-EcoRV 
fragment containing the Fi3PI promoter from plasmid pRG6 [I41 was 
fused in phase with a 3 kb SmnI-XbnI fragment carrying the LacZ 

Fig. 3. Protein-DNA complex formation on regions of the FBPZ 
promoter. Bandshift assays were performed as described in section 2. 
The fragments of the FBPl promoter used as probes were: panel (a) 
Hindlll-Snu3A (-316 to -179 relative to the ATG); (b) EcoRl- 
Nirtdlll (-479 to -316). In each panel, samples in lane I were incub- 
ated without added protein and samples in lanes 2 to 6 were incub- 
ated with the amount of nuclear protein indicated. Lanes 5 and 6 show 
the results of a competition experiment with a 50-fold molar excess of 
the unlabellcd fragment used as probe (lane 5) or of an unrelated DNA 

fragment of similar length (lane 6). 

gene. This fragment was originated from YEp 353 [I$ and slightly 
modified so that in the polylinker region only a NindllI site remains 
and at the other end EcoRl and X6ul sites have been introduced. The 
5.1 kb X~uI-f?coRl fragment corresponds to the pUNBS plasmid [IO]. 

addition of a BarnNl site and inserted into the EcoRI-&M-II site of 
plasmid pUN75 [IO]. The deletions were performed as described 
above, digesting first pJJl2 with &XI and XDaI and inserting BuwI-II 
linkers at the end of each deletion. To construct internal deletions, 
KpnI-BrmtI-lI fragments from 3’ deleted derivatives from pJJl2 were 
ligated to 5’ deleted pJJ I I derivatives digested with &MI and &&-II. 

2.7. Assay of/%galnctosirktse 
Extracts were prepared as described [ 1 I j with 20 mM imidazole, PI-I 

7, and the enzyme assayed as in [12]. Protein was determined by the 
method of Lowry et al. [l3]. 

3. RESULTS 

A schematic structure for the J’BPI promoter is 
shown in Fig. 2. When the fragments ZZcoRI-Hind111 or 
HirzdIII-Sust3A were incubated with a nuclear extract 
a specific band-shifting was observed (Fig. 3). The pre- 
cise sequences which bind the nuclear proteins were 
identified by D&se I footprinting experiments. As 
shown in Fig. 4, two clear footprinting regions are ap- 
parent, centered around the positions -192 and about 
-425, respectively. These regions define the sites A and 
B whose sequences are shown in Fig. 4. 

ECORI Hindlll SauJA SadA m 
I I I , I 

-471 -316 -179 -76 +t 

Fig. 2. Structure of the profnatcr of the pBP/ gcnc. lociitioll af the 
rcstrictian ‘ditcs is indicated rclativc to the first ATG of the co&la 

scqucncc [ 161. 
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To determine the role of the binding sites A and B in 
the expression of the FBPI gene, we deleted them and 
analyzed the activity of the modified promoters using 
an in-frame gene fusion between the FBPZ uromoter 
and the LacZ-gene (Fig. I). The expression of/%galacto- 
sidase directed by the different constructions in condi- 
tions of repression and derepression is shown in Fig. 5. 
Elimination of site A (compare the pairs pJJ11 and 
pF15SO and pJJ 1158 and pJJ 1121) had a moderate 
effect on glucose repression as shown by the 3-fold de- 
crease in the ratio of j%galactosidase activity in dere- 
pressed and repressed conditions. Elimination of site B 
(compare pJJl16 and pJJll44) had no effect on the 
extent of repression. Wowever, elimination of the B site 
decreased 4-fold the expression of the gene in derepres- 
sed cells. Interestingly, the greatest effect on catabolite 
repression was observed when the region -480 to -438 
of the promoter was eliminated (compare pJJl1 and 
pJJl16). This indicates the existence of another impor- 
tant regulatory site, site C (see section 4). 

