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By deletion analysis of the fusion genes FBPI-fucZ and PCKI-lacZ we have identified a number of strong regulatory regions in the genes FBP!

and PCK{ which encode fructose-1,6-bisphosphatase and phosphoenolpyruvate carboxykinase. Lack of expression of S-galactosidase in [usions

lacking sequences from the coding regions suggesis the exisience of downstream activaling elements. Both promoters have several UAS and URS

regions us well as sites implicated in catabolite repression, We have found in both genes consensus sequences for the binding of the same regulatory

proteins, such as yAPl, MIGI or the complex HAP2/HAP3/HAPA4. Neither deletion nor overexpression of the M/G/ gene affected the regulated
expression of the FBP! or PCK/ genes.

Calabolite repression; Fructose-1,6-bisphosphatase; Phosphoenolpyruvate carboxykinase; MIG!. Saccharomyces cerevisiae

1. INTRODUCTION

The expression of many genes in yeast is repressed by
glucose. Repression by glucose of the genes FBP! and
PCK! which encode the gluconeogenic enzymes fruc-
tose-1,6-bisphosphatase (FbPase) and phosphoenolpy-
ruvate carboxykinase (PEPCK) is particularly impor-
tant because these enzymes antagonize the physiologi-
cally irreversible steps of glycolysis. The decrease in
enzyme levels caused by glucose is parallel to a decrease
in the concentration of the corresponding mRNAs [1-3]
thus pointing to transcription as the main controlling
step of glucose repression, To assess the role of different
regions of the respective promoters on the transcription
of the genes FBPI/ and PCK! we have performed a
deletion analysis of FBP!-lacZ and PCKI-lucZ fusion
genes and we have found that a number of regions in
both genes might bind the same regulatory proteins,

2. MATERIALS AND METHODS

2.1, Sirains, growth conditions and enzyme assays

Saccharomyces cerevisiae CIM 088 (MAT a wra3 can®) was (rans-
formed with different plasmids according to lto et al. [4]. S. cerevisiae
strains H190 (MAT a SUC2 ade2 his3 feu2 trpl ura3 can® migl-
S2:LEU2) and H368 (MAT a SUC2 ade2 his3 len2 trpt wra3 can®
suft-8:HIS3 migl-81::LEU2) are W303-1A congenic and were kindly
provided by Hans Ronne (Uppsala, Sweden), who provided also plas-
mids pHRB81 and pMIG!I [5]. Conditions for repression and derepres-
sion and assay of f-galactosidase were as described [6]. FbPase and
PEPCK were assayed as in {2] and [3]. Escherichia colf HB101 and TGI
were used for plasmid isolation,
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2.2, Construction of gene fusions and deletions in the promoters

DNA manipulations were donie by standard procedures [7). Gene
fusions to lecZ for studying the role of coding sequences of FBP! and
PCKF in gene expression were performed using a sel of multicopy
plasmids constructed by Myers et al. [8).

Deletions in the promoter of a FBP!-lucZ [usion gene were con-
structed using plasinids pJJi1 and pJJ12 and the procedure described
earlier [6]. The pJJ13 plasmid contains the sequence coding for the first
109 amino acids ol PEPCK fused in-frame with the fzeZ coding
sequence; it waus constructed as follows: the 1.65 kb Safl-Psil fragment
of the PCKf gene was taken from plasmid pMV2 [3] and fused to a
3 kb Psil-Xbhal fragment carrying the facZ gene (this fragment was
originated from YEp 354 [8] and slightly modified to introduce the
Xbal site), the fusion was then inserted into the ceniromeric vector
pUNSS [9]. Unidirectional 5’ deletions in the PCK/! promoter were
performed in the pJJ13 plasmid using the exonuclease 11l/mung bean
nuclease system [10]. We used as resistant end in the exonuclease 111
digestion the Xhol site filled-in with thionucleotides [11] and as susceps
tible end the Safl site, At the ends of each deletion we inserted a
BamHI linker. To obiain 3’ unidirectional deletions in the PCK/
promoter, plasmid plJ 14 was constructed as follows: the 1.7 kb Safl-
BamHI fragment from PCK!, taken from pMV2 [3] was inserted into
the Safl-BamH] sile of plasmid pUNT75 [9], The deletions in plJl4
were performed us described above, using as resisiant end the Sacl site
and as susceplible end the Xbal site. BamH]1 linkers were also inserted
at the end of each deletion. To construct internal deletions, Kpnl-
BentHI fragmenis {rom 3’ deleted derivatives from plJ 14 were ligated
to 5’ deleted pJJ13 derivatives digested with Kpnl and BamHL,

Sequensing was done by 1he dideoxy chain-lermination method [12]
using Sequenase (USB, Cleveland, USA).

