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In Saccharomyces cerevisiae, AMP biosynthesis genes (ADE genes) are transcriptionally activated in the
absence of extracellular purines by the Baslp and Bas2p (Pho2p) transcription factors. We now show that
expression of the ADE genes is low in mutant strains affected in the first seven steps of the pathway, while it
is constitutively derepressed in mutant strains affected in later steps. Combined with epistasy studies, these
results show that 5'-phosphoribosyl-4-succinocarboxamide-5-aminoimidazole (SAICAR), an intermediate me-
tabolite of the pathway, is needed for optimal activation of the ADE genes. Two-hybrid studies establish that
SAICAR is required to promote interaction between Baslp and Bas2p in vivo, while in vitro experiments
suggest that the effect of SAICAR on Baslp-Bas2p interaction could be indirect. Importantly, feedback
inhibition by ATP of Ade4p, catalyzing the first step of the pathway, appears to regulate SAICAR synthesis in
response to adenine availability. Consistently, both ADE4 dominant mutations and overexpression of wild-type
ADE4 lead to deregulation of ADE gene expression. We conclude that efficient transcription of yeast AMP
biosynthesis genes requires interaction between Baslp and Bas2p which is promoted in the presence of a
metabolic intermediate whose synthesis is controlled by feedback inhibition of Aded4p acting as the purine

nucleotide sensor within the cell.

In Saccharomyces cerevisiae, biosynthesis pathways are gen-
erally negatively regulated by their end product. This regula-
tion usually occurs at two distinct levels, feedback inhibition of
an enzyme of the pathway (commonly the first one) and coor-
dinate repression at the transcriptional level of the genes en-
coding enzymes of the pathway.

Studies on the regulation of the purine biosynthesis pathway
in S. cerevisiae revealed that all the genes encoding enzymes
required for AMP de novo biosynthesis are repressed at the
transcriptional level by the presence of extracellular purines
(adenine or hypoxanthine) (6, 7, 10, 23). Two transcription
factors, named Baslp and Bas2p, are required for regulated
activation of the ADE genes (6) as well as some histidine
biosynthesis genes (2, 7, 35). A LexA-Bas1p fusion can activate
a lexAop-lacZ reporter in the presence of Bas2p and in the
absence of adenine, suggesting that the regulation process af-
fects the interaction between the two transcription factors (44).
A Baslp subdomain, named BIRD, was identified as being
critical for adenine response and Baslp-Bas2p interaction in
vivo (29). However, our understanding of how this domain
senses and responds to extracellular adenine is still incomplete.

Our previous work on mutants in which purine biosynthesis
genes are no longer repressed by extracellular adenine allowed
us to better understand the molecular nature of the signal (13).
These mutations, named bra for bypass of repression by ade-
nine, define more than nine complementation groups, several
of which have been characterized. BRA7 is FCY2, the gene
coding for the purine cytosine permease (Fig. 1) (13). BRA6 is
HPT1I, the gene encoding hypoxanthine-guanine phosphoribo-
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syltransferase (13), and BRA3 is GUKI, the GMP kinase-en-
coding gene (21). BRAI is ADEI3 and BRAY is ADEI2, en-
coding adenylosuccinate lyase and adenylosuccinate synthase,
respectively. From these data we proposed that for repression
of the ADE genes, adenine has to enter the cell and be me-
tabolized to AMP via formation of hypoxanthine and IMP
(Fig. 1). Finally, we have shown that AMP needs to be phos-
phorylated into ADP to exert its regulatory role (13).

To get a more complete view of AMP biosynthesis regula-
tion in a eukaryotic organism, we have now characterized the
remaining three complementation groups (bra2, bra4, and
bra5) and six dominant mutations. Additionally, a systematic
analysis of the role of each of the de novo pathway genes in
their own transcriptional regulation revealed a feedback loop
linking the previously characterized ADP signal to a metabolic
intermediate in the pathway which activates expression of the
ADE genes by affecting the interaction between Baslp and
Bas2p.

MATERIALS AND METHODS

Yeast strains and media. Yeast strains are listed in Table 1. Strain Y744 is a
ura3 segregant from the original prototrophic PUR6 mutant (1) mated to the
wild-type PLY122 strain. Strain Y1095 (adel6 adel7) was constructed by mating
the Y11583 and Y06561 strains. After sporulation of the resulting diploid, non-
parental ditype tetrads containing two spores that were geneticin resistant and
auxotrophic for adenine and two spores that were geneticin sensitive and pro-
totrophic for adenine were identified. Results obtained with one such spore,
named Y1095, that was both geneticin resistant and an adenine auxotroph are
presented in this work, although several other double mutant spores were tested
and behaved similarly. Strain Y1124 (ade2) was obtained by sporulating the
diploid strain Y22384. Among the resulting spores, ade2 spores were identified
by their red color, adenine auxotrophy, and geneticin resistance. One of these
spores, named Y1124, isogenic to the wild-type strain BY4742, was used in this
work. Strain Y1161 (adel homozygous diploid) was constructed by mating strains
Y00414 and Y10414. Strain Y1168 (basl ade5,7) was constructed by mating
strains Y16015 and Y04601. After sporulation of the resulting diploid, nonpa-
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FIG. 1. Schematic representation of purine metabolism in S. cer-
evisiae. Abbreviations: AIR, 5'-phosphoribosylaminoimidazole; CAIR,
5'-phosphoribosylaminoimidazole carboxylate; FAICAR, 5'-phospho-
ribosyl 4-carboxamide-5-formaminoimidazole; FGAM, 5'-phosphori-
bosyl-N-formylglycinamidine; FGAR, 5’-phosphoribosyl-N-formylgly-
cinamide; GAR, 5’-phosphoribosylglycinamide; IMP, inosine 5'-
monophosphate; PRA, 5-phosphoribosylamine; PRPP, 5-phosphoribosyl-
1-pyrophosphate; SAMP, adenylosuccinate; XMP, xanthosine 5'-
monophosphate. Gene names are italicized, and corresponding
enzymatic activities of the IMP biosynthesis pathway are indicated. For
simplicity, nucleosides are not represented.

rental ditype tetrads containing two geneticin-resistant spores and two geneticin-
sensitive spores were identified. One such spore, named Y1168, that was both
geneticin resistant and auxotrophic for adenine was used in this work. Several
other double mutant spores were tested and behaved similarly. Yeast media
(YPD, SC, and SD) were prepared according to Sherman et al. (34). SD casa
medium is SD supplemented with 0.2% (wt/vol) casamino acids (Difco Labora-
tories).

Plasmids. P79 is a URA3 centromeric plasmid carrying the BASI gene in the
Ycp50 backbone (30). B273 is a URA3 centromeric plasmid carrying the BASI-
BAS2 fusion (29). Plasmids used in the two-hybrid experiments have already
been described. pSH18-34 is a 2um URA3 plasmid carrying the lex4op-lacZ
reporter (14). pEG202 is a 2pum HIS3 plasmid carrying lexA (12). p2099 is a 2um
HIS3 plasmid carrying a lexA-BAS1 fusion (44), and pSH17-4 is a 2um HIS3
plasmid carrying a lexA-GAL4 fusion (15). B354 is a centromeric LEU2 plasmid
carrying a BAS2-VP16 fusion (29).