4. DISCUSSION 

In this study we have identified two sites in the FBPZ 
promoter that bind nuclear proteins. Site A participates 
in catabolitc repression since its elimination decreases 
the extent of rcprcssion by glucose although the de- 
crease is only 3-fold. Site I3 behaves as an upstream 
activating sequence since its deletion decrcasca mark- 
edly the expression of FBPI. Thcsc sites have scqucnces 
similar to that ofsites which bind the regulatory protein 
MIGl [ 171 (see Fig. 6). kktscd on ~IIC scqucncc if MlGf 
and that of the gcncs cnrting for certain m;mlmali;ln 
early growth response pisteins, Nchlin and Ronnc [ 181 
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-200 -180 
m . . 

GTGGCATCTTCCCCACACTATATTATAAGGFITC 
CRCCGTAGRAGGGGTGTGRTRTfWT~TTCCTAG 

-la., 
a 

-440 -420 
. . B l 

++++-----‘I 
GTCGCGGTCGTGCGGfKHCCCGGAGTTAiGCGG 
cnGcGCCAGCRCGCCfGTGGGCCYCf?RTfXGCC 

Fig. 4. DNasc I hotprint analysis of’thc DNA-,+rotcin complexes. The 
DNA probes wcrc as follows: (a) non.coding strand from -316 to 
- 170 Iabcllcd at the Hirrdlil site:(b) coding strand from -470 to -316 
tabcllcd at the HiudIII site. ‘The sarnplc in lane I ws incubated with- 
out added protein and that in lane 2 with I .4 my/ml ornuclcar protein. 
The IiInCs 3 aud 4 correspond rcspcctivcty to free and pratcinSbound 
DNA scparntcd in iI non-denaturing 4% acrylunidc gel aller incuba- 
Ii011 wilt1 I mghnl ofnuclear prolcin and DNasc Ii-catmcnt (sccscclion 
2 For dctrils), Pratcctcd and hypcrscnsitivc bases arc shown as brack- 

Ct5 illld + signs rcspcctively. 

Plasnid ATG 
R 0 FsllD 

pJJl1 de0 
- 5 700 140 

pJJl16 .4j8 25 180 7.2 

pJJ1144 
,416 5 46 9.2 

pJJlls8 
-260 50 265 5.3 

pJJ1121 c__m 
.I70 100 180 1.8 

pJJl115 c---- 
-146 

100 320 3.2 

PJJ~=o .;80 
m3 -MS 

20 975 49 

Pig. 5. Deletions in the PfWI promoter and effect on the expression 
ofa fused LrrcZ gene. Deletions were performed as described in section 
2. The end point of the deletions is indicated with relation to the first 
tlTG in the coding sequence of FBPI. S. crrevisiae CJM088 was 
transformed with the different plasmids and /3-galactosidase activity 
was determined in repressing (R) and derepressing (ID) conditions (see 

section 2). 

have proposed that the MIGl protein may act as a 
repressor or as an activator depending on the condi- 
tions. This appears to h.appen in the case of EY3Pi. 

Examination of the region -480 to -438 in the F&PI 
promoter reveals the existence of another site, site C, 
with a sequence similar to the MIGl binding sites (see 
Fig. 6). Full catabolite repression of FBPI requires the 
-480 to -438 region pointing to a role for site C in the 
process. However in our footprinting assays, no protec- 
tion of this sequence was observed. At least 2 explana- 
tions may be offered for this fact. One is that this site 
is very close to the EcoRI site, a region that is not well 
resolved in the gels. The other one is that the site C does 
not bind the regulatory protein but is necessary for the 
binding at site B. 

Up to now, two other genes with two binding sites for 
the MIGl protein have been described. In the case of 
GAL4 [17] the sites appear also to play different roles: 
deletion of one of them relieves the gene from glucose 
repression while deletion of the other has only a limited 
effect. Since the data are only available as repression 
ratios it: is not possible to ascertain how the removal of 
the individual sites affects the level of transcription. 