3. RESULTS AND DISCUSSION

While a sequence of 640 bp upstream of the first ATG
of the coding sequence was available for the FBP! pro-
moter [13], only about 340 bp of the 5-non-coding re-
gion had been sequenced in the case of PCK! [14]. Since
important regulatory sites are often found further up-
stream, we sequenced the PCK! promoter up to posi-
tion —645 (Fig. 1).
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CACT TGGCAGAGCC CQCACCCARACG CCTTGTCGGA AAAAATCGGA ATATCCCACA
CGATCCACEGG b gAGAATATCG GACGCTGACG GGTGAATG&A? : OGATCTGGAT'I‘ TCCTAATTTG
GJ\'I'ACA'I‘C:'.I:-'C':5 BS‘I‘TTCTTTTT TIGACTCACA ATAGGAAA.;XS %CCGRGCTTC CTTTCATCCG
GCI(?:CIGC-IC'I’C';':I‘5 2 gTTCTACATA TCACTGW‘E‘; ° g“I‘AAGTTA‘I‘A CAAGGGAARG
Z-\'L[‘GCCG»GC'J-L;Z;1 ¢ gACTAGCAAG TTTTAGGCTG CTTAACAT‘E‘J&B %GGATAGGCG GATAAAGGGC
CCAAZM’.‘.I-\G(;1:.1 ¢ 'gTGTAAAGCT TAGACGCTTC mmc_:i-’ %TGGTACG‘I“I‘ TGTGTATTAA
GTAAGGCT‘ITG3 4C(n})C‘I‘GGG GATA GCAACATTGG GCAGAGTA'I-‘ZE * gAAGACCACA AAAAAAAGGT
A‘:[‘A'I‘Z-\AC-!—G-Ga'-c2 8AOGli.C'.-Zi.Z-“.(.‘.-'i TCT TTGTAATGTG TGTAACTTE‘I? ® gTTCCATGTG TAATCAGTAT
'I".'[‘C:'LI.‘Z*.('.!‘I“I.‘Z-\-C2 2‘19TC‘I‘TAAATA TACAGAAGTA AGACAGATZ:&MGCT ITCCCAGATA
I‘ACATATA'ITZ;L 6'lqc'.["I"I'Z-‘xTTTC AGCTTAARACA ATAATTATI;:‘]?‘- : g’TG‘I“I‘TAACT CAAAAATAAA
AAAAAAAAZ;(;L Z%AAACTCACG CAACTAATTA TTC CATAATZ;- ZIZLAATAACAAC ATGITCCCCTT

Fig. 1. Sequence of the PCK/ promoter. Consensus sequences lor the binding of regulatory proteins are underlined and are discussed in the text.

To assess the role of different regions of the FBP! and
PCK! genes on glucose-regulated transcription, in-
frame fusions of different truncated versions of the pro-
moters of the FBPI and PCKI genes with the E. coli
lacZ gene were constructed and B-galactosidase levels
were measured in conditions of repression and derepres-
sion.

The expression of 8-galactosidase from fusion genes
containing promoters with different 3’ ends is shown in
Table 1. A FBPI fusion gene carrying the entire pro-
moter region did not express f-galactosidase: however
expression was observed when the first 57 bp of the

Table |
Expression of different FBPI-fucZ und PCKF-fucZ gene fusions

Fusion bp from FBPI or B-galactosidase
PCK! coding region (mU/mg protein)
Glucose Ethanol
FBPLlacZ 0 <] <]
57 25 11,000
PCKI-lucZ 0 <] <]
210 <] <]
327 35 26,000

Fusions were performed by fusing in-frame with the /ucZ gene of

the multicopy vectors described in [3] truncated FBPf or PCKI pro-

molers starting at positions ~480 and -550, respectively, and with

diflerent lengths of coding sequence. 5. cerevisiae CIMO88 was Lrans-

formed wilh the different plasmids and S-galaciosidase aclivity was

determined in repressing (glucose) and derepressing (ethanol)
conditions [6].

coding sequence were included in the fusion. This ex-
pression was regulated by glucose. A similar phenome-
non occurred for the PCKI gene, but in this case the
length of the coding sequence necessary to allow tran-
scription was greater, expression being observed only
when the fusion contained the first 327 bp of the coding
region. These results suggest that downstream activat-
ing sequences are necessary for transcription to take
place.

