JOURNAL OF BACTERIOLOGY, Apr. 1996, p. 1842-1849
0021-9193/96/$04.00+0
Copyright © 1996, American Society for Microbiology

Vol. 178, No. 7

The CCAAT Box-Binding Factor Stimulates Ammonium Assimilation

in Saccharomyces cerevisiae, Defining a New Cross-Pathway
Regulation between Nitrogen and Carbon Metabolisms

V.-D. DANG, C. BOHN, M. BOLOTIN-FUKUHARA, anp B. DAIGNAN-FORNIER*
Laboratoire de Génétique Moléculaire, Université de Paris-Sud, 91405 Orsay Cedex, France

Received 31 October 1995/Accepted 29 January 1996

In Saccharomyces cerevisiae, carbon and nitrogen metabolisms are connected via the incorporation of ammo-
nia into glutamate; this reaction is catalyzed by the NADP-dependent glutamate dehydrogenase (NADP-GDH)
encoded by the GDH1 gene. In this report, we show that the GDH1 gene requires the CCAAT box-binding acti-
vator (HAP complex) for optimal expression. This conclusion is based on several lines of evidence: (i) over-
expression of GDH1 can correct the growth defect of kap2 and hap3 mutants on ammonium sulfate as a nitro-
gen source, (ii) Northern (RNA) blot analysis shows that the steady-state level of GDHI mRNA is strongly
lowered in a hap2 mutant, (iii) expression of a GDH1-lacZ fusion is drastically reduced in hap mutants, (iv)
NADP-GDH activity is several times lower in the hap mutants compared with that in the isogenic wild-type
strain, and finally, (v) site-directed mutagenesis of two consensual HAP binding sites in the GDHI promoter
strongly reduces expression of GDHI and makes it HAP independent. Expression of GDH]1 is also regulated
by the carbon source, i.e., expression is higher on lactate than on ethanol, glycerol, or galactose, with the lowest
expression being found on glucose. Finally, we show that a hap2 mutation does not affect expression of other
genes involved in nitrogen metabolism (GDH2, GLN1, and GLN3 encoding, respectively, the NAD-GDH, glut-
amine synthetase, and a general activator of several nitrogen catabolic genes). The HAP complex is known to reg-
ulate expression of several genes involved in carbon metabolism; its role in the control of GDHI gene expres-
sion, therefore, provides evidence for a cross-pathway regulation between carbon and nitrogen metabolisms.

Like many other microorganisms, Saccharomyces cerevisiae
can utilize ammonium as a sole source of nitrogen. In baker’s
yeast, utilization of ammonia occurs exclusively via its incor-
poration into glutamate and glutamine (37). This process oc-
curs in two ways. The first is a combination of two successive
reactions catalyzed by the glutamine synthetase (16, 41) and
the glutamate synthase (52), respectively. This pathway is of
minor importance, as shown by the fact that mutants lacking
glutamate synthase activity grow as well as wild-type cells in
medium containing ammonium sulfate as the sole nitrogen
source (39). The second pathway, which combines two reac-
tions catalyzed, respectively, by NADP-linked glutamate dehy-
drogenase (NADP-GDH, product of the GDHI gene) (42, 44)
and glutamine synthetase, constitutes the major pathway for
the assimilation of ammonia. In ammonium sulfate medium,
mutants lacking NADP-GDH activity grow at only about half
the rate of wild-type cells (25).

The reductive amination of a-ketoglutarate by NADP-GDH
is not only a key step for ammonia utilization but also an
important connection point between carbon metabolism and
nitrogen metabolism. For these reasons, regulation of GDHI
gene expression is an important and probably complex issue.
Activation of GDHI1 expression by the transcription factor
Leu3p has been recently reported (30). This activator is in-
volved in the control of branched-chain amino acid biosynthe-
sis (22). Leu3p activates transcription only when a-isopropyl-
malate (o-IPM), the product of the first committed step in
leucine biosynthesis, is present (59). Therefore, transcriptional
activation by Leu3p is closely linked to the production of

* Corresponding author. Mailing address: Laboratoire de Génét-
ique Moléculaire, Batiment 400, Université de Paris-Sud, 91405 Orsay
Cedex, France. Phone: (33 1) 69 41 62 06. Fax: (33 1) 69 41 72 96.
Electronic mail address: Bertrand@igmors.u-psud.fr.