Plasmids used for overexpression of ADE genes are derivatives of YEp13 (4).
YEp13:(ADEI)1 (5), pYeADES5,7(5.2) (16), pPM13 (23), and P1199 (laboratory
collection) are LEU2 2um plasmids carrying ADE1, ADES,7, ADE4, and ADE17,
respectively. P1933, the plasmid carrying the Tet-ADE4 fusion, was constructed
as follows. A 1,536-bp fragment carrying the ADE4 coding sequence was ampli-
fied by PCR from yeast genomic DNA using synthetic oligonucleotides 429
(5'-AAACTGCAGTCAATAATCTGCACAATTATATAATC-3') and 48 (5'-C
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GCGGATCCAAATGTGTGGTATTTTAG-3'). The PCR product was cut with
BamHI and PstI and introduced into pCM189 (9) that had been linearized with
BamHI and PstI.

Complementation of bra2-2 mutation. An ADE17-TPK2 fusion was con-
structed by successive cloning of TPK2 and ADEI7 in pSK (Stratagene). A PCR
fragment carrying the TPK2 coding sequence was amplified with oligonucleotides
184 (5'-CGCGGATCCATGGAATTCGTTGCAGAA-3") and 185 (5'-GCTCT
AGATGAATCTCTAAGATCTA-3"). The PCR fragment was then restricted
with EcoRI and Xbal and inserted in pSK linearized with the same enzymes. The
resulting plasmid (named P1540) was linearized with EcoRI and Kpnl and used
to insert the ADE17 promoter region amplified from P753 (ADE17-lacZ-carrying
plasmid [7]) with oligonucleotides 102 and 310 and cut with EcoRI and Kpnl. In
the resulting plasmid (P1548), the TPK2 coding region is placed under control of
ADE]I7 transcription signals. The sequences of oligonucleotides 102 and 310
were 5'-GCAGCGAGTCAGTGAGCG-3' and 5'-GGAATTCCATATTTGAT
GGTGATATG-3', respectively. Finally, an Xbal-Kpnl restriction fragment car-
rying the ADE17-TPK2 fusion was cloned in the YEplac181 LEU2 2pm vector
(11). The resulting plasmid, named P1721, was used to clone the bra2 mutants.

Since overexpression of TPK2 is lethal (26), the ADE17-TPK2 plasmid is toxic.
Toxicity was only observed in the absence of adenine when expression of TPK2
was high, while ADE17-TPK2-transformed cells were able to grow in the pres-
ence of adenine (repression conditions). In the bra mutants, ADE17-TPK2 was
toxic both in the absence and in the presence of adenine. The bra2-2 mutant was
cotransformed with the ADE17-TPK2 plasmid and with a genomic library con-
structed in the pFL38 vector (kind gift from F. Lacroute). Cotransformants able
to grow in the presence of adenine were tested further, and plamid DNA was
extracted from those unable to grow in the absence of adenine, i.e., behaving like
the wild type. Indeed, one plasmid that was able to complement the bra2-2
mutation was isolated (P1813). This plasmid carries a 3,074-bp insert containing
726 bp upstream and 897 bp downstream of ADE13, which is the only complete
open reading frame in this insert.

Linkage analyses. Linkage between bra2 and ADE13 was established using a
wild-type strain carrying the LEU2 marker inserted at the ADE13 locus (Y610).
This strain was crossed to the bra2-2 mutant carrying an ADE-lacZ plasmid. The
resulting strain was sporulated, and 21 tetrads were analyzed. In all tetrads, the
Bra phenotype, monitored by the lacZ fusion, segregated 2:2 and all adenine-
derepressed spores were Leu™. bra2 and ADEI3 are therefore tightly linked.
Similar linkage analysis was done with bra4-2 and bra5-2. In both cases, the Bra
phenotype was found to segregate 2:2 in the cross in 20 and 21 tetrads, respec-
tively. As in the case of bra2, constitutive expression of the ADEI-lacZ fusion
always cosegregated with the Leu™ phenotype, demonstrating the tight linkage
between bra4, bra5, and ADE13.

Three dominant purine-excreting mutants (named 128, 131, and 133) were
crossed to the ade4 knockout strain, and the meiotic progeny were analyzed. In
all tetrads (15, 13, and 16, respectively) the two geneticin-sensitive spores were
excreting purines in the medium, demonstrating that these mutations are tightly
linked to ade4. The BRA11-1 mutant was crossed to the two remaining dominant
purine-excreting mutants, named 215 and 225 (13). In both cases, all spores in
the meiotic progeny were excreting purines into the medium (16 and 17 tetrads
tested, respectively). Therefore, the mutations in all six dominant BRA mutants
excreting purines are tightly linked to ADE4.

lacZ fusions and BGal assays. The lacZ fusions used in this study have been
described previously (6, 13). P115 is a plasmid carrying an ADE]-lacZ fusion in
the 2um URA3 vector YEp356R (25). P473 is a plasmid carrying an ADEI-lacZ
fusion in the 2pum LEU2 vector YEp367 (25). B-Galactosidase (BGal) assays
were performed as described by Kippert (18) on cells grown for 6 h in the
presence or absence of adenine. BGal units are defined as [(optical density at 420
nm [OD 4,0 X 1,000)/(ODgyo X minutes X milliliters)]. In each experiment, at
least two independent BGal assays were performed, and each assay was done on
three independent transformants. The variation between assays in each experi-
ment was <20%.

HPLC analysis of excreted purine compounds of BRA11-1 mutant. Wild-type
and BRA11-1 strains were grown in adenine- and uracil-free SC medium. Cells
were then harvested, and the medium was filtered. Separation of purine com-
pounds of the medium was achieved by high-pressure liquid chromatography
(HPLC) using a Supelcosil LC-18 5-pm reversed-phase column with a step
gradient set up with buffer 1 (0.01 M KH,PO,) and buffer 2 (20% buffer 1, 80%
methanol). The following proportions of buffer 1/buffer 2 were used at the
indicated run times: 0 min (97/3), 13 min (89/11), 17 min (75/25), 19 min (30/70),
and 27 min (97/3), and the flow rate was 1 ml/min. Excreted purine compound
separation was monitored by following absorbance at 260 nm at the column end,
and the different peaks obtained were identified by comparison with the reten-
tion times of known standards. The hypoxanthine and inosine peaks in the
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TABLE 1. Yeast strains used in this study”