To study the effect of upstream and internal deletions
in the promoters on gene expression, it is important to
avoid interferences due to differences in copy numbers,
therefore centromeric plasmids were used for these ex-
periments. Fig. 2 illustrates the results with the FBP/
promoter, A deletion from —480 to -438 caused a
marked decrease in expression, indicating the presence
of an upstream activating sequence. Simultancously, the
degree of repression by glucose decreased strongly
showing that a regulatory sequence is also located in
this region. Although both sequences are drawn sepa-
rately in the figure, it is possible that the saime sequence
performs both functions. The presence of another up-
stream activating sequence is indicated by the decrease
in expression caused by a further deletion from —438 to
—416. In this case the extent of glucose repression re-
mained unchanged. The next two deletions up to posi-
tion ~369 had no effect but deletions from —369 to —317
and from -317 to —-308 increased maximal expression
2- and 3-fold, vespectively, indicating that different up-
stream repressor sequences have been removed. Succes-
sive deletions between —308 and -268 had not a marked
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Fig. 2. Deletions in the FBP/ promoter and their effect on the expres-

sion of a fused facZ gene. Deletions were performed in the pJJil

plasmid [6] as described in Section 2; their end points are indicated

with relation to the first ATG in the coding sequence. Regulatory

regions are indicated as (0) UAS, (m) URS, (V) element allecting
catabolite repression,

effect on B-galactosidase activity in derepressing condi-
tions but increased progressively its activity in condi-
tions of repression pointing to the existence of a site
implicuted in catabolite repression in this region. A fur-
ther regulatory site should be present between positions
~-268 and —170 since removal of this region decreased
glucose repression to less than 2-fold. Finally deletion
from =170 to -148 allows to situate a third upstream
repressing sequence. A truncated promoter with only 25
bp upstream of the TATA box was sufficient to direct
transcription at about one-half the rate directed by the
intact promoter suggesting that a strong upstream acti-
vating sequence is located within these 25 bp. it cannot
be excluded, however, that transcription is driven by a
downstream activating sequence in the FBP/ gene. This
sequence would not operate in the promoter extending
only to position —82 due to removal of the TATA box.

The results of the internal deletions point to a redun-
dant role for the regulatory sequences implicated in
catabolite repression, since strong glucose repression
was still observed when one or even two of these se-
quences were removed, as long as the sequence up-
stream of —303 was present. A deletion between posi-
tions —113 and -89, downstream of the TATA box
decreased expression only 2-fold; when the deletion in-
cluded the canconical TATA box, expression decreased
by about 7-fold but it was not completely abolished; it
is likely that non-standard TATA boxes are able io
drive regulated transcription at a slow rate,

The PCK/! promoter shows also a high degree of
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Fig. 3. Deletions in the PCRI promoler and their effect on the expres-

sion of a fused /ecZ gene. Deletions were performed in the plJI3

plasinid [6] as described in Section 2; their end points are indicated

with relation to the first ATG in the coding sequence. Regulatory

regions are indicated as (o) UAS, (@) URS, (v) clement allecting
catabolite expression.

complexity (Fig. 3). There is a strong upstream activat-
ing sequence between positions —545 and —476 followed
by upstream repressing sequences between —476 and
=440 and =422 and -410. Most interesting are sites
related with glucose repression located between —440
and -422 and —-410 and —-334. Removal of this last site
did not affect f-galactosidase activity in derepressing
conditions but increased activity up to 8-fold in a glu-
cose-grown yeast. Two further upstream activating se-
quences are located between =334 and -120 and just in
front of the TATA box. Removal of the first one by an
internal deletion decreased expression about 4-fold. The
fact that the internal deletion ~374, ~334 had no effect
on expression could suggest that the regulatory region
between positions —410 and —334 is located upstream
of =374 or, alternatively, that it plays a redundant role
with the other regulatory sequence located further up-
stream.

Since FbPase and PEPCK are regulated in parallel it
could be expected that the promoters of the correspond-
ing genes would have similar regulatory elements. Al-
though no obvious homologies exist between the se-
quences of the FBP! and PCK/ promoters, a detailed
study shows the presence of a number of sites which
could bind the same regulatory proteins. Sequences re-
semnbling the binding sequence for protein yAPl [15] are
found in two of the UAS regions of FBP/ and in one
UAS region of PCK! (Fig. 4A); there is also a CCAAT
box at positions =264 (in the non-coding strand) and
—266 in the PCK! and FBPI promoters respectively
and consensus regions for binding the regulatory pro-
tein complex HAP2/HAP3/HAP4{16] are found in both
genes (Fig. 4B). Although there are in both promoters
binding regions for the general transcription factor
GRFI [17} (Fig. 4C), two of the elements which couid
bind GRF1 are situated far upstream in the promoters
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A) FBP1l -450 TTRGTzgh B) FBP1  -248 TrtTIGGT
=447 TAGICGC ~239 TecTIGET
=133 TTeGTrG"