1842

a-IPM by o-IPM synthase, which is feedback inhibited by
leucine (6).

It has been previously reported (cited in reference 21) that
mutations affecting another transcription factor, the HAP
complex (stands for heme activator protein), lead to a defect in
ammonia utilization. The HAP complex, also called yeast
CCAAT box-binding factor, is a heteromeric complex com-
posed of at least four subunits named Hap2p, Hap3p, Hap4p,
and Hap5p (20, 27, 38, 47). Three of these subunits, Hap2p,
Hap3p, and Hap5Sp, are required for DNA-binding activity,
while Hap4p provides a transcriptional activation domain (38,
45). This complex has been shown to be involved in carbon-
dependent regulation of the expression of several genes impli-
cated in respiration (13). More recently, we have shown that
this complex stimulates expression, at the transcriptional level,
of several genes involved in mitochondrial biogenesis (11), and
our recent data indicate that the yeast CCAAT box-binding
factor plays a critical role in the regulation of energy metabo-
lism (10). The fact that strains lacking HAP2 or HAP3 grow
poorly on ammonium sulfate as the sole nitrogen source im-
plicates the yeast CCAAT box-binding complex in the control
of ammonia utilization. We have tested this hypothesis and
show in the present report that the yeast CCAAT box-binding
factor is required for optimal expression of GDH].

MATERIALS AND METHODS

Plasmids, strains, and media. The yeast strains used in this study are
BWGI1-7a (MATa adel-100 his4-519 leu2-3,112 ura3-52) (26), JO1-la (MATa
adel-100 his4-519 leu2-3,112 ura3-52 hap2) (45), SHY40 (MATa adel-100 leu2-
3,112 ura3-52 hap3::HIS4) (27), Y404 (MATa adel-100 his4-519 ura3-52 hap4::
LEU2) (11), and Y406 (MATa adel-100 his4-519 leu2-3,112 hap4::URA3) (11).
Yeast rich medium is 1% (wt/vol) yeast extract-1% (wt/vol) Bacto Peptone. In
this basic medium, either glucose, galactose, glycerol, or ethanol was added to
the final concentration of 2% (wt/vol) as a carbon source. Yeast rich lactate
medium was prepared as previously described (8). Minimal medium contains 2%
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(wt/vol) glucose or galactose, 0.17% (wt/vol) yeast nitrogen base without ammo-
nium sulfate and amino acids (Difco), and 0.5% (wt/vol) ammonium sulfate. The
growth medium was supplemented with appropriate requirements at the con-
centrations recommended by Sherman (57). Plates were made by adding agar to
2.5% (wt/vol). The NADP-GDH-overexpressing plasmid, named pUGDH1, was
constructed by insertion of the 3-kb BamHI fragment isolated from plasmid
pCYG4 (44) carrying the complete GDHI gene at the unique BamHI site of
vector B2205 (2um URA3), a derivative of pRS305 (58).

Plasmid manipulation in S. cerevisiae. Yeast transformation was performed by
the lithium acetate procedure (31). Yeast plasmid DNA was extracted according
to the method of Hoffman and Winston (29).

Construction of lacZ fusions and in vitro B-galactosidase (-Gal) assays.
Plasmid pCYG4, which contains the GDH]I gene (44), was kindly provided by B.
Hall, University of Washington. To construct GDHI-lacZ fusions, the 0.95-kb
HindIII fragment isolated from plasmid pCYG4, carrying ca. 0.9 kb of the
5’-flanking region and 27 bp corresponding to the 9 N-terminal codons of GDH1,
was fused in frame to the E. coli lacZ gene of either YEp353 (2um URA3) or
YEp363 (2um LEU2) (43), generating two fusions, pGDH1-UZ and pGDHI-
LZ, respectively.

To integrate the GDHI-lacZ fusion at the GDHI locus, the 0.95-kb HindIII
fragment was isolated from plasmid pCYG4 and fused to the lacZ gene carried
on the integrative vector YIp363 (LEU2) (43). The resulting construct, pIGDHI1-
LZ, was linearized at the unique Nsil site located in the GDH1 5'-flanking region
and then transformed into the strain BWG1-7a. Leu™ transformants were se-
lected and analyzed by Southern blotting to verify that a single copy of the
construction was integrated at the GDHI locus (data not shown).

