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Abstract. The yeast CIT1 (mitochondrial citrate syn-
thase) gene is subject to glucose repression and is further
repressed by glucose plus glutamate. Based on deletion
analysis of a CIT1-lacZ gene fusion, DNA sequences
between —548 and —273 are required for full expression of
CIT1. The region of transcription initiation and the puta-
tive TATA element are located at —150 to —100 and —195
respectively. A restriction fragment containing DNA se-
quences between —457 and —211 conferred activation and
glucose-glutamate regulation when placed in either orien-
tation upstream of a UAS-less heterologous yeast gene.
Deletion of DNA sequences between —291 and -273
specifically eliminated derepression of CIT1, and de-
stroyed one of two closely-spaced, potential binding sites
for the HAP2,3,4 transcriptional activator protein. Ten-
base-pair block substitutions in the region ~367 to —348
reduced glucose-repressed expression. Thus, it appears
that distinct DNA sequences upstream of CIT{ activate
expression in glucose-repressed and derepressed cells.
Possible mechanisms of regulation by glutamate plus glu-
cose, are discussed.
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Introduction

In eukaryotic cells, utilization of nonfermentable carbon
sources requires the tricarboxylic acid (TCA) cycle and
the electron transport chain, both located in the mito-
chondria. Almost all of the proteins required for these
functions are encoded by nuclear genes (Tzagoloff and
Myers 1986; Pon and Schatz 1991). During growth in
glucose medium, the levels of many of these proteins are
reduced (Fraenkel 1982). Catabolite repression of nu-
clear genes encoding components of the electron trans-
port chain has been explored by several groups, and
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molecular mechanisms have been described (Forsburg
and Guarente 1990; Guarente 1993; Pinkham and Keng
1993). Transcription of several of these nuclear genes
has been shown to be under global control mechanisms
involving activation by heme and the HAP1 activator
protein or derepression in the absence of glucose in-
volving the HAP2,3,4 activator protein (Forsburg and
Guarente 1990; Mattoon et al. 1990; Pinkham and Keng
1993). Regulation by glucose and HAP2,3,4 appears to
be specific for nuclear genes encoding mitochondrial
components, but is under control of general glucose re-
pression mediated by SNF7 and SSN6/CYCS8 (Carlson
1987; Forsburg and Guarente 1990; Wright and Poyton
1990; Trumbly 1992).

While there has been considerable study of the regula-
tion of nuclear genes encoding components of the elec-
tron transport chain in Saccharomyces cerevisiae, less is
known about the nuclear genes encoding tricarboxylic
acid (TCA) cycle enzymes. We have been studying the
synthesis of citrate synthase, which catalyzes the first and
rate-limiting step of the TCA cycle, the condensation of
acetyl-CoA and oxaloacetate to form citrate (Krebs and
Lowenstein 1960; Walsh and Koshland 1985). We previ-
ously reported that S. cerevisiae has two genes encoding
functional citrate synthase isozymes. CIT! encodes the
major, mitochondrial form while CIT2 encodes a nonmi-
tochondrial form which appears to be peroxisomal (Kim
et al. 1986; Rickey and Lewin 1986; Rosenkrantz et al.
1986; Kispal et al. 1988; Lewin et al. 1990; Singh et al.
1992). There is evidence for and against a role of the
CIT2-encoded form in the glyoxylate cycle, allowing uti-
lization of acetate or fatty acids (Kim et al. 1986; Kispal
et al. 1988, 1989; Lewin et al. 1990). The glyoxylate cycle
is found in glyoxysomes in some plant cells (Beevers
1979) and may be localized in the peroxisomal fraction
from yeast (McCammon et al. 1990).

The level of mRNA from both CIT?! and CIT? is
reduced synergistically in response to supplementation
with glucose and glutamate (Kim et al. 1986). This regu-
lation reflects the roles of the TCA cycle in catabolism
and biosynthesis (e.g., a-ketoglutarate is a precursor for
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the biosynthesis of glutamate). Transcription of the CIT1
gene, but not of CIT2, is also partially repressed by glu-
cose alone (Kim et al. 1986). Similar regulation has been
found in bacteria (Gray et al. 1966; Flechtner and Han-
son 1969 ; Hanson and MacKechnie 1969 ; Nimmo 1987),
and occurs at the transcriptional level (Rosenkrantz et al.
1985; Wilde and Guest 1986).