PCK1 -509 TGECTCAC PCK1 =320 TeGIIGGa
~131 crGITGEET™
yAP1 TRACTCRS HAP2/HAP3/HAP4 TNRTIGGT
congensus consensus

C) FBP1 -551 cRRCCCATcalaC D) FBPl =484 aCCCCGGAGOTg
=383  ALACCCACTRCTT ~428 caCCOGEAGTTa
~158 TCCCCACAGTAT

PCK1 -8629 cCACCCRsmCTT PCK1 =544 TaCCCGERacTT™
-220 TtCCCAGATarta
GRF1 EMBCCCANNRY MIG1l TCOCCRGATINT
consensus consensus

Fig. 4. Comparison beiween sequences in the FBP! und PCK! pro-
moters and consensus sequences described for the binding of different
regulatory proteins: yAp! [13], HAPZHAP3/HAPA4 [16). GRF! [17]
and MIG1 [19]. K slands for Gor T; M for A or C; R for A or G;
StorCor G, and Y for C or T; N represents uny buse. Bases which
differ from the consensus are writlen in lower case, those in N posi-
tions are in small capitals. Numbers refer to the first base of the shown
sequence. ™ The sequence corresponds to the non-cading strand.

and appear to play at best a marginal role: in the case
of the PCK! fusion gene the removal of the GRF1
binding site only slightly decreased B-galactosidase ex-
pression (compare the first two constructions of Fig. 3),
while the elimination of a similar site in the FBP! pro-
moter did not change the amount of FbPase expressed
(see Table I in Ref. [2]). It should be observed also that
the GRF1 binding site operates ir many cases together
with a CTTCC motif [18] and such a motifis not present
in the FBPI and PCKI promoters,

As shown in Fig. 4D binding regions for the MI1GI
protein [19] can be found in the two genes and removal
of these regions had marked effects on gene expression
(see Figs. 2 and 3). Unexpectedly, regulaiion of the
expression of FBPI and PCK! was not aifected in a
strain carrying a deletion of the MIG! gene and regu-
lated expression of §-galactosidase from the fusion gene
FBP!-lacZ was also independciit of the presence of the
MIG] protein (Table I1). Moreover we did not observe
differences between the MIGI1™ and mig™ strains in the
kinetics ol derepression of FbPase and PEPCK in a rich
medium with glucose upon glucose exhaustion. These
results would suggest that MIGI is redundant with
some other repressory protein(s). The situation differs
from that of other genes regulated by catabolite repres-
sion, such as SUC2 or GAL/, for which glucose repres-
sion is strongly reduced by a deletion of M/G/ although
not totally eliminated [5,20]. While overexpression of
MIG! has a marked repressing effect on the SUC2 and
GAL genes [5], we found that overexpression of MIG!
driven by the pMIG1 plasmid [3] did not reduce signif-
icantly the derepressed levels of FbPase and PEPCK. In
addition, while defects in the CAT4 gene (allelic to
MIGI, H. Ronne, personal communication) allowed the
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Table 11

Effect of MIG1 on the expression of FBPf, PCKI and the FBPI-lacZ
fusion gene

Strains FbPase PEPFCK fB-galac-
tosidase
R D R D R D
W303-1A/plJll
(MIG1*) <3 9 170 9 720
H190/plsl1
(migl™) <3 55 g 200 9 980

Enzyme levels were determined in repressing (R) and derepressing (D)
conditions [6] in strains transformed with the pJJ11 plasmid. Activities
are expressed in milliunits per mg protein.

expression of SUC2 and MAL genes in a catl back-
ground [21], we did not observe any FbPase or PEPCK
derepression in strain H368 which has deletions in both
the MIG! and CATI (=SNFI) genes.

Since MIG1 has been described as a repressing pro-
tein it was surprising to find consensus binding sites for
MIGI in UAS elements of the FBP! and PCKI promot-
ers. A possible explanation would be the existence of
some activating protein(s) with a Zn-finger sequence
similar to that of MIG1, and which could therefore bind
to sequences related to those recognized by MIG1. This
would also explain the paradox of the large effect ob-
served on the expression of the fusion genes upon re-
moval of MIGI1 binding sequences and the absence of
effect of a disruption in the M/G/ gene.
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