B-Gal assays were performed as described by Ruby et al. (54), with B-Gal units
defined as OD,,, X 1,000/0Dgq, X ¢ (minutes) X volume (milliliters) where
OD,,, is the optical density at 420 nm. In each experiment, at least three
independent B-Gal assays were performed, and each assay was done on three
independent transformants. The variation between assays was <20%.

Enzyme assays. Yeast total extracts for enzyme assays were prepared from
250-ml cultures. Cells were harvested at an ODg, of about 0.5 and then washed
with 10 ml of extraction buffer and frozen at —80°C. The extracts were prepared
by the method of Doherty (15), with some modifications. The cells were sus-
pended in 0.5 ml of extraction buffer (0.1 M potassium phosphate [pH 7.4], 1 mM
dithiothreitol, 5 mM phenylmethylsulfonyl fluoride, 20% glycerol) and vortexed
four times for 20 s with glass beads (diameter, 450 to 500 wm). Disrupted cells
were centrifuged for 2 min, and the resulting supernatant was used for enzyme
assays. NAD-GDH and NADP-GDH activities were assayed by the method of
Doherty (15). The specific activities are expressed in nanomoles of reduced
coenzyme oxidized per minute per milligram of protein. In each experiment, at
least two independent assays were performed. The variation between assays was
<10%.

Protein determinations. Protein concentration was determined by using the
Bio-Rad Protein Micro Assay System, with crystalline bovine serum albumin
serving as the reference standard.

Site-directed mutagenesis. The three putative binding sites for the HAP com-
plex present in the GDHI promoter at positions —438, —406, and —333 were
specifically mutated by using the following synthetic oligonucleotides, respec-
tively: GDA, 5'-ATCTGACCATCTGAATGCATGGCCTCGATA-3"; GDB,
5'-CTTATCGCAGAACCATGGCGCCGGAACCGG-3'; and GDC, 5'-CTTC
TCTCTGCTGAGTCGACGTGGGGTCGT-3'.

The 0.95-kb HindIII fragment isolated from plasmid pCYG4 was cloned into
plasmid Bluescript KS* (Stratagene) and mutagenized by the site-directed mu-
tagenesis method described by Kammann et al. (32). The nucleotide sequence
5'-TGATTGGA-3' corresponding to box A was converted into 5'-TGAATGCA-
3'. Similarly, the nucleotide sequences 5'-ACCAATGC-3" (box B) and 5'-TC
CAATCA-3" (box C) were converted into 5'-ACCATGGC-3' and 5'-TC
GACTCA-3', respectively. The presence of the mutations results in the creation
of the Clal, Ncol, and Sall restriction sites in the three boxes A, B, and C,
respectively. The mutated 0.95-kb HindIII fragments from these constructs were
then fused to the lacZ gene carried on the expression vector YEp363 (2pum
LEU2) (43). The fusions obtained were named pGDH1-AA, pGDH1-AB, and
pGDHI1-AC, respectively (see Fig. 3). The 0.5-kb HindIII-NsiI fragment isolated
from the fusion pGDH1-AA, carrying the AA mutation, was used to replace the
0.5-kb HindIII-Nsil fragment of the fusion pGDHI1-AC. The resulting fusion,
named pGDHI1-AAC, carries both the AA and AC point mutations (see Fig. 3).
Similarly, a fusion named pGDH1-ABC, carrying both the AB and AC point
mutations, was constructed with the 0.5-kb HindIII-Nsil fragment isolated from
the fusion pGDH1-AB (see Fig. 3). The presence of the mutation(s) in each
construct was verified by sequencing.

RNA extraction and Northern (RNA) blot analysis. RNA extraction (56) and
Northern blot analysis (55) were carried out as described previously. The North-
ern blot was probed both with a 0.6-kb Clal fragment of the ACT1 gene from the
plasmid pYA208 (23) and a DNA fragment purified from the studied genes. The
following fragments were used as probes for genes GDHI, GLN3, and GLNI,
respectively: (i) a 3-kb BamHI fragment of the plasmid pCYG4, (ii) the 2.3-kb
Sacl-Xhol fragment of the plasmid pPM4 (40), and (iii) the 1.1-kb Sall-Xhol
fragment containing the GLNI gene (purified from the plasmid pPMS5 kindly
provided by B. Magasanik, Massachusetts Institute of Technology). [a-*?P]
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FIG. 1. Phenotypic analysis of the hap mutants on ammonium sulfate me-
dium. (A) Suppression of the slow-growth phenotype of the hap2 and hap3
mutants by overexpression of the GDHI gene. Transformants were streaked out
on minimal medium supplemented with adenine, histidine, and leucine. wt, hap2,
hap3, and hap4 stand for the wild-type and hap2, hap3, and hap4 mutant isogenic
strains, respectively. The growth phenotype was scored after 3 days at 28°C. (B)
Restoration of the hap mutant phenotype by leucine excess. Yeast strains were
transformed with the high-copy-number YEp13 vector (4) carrying the LEU2
marker. Transformants were streaked out on minimal medium supplemented
with adenine, histidine, and uracil. Leucine was added at a final concentration of
60 wg/ml. 2, 2pm (plasmid).