Strain Genotype Source
PLY121* MAT« leu2-3,112 ura3-52 lys2-A201 his3-A200 P. Ljungdahl
124% MATa leu2-3,112 ura3-52 lys2-A201 his3-A200 bra2-2 Lab collection
127% MAT« leu2-3,112 ura3-52 lys2-A201 his3-A200 BRAI1-1 Lab collection
128* MATo leu2-3,112 ura3-52 lys2-A201 his3-A200 BRA11-2 Lab collection
131* MAT« leu2-3,112 ura3-52 lys2-A201 his3-A200 BRA11-3 Lab collection
133* MATo leu2-3,112 ura3-52 lys2-A201 his3-A200 BRA11-4 Lab collection
PLY122° MATa leu2-3,112 ura3-52 lys2-A201 P. Ljungdahl
206* MATa leu2-3,112 ura3-52 lys2-A201 bra5-2 Lab collection
211* MATa leu2-3,112 ura3-52 lys2-A201 bra2-3 Lab collection
213* MATa leu2-3,112 ura3-52 lys2-A201 bral-2 Lab collection
215% MATa leu2-3,112 ura3-52 lys2-A201 BRAI1-5 Lab collection
225% MATa leu2-3,112 ura3-52 lys2-A201 BRAI11-6 Lab collection
242* MATa leu2-3,112 ura3-52 lys2-A201 bra4-2 Lab collection
L3852% MATo ade2 his3 A200 leu2-3,112 lys2A201 ura3-52 G. Fink
14233 MATo leu2-A2 ura3-52 gen4-2 basl-2 bas2-2 G. Fink
BY4741° MATa his3-Al leu2-A0 metl5-A ura3-A0 J. Boeke
BY4742° MATa his3-Al leu2-A0 lys2-A0 ura3A0 J. Boeke
Y610* MATo leu2-3,112 lys2-A201 his3-A200 ura3-52 ADE13::ADE13-LEU2 Lab collection
Y744 MATa ura3-52 PUR6 This work
Y1095° MATa his3-Al leu2A0 lys2-A0 ura3-A0 adel6::kanMX4 adel7::kanMX4 This work
Y1124° MATo his3-Al leu2-A0 lys2-A0 ura3 A0 ade2::kanMX4 This work
Y1161° MATa/o his3-A1/his3-Al leu2-A0/leu2-A0 lys2-AO/LYS2 metl15-AO/METIS This work

ura3-Aadel::kanMX4/adel::kanMX4
Y1168° MATa his3-Al leu2-A0 metl5-A ura3-A 0 basl::kanMX4 ade5,7::kanMX4 This work
Y1259* MAT« leu2-3 lys2A201 ura3-52 his3A200 adel3 This work
Y1260* MATa leu2-3 lys2A201 ura3-52 This work
Y1261* MATa leu2-3 lys2A201 ura3-52 his3A200 ade2 adel3 This work
Y1262* MATa leu2-3 lys2A201 ura3-52 ade2 This work
Y00414 MATa his3-Al leu2-A0 met15-A0 ura3-A0 adel::kanMX4 Euroscarf
Y03803 MATa his3-Al leu2-A0 metl5-A0 ura3-A0 bas2::kanMX4 Euroscarf
Y04601° MATa his3-Al leu2-A0 metl5-A0 ura3-A0 ade5,7::kanMX4 Euroscarf
Y06015° MATa his3-Al leu2-A0 metl15-A0 ura3-A0 basl1::kanMX4 Euroscarf
Y06561° MATa his3-Al leu2-A0 met15-A0 ura3-A0 adel7::kanMX4 Euroscarf
Y00888° MATa his3-Al leu2-A0 met15-A0 ura3-A0 ade4::kanMX4 Euroscarf
Y10414° MATo his3-Al leu2-A0 lys2-A0 ura3-A0 adel ::kanMX4 Euroscarf
Y14244° MATa his3-Al leu2-A0 lys2-A0 ura3-A0 ade8::kanMX4 Euroscarf
Y14601° MATo his3-Al leu2-A0 lys2-A0 ura3-A0 ade5,7::kanMX4 Euroscarf
Y14691° MATa his3-Al leu2-A0 lys2-A0 ura3-A0 ade6::kanMX4 Euroscarf
Y11583° MATo his3-Al leu2-A0 lys2-A0 ura3-A0 adel6::kanMX4 Euroscarf
Y16015° MATa his3-Al leu2-A0 lys2-A0 ura3-A0 basl::kanMX4 Euroscarf
Y10888° MATo his3-Al leu2-A0 lys2-A0 ura3-A0 ade4::kanMX4 Euroscarf
Y22384° MATa/a his3-Al/his3-Al leu2-A0/leu2-A0 lys2-AO/LYS2 met15-A0/METI1S5 Euroscarf

ura3-A0 ade2::kanMX4/ADE2

“ Strains with the same superscript letter are isogenic.

BRA11-1 mutant strain growth medium were confirmed by treating the growth
medium for 60 min at 37°C with either purine nucleoside phosphorylase (Sigma;
0.01 U/ml) or xanthine oxidase (Sigma; 0.01 U/ml), which metabolize inosine to
hypoxanthine and hypoxanthine to uric acid, respectively.

Western blot analyses. Total yeast protein extracts were made as described
previously (19). Proteins were separated by 10% Tris-glycine sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and Western blot anal-
ysis was done as described (29), using anti-Bas2p (diluted 1:25,000; kind gift from
O. S. Gabrielsen) or purified anti-Baslp (diluted 1:1,000 [29]) as primary anti-
bodies and peroxidase-conjugated anti-rabbit immunoglobulin G (IgG; diluted
1:10,000, Pierce) as the secondary antibody.

Glutamine PRPP amidotransferase (Adedp) activity determination. Yeast
strain YO0888 (ade4) was transformed with either plasmid p1933 or pCM189,
containing and not containing the ADE4 gene, respectively. Cells (400 ml) were
grown to an ODgq, of 1 in SD casa medium (containing tryptophan and adenine),
harvested by centrifugation, rinsed with 2 ml of buffer A (24), and finally resus-
pended in 2 ml of the same buffer. Glass beads (3 g) were added, and cells were
disrupted by four vigorous vortexing cycles for 1 min at room temperature,
followed by 2 to 3 min of incubation on ice. Supernatant was transferred in a 2-ml
Eppendorf tube. Beads were rinsed with 2 ml of buffer A, and the second
supernatant was combined with the first one. Samples were centrifuged for 10
min at 20,000 X g and 4°C, pellets were discarded, and supernatants were

dialyzed for 1 h against buffer A (4 liters). Protein concentration was measured
after dialysis using the Bio-Rad protein assay kit. Extracts usually contained
about 8 mg of proteins/ml.

Glutamine 5-phosphoribosyl-1-pyrophosphate (PRPP) amidotransferase ac-
tivity was then determined by measuring the initial rate of glutamate formation
as described (24) in either the presence or absence of nucleotides. For each
determination, a control reaction was done in the same conditions but in the
absence of PRPP. Measurements were done with 500 to 600 pg of total yeast
protein extract per assay for 10 min at 37°C. The reaction was stopped by 2 min
of incubation at 100°C. The glutamate formed was measured by the glutamate
dehydrogenase method. Aliquots of the first reaction (100 pl) were transferred
in a spectrophotometer cuvette containing 400 pl of buffer B (KH,PO,/K,HPO,,
0.12 M [pH 8] containing NADP, 1.1 mg/ml, and glutamate dehydrogenase, 2.6
U/ml). Absorbance was recorded for 10 min at room temperature. In these
conditions, the reaction is linear up to consumption of 200 nmol of glutamate.
The PRPP-dependent Adedp activity measured in the absence of nucleotide was
52.3 £ 5.6 nmol of glutamate/min/mg of protein. No measurable activity was
obtained for the ade4 yeast strain (Y00888 transformed by the pCM189 plasmid)
not containing the ADE4 gene.