We show here that expression and regulation of CITY
requires activation sequences located upstream of the
TATA box and the transcription initiation region. These
activation sequences resemble other yeast upstream acti-
vation sequences (UASs) in being located far upstream of
the transcription initiation sites, in being capable of con-
ferring activation and regulation upon a heterologous
transcription initiation region, and in functioning at vari-
able distance and in either orientation (Guarente 1987,
1988). The results of promoter-deletion analysis and
block-nucleotide substitutions, are that glucose-re-
pressed expression and derepression of CIT? are depen-
dent upon separate upstream sequences. Two potential
binding sites for the HAP2,3,4 activator protein lie in or
near the upstream DNA region required for derepres-
sion. The region required for glucose-repressed expres-
sion appears to define a novel element. Possible mecha-
nisms for regulation by glutamate plus glucose are
discussed.

Materials and methods

Strains and growth media. All experiments were performed with S.
cerevisiae strain BWG1-Ta MATa ade1-100 his4-519 leu2-2 leu2-112
ura3-52 (Guarente and Mason 1983). Recombinant DNA construc-
tions were performed with E. coli strain YMC9 (AlacU169 hsdR™
hsdM) or DH10B [F~ mcrA A(mrr-hsdRMS-mcrBC) $80diacZ-
AM15 AlacX74 deoR recAl endAl araD139 A(araleu)7697 galU
galK J-rpsL nupG (supplied by GIBCO BRL]. Yeast-rich medium
(YEP) and yeast-minimal medium (YMM) were prepared with the
carbon source (glucose, galactose, or lactate) at 2% and supple-
mented with growth requirements (Sherman et al. 1986). When
indicated, sodium glutamate was added at 0.2% (Kim et al. 1986;
Rosenkrantz et al. 1986).

Transformation. Transformations of yeast and E. coli were per-
formed as described previously (Kim et al. 1986; Rosenkrantz et al.
1986) except that, after ligation to the vector of fragments generated
by the polymerase chain reaction, DNA was introduced into
DH10B cells by electroporation, using a GIBCO BRL E. coli Pulser
(as recommended by the manufacturer).

Construction of CIT1-lacZ gene fusions. The CIT! gene was ob-
tained as a Sau3a fragment cloned into the BamH1 site of shuttle
vector pFL1 (Suissa et al. 1984). This plasmid, pFCS2, was partially
restricted with Smal and a Bgl2 linker was placed at the Smal site
located 806 bp upstream of the CIT7 coding sequence. To create the
BamH1 end to be fused to lacZ (f-galactosidase), Hind3 or Clal
were used to cut within the CIT! coding sequence, and Bal31 was
used to chew toward the initiation codon of CIT1. A BamH]1 linker
was ligated to the chewed ends. Plasmid pLG669Z is an E. coli and
S. cerevisiae shuttle vector with the yeast 2y origin of replication
and the URA3 gene, as well as a CYC!-lacZ gene fusion (Guarente
and Ptashne 1981). A Bgl2 linker was inserted at the Smal site just
upstream of the CYC{ DNA. Then the Bgi2—BamH1 fragment
carrying all the CYC! DNA was replaced with the Bgl2—BamH]1
fragment carrying CIT? DNA (see above). Yeast colonies express-
ing lacZ were identified by screening for blue colonies on plates

containing Xgal (Guarente 1983). One expressed CIT7-lacZ fusion
contains the first 164 bp of the coding sequence of CIT1 (*“+164”
fusion). This fusion is regulated by glucose and glutamate, but does
not derepress in lactate-grown cells (it inhibits growth in lactate
medium; data not shown). This fusion contains the amino-terminal
mitochondrial signal sequence of CIT{ (Rosenkrantz et al. 1986;
Singh et al. 1992), and targeting of high levels of f-galactosidase to
the mitochondria has been shown to interfere with growth (Douglas
et al. 1986). Integration of this +164 CIT1-lacZ fusion at the CIT1
locus, lowered expression of f-galactosidase in glucose-grown cells
by 6-fold, and resulted in normal growth and derepression in lactate
medium (data not shown). A second plasmid-borne CIT{-lacZ fu-
sion produced approximately 15-fold lower levels of f-galactosidase
than the + 164 plasmid in glucose-grown cells, and resulted in nor-
mal growth and derepression in lactate medium. Surprisingly, it
lacks the CIT! translational start codon and starts at the tenth base
pair upstream of the coding sequence (““—10 fusion). Presumably
translation begins at the first downstream ATG which is located at
position 347 of the lacl gene, a portion of which is fused in-frame
to lacZ in pLG669Z (Rogers Yocum et al. 1984). The —10 CIT1-
lacZ fusion, which is regulated correctly, was used for all regulatory
site mapping studies (deletion and base substitution analysis). The
+164 CIT!-lacZ fusion was used for transcript mapping and for
mutant screening by colony color on Xgal glucose medium (where
its higher-level expression was advantageous).