dCTP-labelling of the probe was done by the random-priming procedure (Ready
to Go Kit; Pharmacia).

RESULTS

The slow-growth phenotype of the hap mutants on ammo-
nium sulfate can be suppressed by overexpression of GDH]I. It
has been reported (cited in reference 21) that hap mutants
present a growth defect on ammonium sulfate as a nitrogen
source. Such a phenotype has been previously described for
gdhl mutants (25), and since the HAP complex is known to
activate transcription of several genes, we have hypothesized
that low levels of expression of the GDHI gene in the hap
mutants could result in a gdhl phenocopy. We have therefore
tested the ability of the GDHI-overexpressing plasmid to re-
store growth of the hap mutants. As shown in Fig. 1A, a
wild-type growth on ammonium sulfate medium can be re-
stored by transforming the hap mutants with a GDHI-overex-
pressing plasmid. The cloning vector was used as a control in
this experiment, and no effect on growth was observed. This
result strongly suggests that the HAP complex plays some
stimulatory role in expression of the GDH1I gene. Since GDH1
activation by Leu3p has been previously shown to be reduced
in response to leucine (30), we have tested whether the pres-
ence of leucine in the medium affects the hap mutant pheno-
type. Because the available hap strains carry the leu2 marker,
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FIG. 2. Northern blot analysis of the GDHI, GLNI, and GLN3 gene tran-
scripts. Total RNA of two isogenic wild-type BWG1-7a (wt) and mutant JO1-1a
(hap2) strains was extracted from cells grown on rich galactose medium. Hybrid-
izations were done with a-*?P-radiolabelled probes made from restriction frag-
ments specific for each gene (see Materials and Methods). The rRNAs (stained
with ethidium bromide) and an actine probe (4CT1) were used to monitor equal
loading of the lanes. Each hybridization was done independently, and the blots
were assembled for the figure.

we first transformed them to prototrophy with the YEpl13
plasmid (4) carrying the LEU2 gene. The transformed strains
were then tested for growth on ammonium sulfate in the pres-
ence or in the absence of leucine. The results presented in Fig.
1B clearly show that the hap2 and hap3 strains can utilize
ammonium as a nitrogen source when no leucine is added to
the medium. Conversely, the addition of leucine to the me-
dium restablishes the growth defect (Fig. 1B). Our results show
that the hap mutants grow normally on ammonium sulfate in
the absence of external leucine or when GDHI is overex-
pressed, suggesting that the growth defect is observed only
when both leucine and hap2 or hap3 mutations are present.

GDHI1 expression is activated in the presence of the HAP
complex. The results presented above strongly suggested that
synthesis of NADP-GDH in the presence of leucine was not
sufficient to sustain normal growth of the kap mutants on am-
monium sulfate. To confirm this hypothesis, we tested expres-
sion of the GDHI gene in wild-type and Aap mutant strains.

The regulation of GDHI was first tested at the transcrip-
tional level by Northern blot analysis. A GDHI-specific probe
was hybridized to total RNA isolated from isogenic wild-type
and hap2 mutant strains. Results presented in Fig. 2 clearly
show that expression of GDHI is strongly diminished in the
absence of Hap2p.