Synthesis of SAICAR. 5’-Phosphoribosyl-4-succinocarboxamide-5-aminoimi-
dazole (SAICAR) was prepared from 5’-phosphoribosyl-4-carboxamide-5-ami-
noimidazole (AICAR) by an enzymatic method. The reaction mixture containing
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FIG. 2. Bra phenotype of bra5-2, bra2-3, and bra4-2 mutant strains
is complemented by ADE13. Yeast strains 206 (bra5-2), 211 (bra2-3),
242 (bra4-2), and the isogenic wild-type PLY122 were cotransformed
with a plasmid carrying the ADEI-lacZ fusion (P473) and a plasmid
carrying the ADE13 gene (P1813) or the corresponding empty centro-
meric vector (pFL38, lanes —). BGal assays were performed after
growth for 6 h in SC medium in the absence (low ade) or presence
(high ade) of adenine (0.3 mM), as described in Materials and Meth-
ods.

0.5 M fumarate, 23 mM AICAR (Sigma), and 20 mg of adenylosuccinase (Sigma)
was incubated for 4 h at room temperature and passed through a QAE Sephadex
A column. SAICAR was eluted from the column with a 20 to 800 mM gradient
of NH,HCO;.

Electrophoresis mobility shift assays. The 81-bp probe containing Baslp and
Bas2p DNA-binding sites was obtained by PCR on yeast genomic DNA in the
presence of 5 pl of [a-3?P]dATP (400 Ci/mmol) with oligonucleotides 125 (5'-
CGCCCCGTCGGTAG-3") and 126 (5'-AGTTCAAGCCCATCGC-3'). The
22-bp oligonucleotide probe was obtained by labeling oligonucleotides 463 (5'-
GTGCCGACTGACTCGTGTCCTG-3") and 464 (5'-CAGGACACGAGTCA
GTCGGCAC-3") with T4 polynucleotide kinase (Promega) in the presence of 10
ul of [y-**P]ATP. Protein purification and electrophoresis mobility shift assays
were performed as described previously (30, 40).

RESULTS

Mutations of bra2, bra4, and bra5 complementation groups
are complementing alleles of ADE13. A plasmid complement-
ing the bra2-2 mutation was isolated by rescuing the toxicity of
an ADE17-TPK?2 fusion in the presence of adenine (see Ma-
terials and Methods for details). Sequencing of both ends of
the plasmid insert revealed that it carries a 3-kb insert con-
taining the ADE3 gene. This plasmid fully complemented the
derepressed phenotype of the bra2-2 mutation and also com-
plemented other bra2 alleles (see, for example, bra2-3, in Fig.
2). ADEI3 was previously shown to complement the bral and
bra8 mutations (13). Linkage between bra2 and ADE13 was
then established (see Materials and Methods for details). We
conclude that bra2 mutants define a new case of intragenic
complementation at the ADE13 locus.

Since bra4 and bra5 mutants share several phenotypes with
bra2 mutants (13) we suspected that they could also be alleles
of ADEI3. Indeed, we found that bra4-2 and bra5-2 were fully
complemented by an ADEI3 centromeric plasmid (Fig. 2).
Linkage analysis was done as detailed in Materials and Meth-
ods and demonstrated tight linkage between bra4, bra5, and
ADE]13. Finally, adenylosuccinate lyase activity was found to be
strongly impaired in the bra2-3, bra4-2, and bra5-2 mutants
(data not shown). Therefore the three previously uncharacter-
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ized bra complementation groups (bra2, bra4, and bra5) cor-
respond to complementing alleles of the ADEI3 locus.

These data complete our study of the recessive mutations of
the bral to bra9 complementation groups. These mutations
affect five different genes: ADE13 (bral, bra2, bra4, bra5, and
bra8), GUKI (bra3), HPTI (bra6), FCY2 (bra7), and ADEI2
(bra9) (Fig. 1) (13, 21). Since several mutants were found in
most of these complementation groups, we believe that the
screen was reasonably exhaustive. An intriguing observation
emerging from the whole data set was that most of the adel3
mutants in the bral, bra2, bra4, bra5, and bra8 complementa-
tion groups belong to a specific class of mutants previously
named class 3 mutants (13). In these mutants, expression of the
ADE genes is higher than in the wild-type strain under both
repression and derepression conditions (presence and absence
of adenine, respectively; Fig. 2).

Why should expression of the ADE genes increase in the
adel3 mutants? We previously proposed (see discussion in
reference 13) that this specific behavior of adel3 mutants could
reflect the fact that Adel3p catalyzes two steps in AMP syn-
thesis, the eighth step of IMP synthesis and the last step of
AMP synthesis (Fig. 1) and thus participates in both de novo
purine synthesis and salvage pathways. We therefore tested
whether an interruption of the de novo pathway upstream from
adel3 would result in a similar phenotype.

Synthesis of metabolic intermediate SAICAR is critical for
ADE gene expression. Expression of the ADE-lacZ fusion was
monitored in a set of isogenic strains each carrying a deletion
of a specific ADE gene encoding one of the first seven steps of
IMP biosynthesis (ade4 to adel; Fig. 1). Since these mutants
are auxotrophic for adenine, expression of the fusion could not
be monitored in the absence of adenine. We therefore used a
low adenine concentration (0.025 mM), which sustained
growth of the auxotrophic strains during the 6-h shift but was
not high enough to induce repression in the wild-type strain
(Fig. 3A). Expression of the ADE1-lacZ fusion was very low in
the ade mutants with mutations affecting the first seven en-
zymes of the pathway and was not efficiently induced at low
adenine concentrations (Fig. 3A). This result suggested that, in
these mutants, something required for activation of the ADE
genes by Baslp and Bas2p was missing even under adenine
starvation conditions.

To get a complete picture of the role of the IMP synthesis
pathway on ADE gene regulation, we then investigated muta-
tions further downstream in the pathway. Mutations affecting
the three final steps of IMP synthesis were studied (Fig. 1).
Since deletion of ADE13 strongly affects growth, expression of
ADEI1-lacZ was measured in the bra2-2 mutant and isogenic
wild-type strain (Fig. 3B). In this mutant and in all adel3
mutants tested, expression of ADEI-lacZ was derepressed,
suggesting that these mutants accumulate something required
for activation of the ADE genes. Finally, the effect of mutations
affecting the two final steps was studied. These steps are cat-
alyzed by bifunctional enzymes encoded by the ADEI6 and
ADE17 genes, and knockout of both genes is required to ob-
tain an adenine auxotrophic mutant (39). Expression of ADE -
lacZ measured in the double knockout is presented in Fig. 3C.
As in the adel3 mutants, expression was fully derepressed,
suggesting that the double mutant accumulates something re-
quired for activation of the ADE genes. Furthermore, the high
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FIG. 3. Effect of mutations in IMP biosynthesis genes on expression of ADE[-lacZ. Yeast strains transformed with a plasmid carrying the
ADE]I-lacZ fusion (P115) were grown for 6 h in SD casa medium containing adenine at either a low (0.025 mM, low ade) or high concentration
(0.3 mM, high ade), and BGal activity was then measured as described in Materials and Methods. The following strains were used: (A) BY4742
(wild type), Y10888 (ade4), Y14601 (ade5,7), Y14244 (ade8), Y14691 (ade6), Y1124 (ade2), and Y10414 (adel); (B) PLY121 (wild type) and 124
(adel3); (C) BY4742 (wild type) and Y1095 (adel6 adel7). Strains used in each panel are isogenic. The 10 steps of IMP biosynthesis are

schematically represented at the top of the figure.

level of ADEI-lacZ expression in the adel6 adel7 auxotrophic
mutant clearly demonstrated that the low expression of the
fusion in the other ade mutants was not due to their adenine
auxotrophy.