B-galactosidase assays. Yeast transformants were grown for 2-3
days in YEP medium supplemented with 2% galactose, and then
diluted into yeast-minimal medium containing 2% glucose or 2%
lactate (and 0.2% sodium glutamate where indicated), and grown
overnight. Cells were assayed for f-galactosidase activity at an
ODygq of about 0.5. f-galactosidase was assayed in SDS-chloro-
form-permeabilized yeast cells (Guarente 1983), and activity is ex-
pressed as the change in OD,,,x 1000 divided by (minxml of
culture used x ODyg,, of the culture). Assays were performed in
duplicate and were averaged over at least 4—6 experiments. Stan-
dard deviations were typically 20—-40%.

Generation of promoter deletions using Bal31 exonuclease. 5' dele-
tions of the —10 CIT1-lacZ fusion were constructed using Bal/31
nuclease in a unidirectional manner, by employing a temporary
upstream “‘buffer fragment” to protect the yeast URA3 gene (and its
transcription terminator) from digestion. A 3-kbp Bgl2— Bgl2 frag-
ment containing the yeast LEU2 gene (Hsu and Kohlhaw 1982) was
cloned into the unique Bg/2 restriction site located just upstream of
the CIT! DNA. Then, this plasmid was opened at a unique Xhol
site located close to the end of the LEU2 buffer fragment nearest to
the CIT? DNA. DNA was deleted in both directions using Ba/31
nuclease. A Bgl2 linker was added to the deleted ends and the
chewed buffer fragment was removed using Bgl2. Thus, all fusions
contain identical URA3 DNA upstream of the deletion endpoint.

Mapping of 5 ends of CIT{ RNAs. Cells containing the + 164
CIT1-lacZ multicopy fusion plasmid were grown in glucose or glu-
cose plus glutamate media (the + 164 fusion does not derepress in
lactate-grown cells, see above). Total RNA was isolated as de-
scribed previously (Guarente and Mason 1983). An 18-bp primer
homologous to the portion of lacl present at the beginning of lacZ
(Rogers Yocum et al. 1984) (starting 16 bp downstream from the
BamH1 site) was labeled at its 5’ end using *?P-ATP and T4 polynu-
cleotide kinase. The labeled primer was hybridized to RNA and was
extended using reverse transcriptase (Hahn et al. 1985). The prod-
ucts were denatured and electrophoresed in a polyacrylamide-urea
gel with denatured pBR322/Hpa2 size markers.

Fusion of CIT1 upstream-DNA to a UAS-less CYC1-lacZ fusion.
The —457 deletion derivative of CITI-lacZ was partially digested
with EcoRS5 and a Xho1 linker was placed at the EcoRS site located
at —210 in CIT!. Then, the Xhol—Sacl fragment containing the
CIT! TATA element (-195), the transcription initiation region
(=150 to —100), and the beginning of lacZ was replaced with a



Xhol—Sacl fragment from plasmid pLG669Z (Guarente and
Ptashne 1981), which contains the analogous region (—178 and
downstream) of a CYCI-lacZ fusion, and lacks both UAS, and
UAS, (Guarente et al. 1984). Inversion of CIT! upstream-DNA
was accomplished by adding a Bgl2 linker at the Xhol site and
removing and recloning the resulting Bgl2— Bgl2 fragment in either
orientation. In these heterologous constructs, the nearest CYC/
TATA clement is about 60 bp further downstream from the CIT1
upstream fragment being tested than is the putative TATA element
in the native CIT gene.