Regulation of GDHI was also assayed with lacZ fusions
carried on two different vectors with either LEU2 or URA3 as
a selective marker (see Materials and Methods for details of
the construction). Given that Hap2p is part of the HAP com-
plex, we have tested the effect on expression of the GDH1I gene
of mutations in either HAP2, HAP3, or HAP4 encoding three
subunits of this complex. As shown in Table 1, GDHI-lacZ
expression is drastically decreased in hap2 and hap3 mutants.
Interestingly, the hap4 mutation has a much weaker effect on
expression of the fusion, suggesting that this subunit is less
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required than Hap2p and Hap3p for activation of the GDHI
gene. This result supports the observation that growth of the
hap?2 and hap3 mutants on ammonium sulfate as a sole nitro-
gen source is much slower than that of the hap4 mutant (Fig.
1). Since no difference in GDHI expression between hap2 and
hap3 strains was found, either of these strains was used for
further experiments. The levels of expression of the GDHI-
lacZ fusion were found to be significantly different, depending
on the vector carrying the fusion. The level of expression of the
fusion is lower when it is carried on the URA3 vector compared
with that of the LEU2 construct (Table 1). This effect could
either be the result of a copy number difference between the
two constructs or it could be due to the addition of leucine in
the medium when the URA3 vector is used. Indeed, a two- to
fourfold inhibition of GDHI expression in the presence of
leucine has been previously reported (30).

Finally, NADP-GDH activity was measured in vitro and was
found to be four to six times lower in the Aap strains than in the
wild-type strain (Table 1). In this assay, the effect of the hap4
mutation appears greater than the effect of the same mutation
on the expression of the GDHI-lacZ fusion; the reason for this
discrepancy could be that the enzymatic assay measures a sec-
ond NADP-GDH activity independent of Gdhlp. Indeed, a
gene named GDH3, encoding a potential second NADP-GDH,
was recently found during systematic sequencing of the yeast
genome (5). In this experiment, the NAD-GDH activity was
used as a control, since it is known not to be affected by the
HAP complex (7) and, indeed, the same activity was found in
all four strains (Table 1).

Two CCAAT box sequences are required for optimal expres-
sion of GDHI. The activation of GDH1 expression in the pres-
ence of HAP was further supported by the finding of three
potential HAP binding sites (TNATTGGT) (19) upstream of
the GDH1 gene at positions —333, —406, and —438 relative to
the ATG.

Each of these sequences was independently mutated. The
mutated promoter sequences were then reintroduced up-
stream of the GDHI-lacZ fusion as described in Materials and
Methods. As shown in Fig. 3, mutations in box A or box C
result in a 30% decrease in GDHI-lacZ expression, while the
mutation in box B has no effect on expression of the fusion.
The role of box A and box C was further confirmed by studying

TABLE 1. Effect of mutations in the HAP2, HAP3, and HAP4
genes on expression of GDHI-lacZ fusions and
GDH specific activities

Activity
Strain® B-Gal assay with fusion”: GDH assay*
pGDHI1-UZ pGDHI1-LZ NADP-GDH NAD-GDH
wt 176 541 583 101
hap2 32 67 102 102
hap3 24 55 100 80
hap4 93¢ 377 154 100

“wt, hap2, hap3, and hap4 stand, respectively, for the BWG1-7a (wild type),
JO1-1a, SHY40, and Y406 isogenic strains.

b B-Gal activity was measured as described in Materials and Methods. Cells
were grown in minimal galactose medium. Assays were performed in the pres-
ence or in the absence of leucine (60 wg/ml) with respectively, the pPGDH1-UZ
(URA3 2pm) and pGDH1-LZ (LEU2 2um) fusions.

¢ Cells were grown in minimal galactose medium supplemented with adenine,
histidine, leucine, and uracil. GDH assays were performed as described in Ma-
terials and Methods. Specific activity is expressed in nanomoles of reduced
coenzyme oxidized per minute per milligram of protein.

4 When the pPGDH1-UZ fusion was used, the Y406 strain was replaced by the
Y404 isogenic strain which carries the ura3-52 marker.
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FIG. 3. Effect of point mutations located in the three putative CCAAT boxes
on GDH]I-lacZ expression. (A) Schematic representation of the GDHI promoter
region. T, TATA box. The three open boxes labelled A, B, and C represent the
three putative CCAAT boxes. The thin solid bars and the open bars correspond,
respectively, to the GDHI gene and the lacZ gene sequences. The arrow desig-
nates the location of the ATG codon and the orientation of transcription. (B)
Effect of the point mutations on GDHI-lacZ expression. Site-directed mutagen-
esis was performed as described in Materials and Methods. X (located in boxes)
designates the mutation(s) in the corresponding CCAAT box. The constructs
were named, using abbreviations as follows: AA, box A mutated; AB, box B
mutated; AC, box C mutated; AAC, both boxes A and C mutated; ABC, both
boxes B and C mutated. wt and hap3 stand for the wild-type and hap3 isogenic
strains, respectively. Cells were grown in galactose minimal medium, and B-Gal
assays were performed as previously described. The optimal expression level
(100%) is estimated as the expression of the wild-type promoter of the GDHI
gene in the wild-type background (strain BWG1-7a).