Altogether, these data strongly suggest that blocking the
synthesis of SAICAR by invalidating one of the first seven
steps of IMP synthesis results in a lack of activation of the
ADE]I-lacZ fusion while impairing the last three steps by mu-
tations in either ADEI3 or ADE16 and ADEI7 results in con-
stitutively derepressed expression of the fusion. These results
point to SAICAR (and possibly AICAR; see Discussion sec-
tion) as an important molecule in the signal transduction pro-
cess (Fig. 1). A prediction from this hypothesis is that muta-
tions in the first part of the pathway should be epistatic to
mutations in the second part.

An ade2 adel3 (bral-2) double mutant was constructed by
mating isogenic ade2 and adel3 mutant strains 1.3852 and 213
and sporulating the resulting diploid. Ten tetrads were ob-
tained, and expression of an ADEI-lacZ fusion was measured
in the four spores of each tetrad. In each tetrad, the two ade2
spores were identified by their typical red color and auxotrophy

for adenine. In all 10 tetrads, the two ade2 spores showed
constitutively repressed expression of ADE1-lacZ. Results ob-
tained for a tetratype are presented in Table 2. As expected,
the ade2 adel3 spores have the same repressed phenotype as
the ade2 ADE13 spores, and this phenotype is abolished by
transformation with an ADE2 CEN plasmid (pASZ11 [37]).

These results clearly show that ade2 is epistatic to adel3.
Therefore, the deregulation observed in the adel3 mutants,
presumably due to accumulation of SAICAR, is prevented
when synthesis of SAICAR through the de novo pathway is
abolished by the upstream ade2 mutation.

Synthesis of SAICAR is correlated to Baslp Bas2p interac-
tion in vivo. The molecular mechanism of adenine repression
of the ADE genes is thought to involve an alteration of Bas1p-
Bas2p interactions (29, 44). Our data presented above now
suggest that SAICAR is required for expression of ADE-lacZ,
possibly by favoring Baslp-Bas2p interaction. The link be-
tween production of this metabolic intermediate and interac-
tion of Baslp and Bas2p was investigated. First we took ad-
vantage of a Baslp-Bas2p fusion protein previously shown to
activate transcription of ADEI-lacZ independently of adenine

TABLE 2. Expression of an ADEI-lacZ fusion in a tetratype obtained by mating ade2 and adel3 (bral-2) mutant strains

BGal activity (U)

No plasmid

ADE?2 plasmid

Spore Relevant genotype
Adenine concn (mM) Adenine concn (mM)
DR/R? DR/R

0.025 0.3 0 0.3
Y1259 adel3 541 198 2.7 - — —
Y1260 Wild type 252 21 12.0 — — —
Y1261 ade? adel3 37 22 1.7 512 165 3.1
Y1262 ade2 26 11 2.4 192 20 9.6

“ DR/R, ratio of the activities measured under derepressing conditions (0 or 0.025 mM adenine, as indicated) versus repressing conditions (0.3 mM adenine).

> _ not done.
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FIG. 4. Effect of an ade5,7 mutation on transcriptional activation
by a Baslp-Bas2p fusion and on interaction between LexA-Baslp and
Bas2p. Yeast strains were cultured on SC medium supplemented with
adenine at either a low (0.025 mM, low ade) or high adenine concen-
tration (0.3 mM, high ade). BGal assays were performed as described
in Materials and Methods. (A) Strains Y06015 (bas! ADE5,7) and
Y1168 (basl ade5,7) were cotransformed with a plasmid carrying the
ADE]I-lacZ fusion (P473) and either a control plasmid (YCp50) or the
same plasmid carrying BAS1 (P79) or a BAS1-BAS2 fusion (B273). (B)
Strains Y06015 (bas! ADE5,7) and Y1168 (basI ade5,7) were cotrans-
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(29). The Baslp-Bas2p fusion protein or the Baslp protein
alone (control) was expressed in a basl ade5,7 double mutant
and in a bas! ADES,7 isogenic control strain. Expression of the
Baslp-Bas2p fusion protein in both strains resulted in consti-
tutively derepressed expression of the ADEI-lacZ fusion (Fig.
4A), showing that the absence of SAICAR synthesis in the
ade5,7 mutant does not affect activation by the fusion. On the
contrary, expression of Baslp alone in the basI ade5,7 mutant
resulted in a constitutively repressed phenotype (Fig. 4A). Fi-
nally, expression of Baslp in the bas! ADES,7 strain led to
adenine-regulated expression of the ADEI-lacZ fusion (Fig.
4A). Thus, a covalent interaction between Baslp and Bas2p
can bypass the requirement for the metabolic intermediate.

Second, using a two-hybrid approach, interaction between
LexA-Baslp and Bas2p was assayed in various genetic back-
grounds by monitoring expression of a lex4op-driven reporter
gene in vivo. As shown in Fig. 4B, in the bas! strain, expression
of lexAop-lacZ relies on the presence of LexA-Baslp and was
much more efficient at a low adenine concentration. In the
bas1 adeS,7 strain, lexAop-lacZ expression was low at both high
and low adenine concentrations, while the amount of LexA-
Baslp and Bas2p was not affected (Fig. 4C). Therefore, the
ade5,7 mutation leading to low expression of ADE1-lacZ (Fig.
3A) impaired the LexA-Baslp/Bas2p interaction in vivo
(Fig. 4B). In these experiments, activation by LexA-Baslp
was strictly dependent on the presence of Bas2p (data not
shown).

A similar two-hybrid approach was used to evaluate Baslp-
Bas2p interaction in constitutively derepressed mutants. Since
these mutants carry the wild-type BASI gene, we coexpressed
a BAS2-VP16 fusion to avoid competition for Bas2p between
endogenous Baslp and LexA-Basl1p. Indeed, such competition
was observed in our strains (data not shown) and was previ-
ously reported by Zhang et al. (44). As expected, in the wild-
type strain interaction between LexA-Baslp and Bas2p-VP16
was strong in the absence of adenine and low in the presence
of adenine (Fig. 5A). The same protein interaction monitored
in a bra2-2 (adel3) or BRAII-I strain (see next section) was
high in both the presence and absence of adenine (Fig. 5A),
showing that the LexA-Baslp/Bas2p-VP16 in vivo interaction
tightly reflected ADE gene expression (Fig. 5B).