In the case of SW2 [ 181 removal of one binding site 
[I91 has no effect on glucose repression and precise 
removal of the other one has not been carried out. How- 
ever the role of MIGl in catabolite repression of SUC2 

FBPl Site 

FBPl Site 

FBPl Site 

Consensus 

C aCCCCGGAggTg 

TCCCCRGATTNT 

Fig. G. Comparison bctwccn the scqucnccs ol’sitcs A, I3 and C of lhc 

FBPI prunwtcr aatl the COIISC~~IS SC~UCIKC Jcscribcd for the binding 
of the A;IIGi product [ 171. I3ascs which differ from the COIISCIISUS arc 

writtctt iii tower Ci4XC4 

A TCCCCAcAcTAT 

B caCCCGGAgTTa 
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is clear, as strains with a disruption of the MIGl gene [2] Entian, M.D. (1986) Microbial. Sci. 3. 366-371. 

are derepressed for invertase [ 181. [3] Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) Molecular 

E;rorn the data available it appears that the sequences Cloning: A Laboratory Manual, Cold Spring Harbor Labora- 

that could bind the MIGl protein behave generally as 
tory, Cold Spring Harbor, NY. 

upstream repressing sequences. Upstream repressing se- 
[4] Ito. H., Fukuda. Y., Murata, K. and Kimura, A. (1983) J. Bacte- 

riot. 153, lG3-168. 
quences have been looked for in genes subject to catabo- [S] Schneider, R., Gander, I., Miiller, LJ., Mertz, R. and Winnacker, 

%e repression but without mu;h succe&. A possible 
reason for that could be that whenever these sequences 

exist they are so intertwined with the upstream activ- 
ating sequences that it is not possible to delete them 
without interfering with the transcription of the gene. In 
fact in the promoter of SUCJ, an heptamer motif which 
activates transcription [2Q] is very close to one binding 
site for the MIGI protein [18]. Upstream repressing 

E.L. (1986) Nucleic Acids Rcs. 14. 1303-1317. 
[6] Lee, W., Mitchell, P. and Tjian, R. (1987) Cell 49, 741-752. 
[7] Henikoff, S. (1987) Methods Enzymol. 155, 156-165. 
[S] Putney, SD., Benkovic, S.J. and Schimmel, P.R. (1981) Proc. 

Natl. Acad. Sci. USA 78, 7350-7354. 
[9] Sanger, F., Nicklen, S. and Coulson, A.R. (1977) Proc. Nat!. 

Acad. Sci. USA 74, 5463-5467. 
[IO] Ellcdge, S.J. and Davis, R.W. (1988) Gene 70, 303-312. 
[1 I] Funayama, S., Gancedo, J.M. and Gancedo, C. (1980) Eur. J. 

Biochem. 109.61-66. 
sequences which mediate repression by glucose in the 
gene GALZ have been detected only in an indirect way 
[al]. Interestingly in two of them, sequences similar to 
the consensus sequence for binding the MIGl protein 
are found. 

[ 121 Miller, J. (1972) Experiments in Molecular Biology. Cold Spring 
Harbor Laboratory, Cold Spring Harbor, NY. 

[13] Lowry, OH., Rosebrough, N.J.. Farr, A.L. and Randall, R.J. 
(1951) J. Biol. Chem. 193, 165-175. 

[I43 De la Guerra, R., VnldCs-Hevia, M.D. and Gancedo, J.M. (1988) 
FEDS Lett. 242, 149-152. 

The FBPZ promoter appears to be the first clearcut 
case where deletion of a fragment from the promoter 
(see pJJll21 in Fig. 5) nearly abolishes glucose repres- 
sion while allowing a significant level of expression. 

[15] Myers, A.M.,Tzagoloff, A., Kinney, D.Rl. and Lusty, C.J. (1986) 
Gene 33. 299-310. 
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