combinations of double mutations. While a double mutant
(both box B and box C mutated) exhibits the same decrease in
GDH1-lacZ expression as the single, box C mutant, the double
box A box C mutant is much more affected than each of the
two single mutants (down to 17% of wild-type expression lev-
el). Finally, if these mutations affect activation by HAP, they
should not affect expression of the fusion in a hap background.
Indeed, results presented in Fig. 3 show that neither single nor
double mutants significantly lower expression of the fusion in
the hap3 mutant strain. Furthermore, the fact that the fusion is
equally expressed in the double box A box C mutant and in the
hap3 mutant strain (17% of wild-type expression level) strongly
suggests that these two boxes are responsible for all the HAP-
dependent expression of GDH1.

Regulation of GDHI expression by carbon source. Since
most of the genes activated by the HAP complex are regulated
by the carbon source (13), we have studied the effect of the
carbon source on expression of the GDHI-lacZ fusion. A plas-
mid carrying a GDHI-lacZ fusion was introduced in isogenic
wild-type, hap3, and hap4 mutant strains, and the carbon
source-dependent expression of the GDHI gene was tested at
different growth stages on glucose and galactose media. Sev-
eral conclusions can be drawn from the results presented in
Fig. 4.

(i) The rates of growth of the three strains on glucose me-
dium are equivalent (Fig. 4B). On galactose, the hap mutant
strains have a longer lag, but their growth rate after this lag is
equivalent to that of the wild-type strain (Fig. 4D). On both
media and for all strains, an ODy, of between 0.2 and 2 can be
considered as log phase.

(if) On glucose medium (Fig. 4A) in the wild-type strain,
expression of GDHI-lacZ increases during log phase and then
slowly decreases when the strain reaches stationary phase
(compare with Fig. 4B). The situation is quite different in the
hap3 mutant strain, for which the level of expression of the
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fusion remains low regardless of the growth stage. Finally, in
the hap4 mutant, we observed an intermediary situation, with
an increase during log phase that never reaches expression
levels observed for the wild-type strain.

(iii) On galactose medium (Fig. 4C), wild-type and hap4
mutant strains behave similarly: expression of the fusion in-
creases during log phase and decreases when the plateau is
reached. The hap3 mutant expresses the fusion at a low level,
slightly increasing when cells reach the stationary phase.

(iv) Expression of the fusion on galactose and expression on
glucose are compared in Fig. 4E, where the B-Gal activity
according to ODy, is reported. Despite differences in the
growth rate (Fig. 4B and D), all the strains are in log phase
between an ODg, of 0.2 to 2, and levels of expression of the
GDH]I-lacZ fusion can be compared in this window. As re-
ported for other genes regulated by HAP, in the wild-type
strain, the level of expression of GDHI is always higher on
galactose than on glucose (two- to threefold). No regulation
between glucose and galactose can be observed with the mu-
tant hap3 strain, suggesting an important role for HAP in this
process. Much more surprisingly, the expression of the fusion
is still regulated by the carbon source (less expressed in glu-
cose) even when Hap4p is absent, suggesting that the Hap4p
subunit does not play a critical role in this regulation. Such a
result was unexpected, since Hap4p has been proposed to be
the subunit responsible for the carbon source response of the
HAP complex (20, 45).

Expression of GDHI on nonfermentable carbon sources was
tested by using a GDHI-lacZ fusion integrated at the GDH1
locus. As shown in Table 2, the level of expression of the fusion
is low when the carbon source is glucose, galactose, glycerol, or
ethanol, and it is 10-fold higher on lactate. The reason for such
a higher level of expression on lactate is not yet known.

Finally, enzymatic assays confirm the regulation of NADP-
GDH activity by the carbon source, but the effect is smaller
than the one observed with the integrated fusion (Table 2). As
discussed previously, we cannot rule out the possibility that
part of this activity could be due to Gdh3p, a potential second
NADP-GDH (5). In this experiment, we also found an ele-
vated level of the NAD-GDH activity (encoded by the GDH2
gene) when cells were grown on a nonfermentable carbon
source (Table 2). This observation had been previously re-
ported by others (7).