In the same experiment, expression of lex4op-lacZ driven by
LexA-Gal4p was totally insensitive to adenine and mutations
in the ADE pathway (Fig. 5A). Therefore, these two-hybrid
studies further substantiate the role of SAICAR in promoting
interaction between Baslp and Bas2p in vivo. In this hypoth-
esis, the regulation by adenine of ADE gene transcription
would operate by modulating the amount of SAICAR, and we
therefore intended to find out how SAICAR synthesis is reg-
ulated in yeast cells. We reasoned that a mutation that makes

formed with a plasmid carrying the lexAop-lacZ fusion (pSH18-34) and
a plasmid carrying either a lex4-BAS1 fusion (p2099) or unfused lexA
(pEG202). (C) Strains Y06015 (basl ADES5,7), Y1168 (basl ade5,7),
and Y03803 (bas2), transformed or not with a plasmid carrying lexA-
BASI (p2099) as indicated, were cultured in the presence of a low or
high concentration of adenine. Total yeast protein extracts were pre-
pared and subjected to Western blot analyses with antibodies against
Baslp or Bas2p, as described in Materials and Methods. The cross-
reacting bands are marked by asterisks.
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FIG. 5. Effect of mutations in ADEI3 and BRAII on interaction
between Baslp and Bas2p in a two-hybrid assay. (A) Strains PLY121
(wild type), 124 (adel3), and 127 (BRA11-1) were cotransformed with
a plasmid carrying the lexAop-lacZ fusion (pSH18-34), a plasmid car-
rying the BAS2-VP16 fusion (P2013), and a plasmid carrying either a
lexA-BASI (p2099) or a lexA-GAL4 (pSH17-4) fusion. Cells were
grown in SC medium lacking histidine, uracil, and leucine and in the
absence (no ade) or presence (high ade) of 0.3 mM adenine. BGal
assays were performed as described in Materials and Methods. (B)
Strains PLY121 (wild type), 124 (adel3), and 127 (BRAI11-1) were
transformed with a plasmid carrying the ADEI-lacZ fusion (P115).
BGal assays were done as described in Materials and Methods after
growth for 6 h in SD casa medium lacking uracil, in the absence (no
ade) or presence (high ade) of 0.3 mM adenine.

the cell unable to sense the signal should lead to dominant
derepression of SAICAR synthesis, and thus the study of dom-
inant BRA mutations was undertaken.

Dominant purine-excreting BRA11 mutations are allelic to
ade4. In the original screen, 15 BRA mutations were found to
be fully or partially dominant (13), and 6 of these mutants
excreted purines into the medium, as determined by cross-
feeding experiments (Fig. 6A). The excreted compounds were
analyzed by chromatography. The excretion profiles showed
two major additional peaks compared to the isogenic wild-type
strain profile (Fig. 6B). These peaks were identified as hypo-
xanthine and inosine by their specific retention times before
and after treatment with purine nucleoside phosphorylase or
xanthine oxidase, which specifically metabolize inosine to hy-
poxanthine and hypoxanthine to uric acid, respectively (Fig.
6B).

One of the dominant mutations, named BRAII-1 (mutant
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FIG. 6. BRA1I-1 excretion analysis. (A) The wild-type (wt) strain
PLY121 and the BRA11-1 strain 127 were spotted on a lawn of strain
Y1161 (adel) plated on purine-free SC medium. Purine excretion was
monitored after 3 days at 30°C. (B) HPLC analysis of excreted purine
compounds. Wild-type and BRAI1-1 strains were grown in adenine-
and uracil-free SC medium. Cells were then harvested, and the me-
dium was filtered. Separation of purine compounds was achieved by
HPLC and monitored by following absorbance at 260 nm at the col-
umn end. Wild-type (a) and BRA11-1 (b) growth medium was ana-
lyzed. BRA11-1-specific peaks were identified as hypoxanthine and
inosine by their retention times and after treatment with purine nu-
cleoside phosphorylase (c), which metabolizes inosine to hypoxan-
thine, and xanthine oxidase (d), which metabolize hypoxanthine to uric
acid. Arrows indicate the identified peaks. Abbreviations: Hyp, hypo-
xanthine; Ino, inosine; Ua, uric acid.

127), was studied further. The mutant showed derepressed
expression of an ADEI-lacZ fusion, and this phenotype was
found to be dominant (Fig. 7A), while the purine excretion
phenotype was recessive (Fig. 7B). The BRAII-1 mutant was
crossed to the BY4741 wild-type strain, and both derepression
and excretion phenotypes were monitored in the meiotic prog-
eny (18 tetrads). As expected, the derepression phenotype
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FIG. 7. BRA1I-1 derepression and excretion phenotype. (A) Dip-
loid strains (PLY121 X PLY122 [+/+] and 127 X PLY122 [+/BRA11-
1]) were transformed with an ADE1-lacZ fusion (P115). Expression of
the ADE1-lacZ fusion was monitored by measuring BGal activity in the
two diploid strains after growth for 6 h in the presence (high ade) or
absence (no ade) of adenine. (B) Purine excretion phenotype in vari-
ous diploid backgrounds. The BRA11-1 mutant and isogenic wild-type
(wt) strain PLY121 were crossed to isogenic strains either wild-type
(BY4741, ADE4) or disrupted for ADE4 (Y00888, ade4). The resulting
diploid strains were assayed for cross-feeding of a lawn of adel-ho-
mozygous diploid cells (Y1161). Purine excretion, resulting in growth
of adel red-pigmented colonies, was monitored after 3 days at 30°C.

segregated 2:2 in the cross and cosegregated with the purine
excretion phenotype (data not shown).

Interestingly, one such dominant purine-excreting mutant
had been described previously as carrying a PUR6 mutation
which was shown to be allelic to ade4 (1, 22). We therefore
tested whether BRA11-1 could be allelic to ade4. The BRA11-1
mutant was crossed to the Y00888 strain, in which ADE4 is
disrupted by a geneticin resistance cassette (ade4::kanMX4)
and to the isogenic wild-type control BY4741 (ADE4). Purine
excretion was observed only in the BRA11-1/ade4 diploid (Fig.
7B). Linkage between BRA11-1 and ade4 was then estimated
by sporulating the BRA11-1/ade4::kanMX4 diploid. Among 35
tetrads, the 2 geneticin-sensitive spores were excreting purines
into the medium, demonstrating that BRA71-1 is tightly linked
to ade4. Finally, expression of the ADEI-lacZ fusion was also
tested in the original PUR6 mutant (1) and found to be dereg-
ulated (data not shown). Therefore, PUR6 and BRA11-1 be-
haved very similarly. Finally, the five other dominant purine
excretion mutations were shown to be alleles of ADE4 (see
Materials and Methods for details).