The HAP activation of ammonium assimilation is specific
for NADP-GDH. As reviewed above, the major pathway for
assimilation of ammonium is a combination of two successive
reactions catalyzed by NADP-GDH and glutamine synthetase,
respectively. The latter enzyme is encoded by the GLNI gene
(41), whose expression is subject to multiple regulatory systems
(1, 41). We have therefore tested whether expression of the
GLNI1 gene is under control of the yeast CCAAT box-binding
factor. We have also looked at the effect of the HAP complex
on expression of the GLN3 gene, encoding a transcription
factor required for optimal expression of several nitrogen me-
tabolism genes, including GLNI, because a potential CCAAT
box has been previously described at position —480 upstream
of the GLN3 gene (18). As presented in Fig. 2, Northern blot
analysis shows that, unlike GDH]I, the transcription of these
two genes is not diminished in the absence of Hap2p and might
even be slightly increased.

DISCUSSION

In this report, we have provided evidence that the yeast
CCAAT box-binding factor (the HAP complex) plays an im-
portant role in the control of ammonium utilization. This reg-
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FIG. 4. Carbon source-dependent expression of the GDH1-lacZ fusion according to different growth stages. The fusion pGDH1-LZ was used in this experiment;
therefore, no leucine had to be added to the minimal medium (Table 1 and Results). Either glucose (solid symbols) or galactose (open symbols) was used as the carbon
source. (B and D) Growth of isogenic wild-type (BWG1-7a), hap3 (SHY40), and hap4 (Y406) strains was monitored by following ODy as a function of time. (A and
C) The same isogenic strains as noted above were harvested at different times, and B-Gal activity was measured as described in Materials and Methods. (E) B-Gal
activities of the three strains on the two carbon sources are reported as a function of ODgq. Wt, wild type.
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TABLE 2. Effect of carbon source on expression of the integrated
GDHI1-lacZ fusion and the GDH specific activities

Activity
Carbon source B-Gal assay with GDH assay®
GDHI-lacZ* NADP-GDH NAD-GDH
Glucose 8 459 53
Galactose 11 665 79
Glycerol 17 559 1,078
Ethanol 20 559 470
Lactate 107 1,384 769

“ B-Gal assays were carried out with the GDHI-lacZ fusion integrated at the
GDH]1 locus of the wild-type strain BWG1-7a. Cells from an overnight culture in
rich glucose medium were harvested, washed, and then shifted for 6 h in different
rich media containing either glucose, galactose, glycerol, ethanol, or lactate as
the carbon source at a final concentration of 2%. B-Gal activity was measured as
described in Materials and Methods.

b Cells were grown in rich media containing different carbon sources at a
concentration of 2%. NADP-GDH and NAD-GDH activities were measured as
described in Materials and Methods. Specific activity is expressed in nanomoles
of reduced coenzyme oxidized per minute per milligram of protein.

ulation by HAP is limited to the anabolic GDH, since neither
NAD-GDH activity nor GLN1 or GLN3 expression is affected
by HAP. The regulation of GDHI expression by HAP defines
a new example of cross-pathway regulation. The fact that a
transcriptional regulator involved in the regulation of several
aspects of carbon metabolism (10, 13) also regulates expression
of an enzyme involved in nitrogen assimilation points out the
crucial role played by GDH in the connection between nitro-
gen and carbon metabolisms. At this point, three regulators,
GIn3p, Leu3p, and HAP, are known to activate GDHI expres-
sion (references 12 and 30 and results presented here). Fur-
thermore, the dual regulation of GDHI expression by both
leucine and the carbon source illustrates the complexity of
glutamate synthesis regulation. We have shown that the growth
phenotype of the hap mutants on ammonium sulfate is the
result of a lower level of activation by both the Leu3p and HAP
factors. The fact that a hap4 mutant does not show such a
phenotype (Fig. 1) is consistent with the weaker requirement
of this factor for activation (Table 1). Such a weaker effect of
the hap4 mutation on expression of the HAP-regulated genes
was previously reported for CYCI and SDH3 (9), but in these
cases, the difference between the hap4 and hap3 mutants was
less spectacular than that found for GDHI. While GDH]I ex-
pression is not totally HAP4 independent, results presented in
Fig. 4 indicate that the regulation by the carbon source (galac-
tose versus glucose) is normal in a Aap4 mutant but is abolished
in the absence of Hap3p. Since Hap4p is presumably the sub-
unit responsible for transcriptional activation in response to
the carbon source signal (20, 45), it is likely that, on the GDH1
promoter, this transcriptional activation operates at least
partly in some Hap4p-independent manner.

We have shown that expression of the GDHI gene is re-
pressed in the presence of glucose, while it is at its highest level
in the presence of lactate. Similarly, the level of activity of the
catabolic NAD-GDH encoded by the GDH2 gene is much
higher on nonfermentable carbon sources (7). However,
GDH?2 expression was shown not to be regulated by HAP (7).
Why should expression of both anabolic and catabolic GDHs
simultaneously increase under specific conditions? We cannot
provide any clear answer to this question yet, but interestingly,
it has been shown that the GDH2 gene, when overexpressed,
can suppress the growth defect on glucose caused by pgiA
mutations, creating a cyclic transhydrogenase system between
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the NADP-GDH and NAD-GDH and providing an optimal
balance for the reducing equivalents in the cytosol (2). Coac-
tivation of both anabolic and catabolic GDHs under specific
growth conditions could play a somewhat similar role.

Why should the CCAAT box-binding factor control GDHI
expression? As mentioned above, the yeast CCAAT box-bind-
ing factor plays a critical role in the control of energy metab-
olism (10), and hap mutants exhibit a growth defect on non-
fermentable carbon sources (glycerol, lactate, and ethanol)
(20, 27, 38, 47). Under these conditions, activity of the Krebs
cycle is required not only for energy production but also for the
synthesis of heme and amino acids, including glutamate. Syn-
thesis of several Krebs cycle enzymes is controlled by the HAP
complex (3, 9, 24, 48, 49), and interestingly, at least some steps
of heme (33, 34) and glutamate synthesis are activated in the
presence of HAP. It is tempting to propose that HAP exerts a
general control on Krebs cycle activity as well as on synthesis of
its derivative products (heme, glutamate, etc.) and on the ac-
tivity of the electron transfer chain. Another link between the
Krebs cycle and nitrogen metabolism through lipoamide dehy-
drogenase has been reported. Lipoamide dehydrogenase, the
product of the LPDI gene which is regulated by HAP (3), is a
component of the Krebs cycle enzyme a-ketoglutarate dehy-
drogenase and is also required for catabolism of branched-
chain amino acids through 2-oxoacid dehydrogenase activity
(14). In order to clarify the role of HAP in the regulation of
branched-chain amino acid catabolism, it would be interesting
to test the effect of HAP on 2-oxoacid dehydrogenase activity.

In S. cerevisiae, NADP-GDH activity is cytosolic (46), and
therefore, the question arises as to how the substrate (a-keto-
glutarate) is supplied to this enzyme. One possibility is that
a-ketoglutarate produced from the Krebs cycle is transported
from the mitochondria to the cytosol. Alternatively, some
a-ketoglutarate could be produced in the cytosol, since all the
enzymes necessary for such a synthesis have been detected in
the cytosol. Indeed, pyruvate carboxylase is a cytosolic enzyme
in S. cerevisiae (51, 60), and citrate synthase, aconitase, and
isocitrate dehydrogenase activities have been also detected in
the cytosolic compartment (17, 36, 50). It is possible that both
sources of a-ketoglutarate coexist, since mutations in the two
genes encoding cytosolic and mitochondrial citrate synthases
are required in order to obtain auxotrophy for glutamate (35).
Similarly, disruption of the three genes encoding mitochon-
drial isocitrate dehydrogenase leads to glutamate auxotrophy
only under conditions in which the cytosolic isozyme is not
expressed (28, 36). In this respect, it is noteworthy that expres-
sion of citrate synthase (35), aconitase (24), and isocitrate
dehydrogenase (28) is repressed by both glucose and gluta-
mate. Such a regulation allows adaptation of the a-ketogluta-
rate supply both to the tricarboxylic acid cycle carbon flux and
to glutamate synthesis. Regulation by glucose is sustained at
least partly by the HAP complex, which activates the expres-
sion of the CITI and ACOI genes (24, 53), while the mecha-
nism of repression in the presence of glutamate is not yet
understood.
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