We also observed that overexpression of wild-type ADE4
resulted in both purine excretion (Fig. 8A) and derepression of
the ADEI-lacZ fusion, while overexpression of other ADE
genes had no effect (Fig. 8B). Therefore, either dominant
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FIG. 8. Effect of ADE4 overexpression. (A) Purine excretion phe-
notype of strain overexpressing the ADE4 gene. The wild-type (wt)
strain BY4742 transformed either with a control plasmid (pCM189) or
with a plasmid expressing the ter-ADE4 fusion (P1933) was spotted on
a lawn of adel-homozygous diploid cells (Y1161) plated on purine-free
SD casa medium. Purine excretion was monitored after 7 days at 30°C.
(B) Effect of overexpression of several ADE genes on activation of
ADE]I-lacZ. The wild-type strain BY4742 was cotransformed with a
plasmid carrying the ADEI-lacZ fusion (P115) and a 2um plasmid
carrying one of the following genes: ADE! [YEp13:(ADE1)1], ADE5,7
[pYeADES,7(5.2)], ADE17 (P1199), ADE4 (pPM13), or the corre-
sponding empty vector (YEp13). BGal assays were performed on the
transformed strains grown for 6 h in the absence (no ade) or presence
(high ade) of 0.3 mM adenine. (C) Effect of overexpression of ADE4
on activation of the ADEI-lacZ fusion in the ade5,7 mutant strain.
Yeast strains BY4741 (wild type) and Y04601 (ade5,7) were cotrans-
formed with a plasmid carrying the ADEI-lacZ fusion (P115) and a
2pm plasmid carrying the ADE4 gene (pPM13) or the corresponding
empty vector (YEp13). BGal assays were performed after 6 h of growth
in SC medium in the presence of adenine at either a low (0.025 mM,
low ade) or high concentration (0.3 mM, high ade), as described in
Materials and Methods.

mutations or overexpression of the ADE4 gene results in pu-
rine excretion and derepression of the ADE genes. These re-
sults suggested an important role for ADE4 in regulation of the
ADE genes and was interpreted as a consequence of increased
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metabolic flow through the pathway, resulting in increased
synthesis of both SAICAR and IMP: the former leading to
constitutive transcriptional activation by Baslp and Bas2p, and
the latter being degraded to inosine and hypoxanthine and
ultimately excreted into the medium. The dominance effects
observed in the heterozygous BRAI1-1/wild-type diploid (Fig.
7) are interpreted as follows: synthesis of SAICAR in this
strain is efficient enough to result in dominant deregulation of
ADE]l-lacZ, while IMP synthesis is not sufficient to lead to
detectable purine excretion.

Adedp is the sensor of purine nucleotides. Since ADE4 en-
codes the first committed step of the pathway, it was tempting
to assume that it could play a critical role in ADE gene tran-
scriptional regulation by modulating the synthesis of the coac-
tivator SAICAR. Should this hypothesis be correct, dominant
ADE4 mutations or overexpression of ADE4 should be hypo-
static to mutations blocking the synthesis of SAICAR. This
prediction was assayed by overexpressing ADE4 in wild-type
and ade5,7 strains. We observed that overexpression of ADE4
had no effect on the low expression of ADE1-lacZ in the ade5,7
strain (Fig. 8C).

An important additional prediction would be that Adedp
enzymatic activity should be inhibited by ADP (or a deriva-
tive), previously shown to be the effector for adenine repres-
sion (13). This was investigated by in vitro measurement of
Adedp activity. This activity was hardly detectable in a wild-
type strain, and the enzyme could not be efficiently purified in
an active form from Escherichia coli. We therefore measured it
in an ade4 knockout mutant strain (Y00888) carrying either a
control plasmid (pCM189) or an ADE4 overexpression plas-
mid (P1933). In the absence of added nucleotides, Adedp
activity was not detectable in the ade4 strain transformed with
the control plasmid and was 52.3 = 5.6 U (nanomoles of
glutamate formed per minute per milligram of protein) in the
ADE4-overexpressing strain. As shown in Fig. 9A, only ADP,
ATP, and, to a lesser extent, GTP had an effect on Adedp
activity. AMP, GMP, and GDP had no inhibitory effect even at
high concentration (5 mM). For ADP, ATP, and GTP, a
greater range of concentrations were tested, confirming that
ADP and ATP are better inhibitors of Ade4p than GTP (Fig.
9B). From these data, we conclude that ADP and ATP pro-
duced from extracellular adenine regulate synthesis of the co-
activator SAICAR through inhibition of the first enzymatic
step of the pathway.

Does SAICAR directly affect Baslp-Bas2p interaction? The
major remaining question is how SAICAR affects the interac-
tion between Baslp and Bas2p. This question was addressed
using purified Baslp and Bas2p from E. coli. We first assayed
whether SAICAR could enhance cooperative binding of the
two proteins to the ADE5,7 promoter (32). No such coopera-
tive binding could be found in previous studies on the HIS4
promoter (40) or ADEI and ADE7 promoters (our unpub-
lished data). Clearly, the addition of SAICAR or AICAR did
not result in any cooperative binding (Fig. 10A). We then used
a fragment of the ADES, 7 promoter allowing binding of Baslp
but not of Bas2p (32) to test whether, when Bas1p can bind to
the probe, SAICAR (or AICAR) could promote the formation
of a Baslp-Bas2p complex in vitro. As shown in Fig. 10B, no
supershift could be detected that would suggest the formation
of such a complex. We therefore conclude that SAICAR (or
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FIG. 9. Inhibitory effect of purine nucleotides on glutamine PRPP
amidotransferase activity. Yeast strain YO0888 (ade4) was transformed
with the P1933 plasmid constitutively overexpressing Ade4p. Yeast
protein extracts were prepared as described in Materials and Methods.
Glutamine PRPP amidotransferase (Ade4p) activity was measured for
10 min at 37°C in either the absence (No) or the presence of different
nucleotides at 5 mM (A) or at increasing concentrations of various
nucleotides (B). The rate of glutamate formation was then determined
by the glutamate dehydrogenase method as described in the text. The
PRPP-dependent Ade4p activity measured in the absence of nucleo-
tide is 52.3 = 5.6 nmol of glutamate/min/mg of protein (100% activity).
No activity was measurable when the ade4-disrupted yeast strain was
transformed with the pCM189 empty vector. Results are averages of
three to nine independent experiments.

AICAR) is not likely to directly promote the interaction be-
tween the two transcription factors.

DISCUSSION

In this paper we show that transcriptional regulation of the
AMP biosynthesis genes is intimately connected to feedback
inhibition of the first step of the pathway. A model of this
regulation is presented in Fig. 11. In adenine-replete cells (Fig.
11A), ADP and ATP synthesis from adenine leads to feedback
inhibition of Ade4p, which is the controlling enzyme of the
pathway. Lower Adedp activity results in decreased synthesis
of SAICAR and reduced interaction between Baslp and
Bas2p. Consequently, transcriptional activation of the ADE
genes, including ADE4, is less efficient, and the amount of
Adedp decreases, further diminishing SAICAR synthesis.
However, SAICAR synthesis will never be turned down totally
because part of ADE gene transcription is Baslp and Bas2p
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FIG. 10. Effect of SAICAR and AICAR on in vitro binding of glutathione S-transferase (GST)-hemagglutinin (HA)-Bas1p and Bas2p to DNA.
Electrophoresis mobility shift assays were done as described in Materials and Methods. GST-HA-Baslp and Bas2p purified from E. coli were
incubated for 15 min at room temperature with 100 pM SAICAR or AICAR. Samples were then incubated for 15 min with the ADES,7
promoter-radiolabeled probe and separated on a 4% nondenaturing gel. The gel was dried, and radioactivity was revealed by autoradiography. (A)
Effect of SAICAR and AICAR on cooperative in vitro binding of Baslp and Bas2p to the ADES5,7 promoter. The probe was an 81-bp fragment
spanning the region between nucleotides —212 and —131 in the ADES5, 7 promoter, containing both Bas1p and Bas2p DNA-binding sites (32). The
complexes marked by an asterisk were only observed in the presence of both Bas2p and GST-HA-Baslp and may therefore correspond to the
binding of both proteins to the probe. Amounts of proteins added are indicated in arbitrary units. (B) Effect of SAICAR and AICAR on in vitro
binding of Bas2p to Baslp on the ADES,7 promoter. The probe was a 22-bp oligonucleotide spanning the region between oligonucleotides —191
and —169 in the ADES,7 promoter, containing only the Baslp DNA-binding site (32).

independent (6). This residual synthesis of the pathway en-
zymes in adenine-replete cells will allow reactivation of the
pathway when adenine in the growth medium becomes limit-
ing. Under such conditions (Fig. 11B), less ADP and ATP will
be available, and inhibition of Ade4p activity will be less effi-
cient, leading to increased synthesis of SAICAR and transcrip-
tional activation of the ADE genes. This activation will in turn
increase the enzyme level and the flow through the pathway
and finally result in increased ADP and ATP synthesis until the
system has reached a new equilibrium, leading to high expres-
sion of the ADE genes in the absence of adenine. This expres-
sion level is not the highest possible one, since in the adel3
mutants, in which SAICAR is poorly metabolized, expression
of the ADE genes is higher than in the wild-type strain. There-
fore, in wild-type cells, SAICAR appears to be limiting for
activation by Baslp and Bas2p.

How does SAICAR affect interaction between Baslp and
Bas2p? The in vivo SAICAR-dependent Bas1p-Bas2p interac-
tion, observed in the two-hybrid assay, suggests that DNA
binding of these factors is not required for the interaction. We
found that SAICAR did not promote cooperative DNA bind-
ing of the two factors and was not sufficient to complex Bas2p

to DNA-bound Baslp. We therefore believe that SAICAR
itself might not interact directly with the transcription factors
but requires a protein intermediate that has not yet been iden-
tified or would need to be further metabolized. Indeed,
AICAR was found in its di- and triphosphate forms in Salmo-
nella enterica serovar Typhimurium and as such was proposed
to play an important signaling role in folate metabolism (3).
Yeast adel6 adel7 double mutants cannot metabolize AICAR
and presumably accumulate it. Such double mutants were
shown to deregulate ADE gene transcription (Fig. 3C), sug-
gesting that AICAR could either play a signaling role similar to
that of SAICAR or that AICAR accumulation could feedback
inhibit adenylosuccinate lyase and result in SAICAR accumu-
lation, thus phenocopying an adel3 mutation. Indeed, we
found that AICAR can feedback inhibit Adel3p activity, and
the 50% inhibitory concentration was estimated to be 65 puM
(data not shown).

Other cases of metabolic intermediates activating yeast tran-
scription factors have been reported. For example, a-isopropyl
malate was shown to be required for transcription activation by
Leu3p (38) and either orotate or dihydrorotate activates
Pprlp-dependent transcription (8). Therefore, utilization of
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small molecules, which are metabolic intermediates, as coac-
tivators appears to be an efficient regulatory strategy devel-
oped during evolution. Indeed, such a strategy combines high
specificity and sensitivity, since the coactivator is involved in a
single metabolic pathway and its synthesis can be tightly reg-
ulated by other means.

In yeast, regulation of the AMP biosynthesis pathway coac-
tivator depends on feedback inhibition of Ade4p catalyzing the
first step of the pathway. Adedp is regulated by both ADP and
ATP, which were previously found to be important signal mol-
ecules in the adenine response process (13). A previous study
on partially purified yeast glutamine PRPP amidotransferase
has shown that this enzyme is feedback inhibited by AMP,
ADP, and ATP. In this study, AMP was the most effective
inhibitor (33), whereas we found (this work) that AMP did not
have any major inhibitory effect (Fig 9A). The difference be-
tween these two results could be due to the partial purification
of the enzyme in the study by Satyanarayana et al. (33), while
our study was done with total yeast protein extract.

Another report on Ade4p activity measured in total yeast
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protein extract by Nieto and Woods (27) revealed that AMP
has a significant inhibitory effect only at very high concentra-
tions (88% inhibition at 20 mM AMP), which are far from
physiological concentrations. Indeed, in yeast, the ATP con-
centration is in the millimolar range (17, 20), and it is more
abundant than ADP and AMP: the ATP/ADP ratio is about 5,
and the ATP/AMP ratio is >20 (17, 20, 42). Therefore, under
physiological conditions, AMP is not likely to play a critical
role in Adedp regulation, and we believe that ATP is most
probably the important molecule responsible for regulation of
Adedp activity. This assumption is in good agreement with
genetic studies showing that ADP, or a derivative of ADP, is
the important molecule for regulation by adenine (13).

This work constitutes the first description of AMP biosyn-
thesis gene regulation in a eukaryotic organism. In pro-
karyotes, repression of pur operons by extracellular purine is
achieved by very different processes. In E. coli, a specific re-
pressor named PurR binds to its target site and represses
transcription only when the corepressor hypoxanthine or gua-
nine is present; therefore, in this bacterium, the purine bases
are directly regulating transcription (31). In Bacillus subtilis,
the regulation is less direct. The repressor interaction with its
binding site is inhibited by PRPP. Since the synthesis of PRPP
is itself regulated at the enzymatic level by ADP, it therefore
responds to the presence of extracellular adenine, which mod-
ulates ADP levels (41). It is striking that this highly conserved
metabolic pathway is tightly regulated by extracellular bases in
bacteria and yeasts, although through very different mecha-
nisms.

Could the mechanism described in S. cerevisiae and involving
SAICAR apply to mammals? Interestingly, accumulation of
SAICAR has been reported in adenylosuccinate lyase-defi-
cient patients and was associated with autism (36). Strikingly,
purine overproduction and uric acid excretion were found for
about 20% of autistic patients (28) and could indeed be a
consequence of AMP biosynthesis deregulation. Moreover,
retroinhibition of human amidophosphoribosyltransferase by
purine nucleotides was shown to play an important role in
regulation of the de novo pathway and cellular proliferation
(43). The mechanism of AMP biosynthesis regulation de-
scribed in yeast could therefore give important clues to its
mammalian counterpart and elucidate its possible implication
in pathologies.
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