Mutagenesis by the polymerase chain reaction (PCR). Amplitaq
polymerase (Perkin-Elmer) or Pfu polymerase (Stratagene) were
used as suggested by the manufacturer. Amplification was carried
out in 3 mM MgSO,, using 300 ng of each primer, 100 ng of plas-
mid template, and 50 pm dNTPs (to reduce misincorporation). Af-
ter incubation for 5 min at 95°C, samples were cycled 25 times for
30sat95°C, 30 s at 37°C, and 30 s at 72°C, followed by incubation
at 72°C for 7min (for complete extension). Deletions within the
Bgl2 to Xhol region upstream of CIT?{ were created as follows. A
primer homologous to a portion of this region and carrying a Bgl2
or Xhol restriction site (for 5 or 3’ deletion, respectively) plus an
opposing primer external to this region were used for amplification.
Subsequently, the PCR product was cut and cloned in place of the
wild-type Bgl2 to Xhol fragment, upstream of a —10 CIT{-lacZ
fusion. Multiple base substitutions were made by a similar strategy,
using a primer with 10 bp of wild-type sequence on either side of the
substituted nucleotides. In cases, where the region to be mutage-
nized was far from either restriction site, a two-step, three-primer
PCR strategy was employed (Sarkar and Sommer 1990). An initial
amplification was used to make a portion of the Bgl2 to Xhol
region. One primer (within the Bgl2 to Xhol region) included the
desired base substitutions, while the second, opposing, primer was
entirely homologous to sequences outside of this region. Subse-
quently, the PCR product (5% of it) was extended in the presence
of a third, opposing, primer and wild-type plasmid template, to
make a full length Bgl2 to Xhol fragment. This mutagenized frag-
ment was used to replace the wild-type fragment upstream of a
—10 CIT1-lacZ fusion. For these two-step PCR constructions, Pfu
proofreading polymerase was substituted for Tag polymerase since
the latter exhibited a high frequency of misincorporation in the
region synthesized during the second round of PCR. All PCR-gen-
erated constructs were checked for the desired mutation and lack of
misincorporations by determining the DNA sequence of the entire
Bgl2 to Xhol fragment. In some cases a mobility-shift assay was
used to detect single-strand conformation polymorphisms (SSCP)
(Orita et al. 1989) as a rapid screen for mutant clones. The Bgl2 to
Xhol fragment was amplified by PCR from bacterial colonies (Joshi
etal. 1991). One-tenth of the PCR product was denatured in 50 mM
NaOH, 1 mM EDTA at 42°C for 5 min, and loaded in 10% for-
mamide, 0.5% xylene cyanol, 5% bromophenol blue onto a 10%
nondenaturing polyacrylamide gel. After electrophoresis, DNA
was detected by staining with 0.5 pg/m! of EtBr (Yap and McGee
1993).

DNA sequence determination. All plasmid constructions were
checked and deletion endpoints determined by performing DNA
sequencing (Sanger et al. 1977) on denatured plasmid DNA, using
Sequenase (as suggested by United States Biochemical Corpora-
tion). Primers homologous to the end of URA3 or the TATA region
of CIT1 were used to determine the DNA sequence on both strands,
between the Bgl2 and Xhol sites. Our CIT{ sequence numbering
differs slightly from that in the original sequence report (Suissa et
al. 1984), due to differences at four positions. In addition, we have
extended the DNA sequence beyond —375. Additional CIT? up-
stream-DNA sequence data is available as Genbank/EMBL acces-
sion number X63746 (Lalo et al. 1993). 5" and 3’ deletion derivatives
made by Bal31 exonuclease treatment or PCR are numbered by the
last contiguous wild-type base pair remaining (even when contrib-
uted by a restriction-site linker).
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Screen for mutants with trans-acting mutations affecting expression
of CIT1. Cells containing the +164 CIT!-lacZ fusion plasmid
were treated with ethylmethanesulfonate to about 95% lethality
(Sherman et al. 1986) and were spread on minimal-medium plates
(pH 7) containing salts, vitamins, strain-dependent requirements,
2% glucose, and 40 pg of 5-bromo-4-chloro-3-indolyl-g-D-galac-
toside (Xgal) (Guarente 1983). The Xgal phenotype was checked by
restreaking and f-galactosidase activity was assayed in liquid cul-
tures. Mutations were characterized as cis- or trans-acting by curing
the plasmid from the strain, retransforming with the CIT1-lacZ
fusion plasmid, and assaying for f-galactosidase activity. Plasmid-
cured mutants were also transformed with plasmids bearing other
yeast gene fusions, CIT2-lacZ (unpublished), CYCi-lacZ (A312)
(Guarente et al. 1984), LEU2-lacZ (pLG1) (Guarente et al. 1984),
and HIS4-lacZ (HYC3) (Hinnebusch et al. 1985), to determine the
specificity of the mutation. Mutations were characterized as domi-
pant or recessive by mating with an « strain (lacking plasmid) and
assaying f-galactosidase activity. Out of 130000 colonies screened,
expression of CIT!-lacZ was reduced in 44 mutants (increased ex-
pression was not observed). All but six of these reduced the expres-
sion of both the LEU2-lacZ and HIS4-lacZ fusions. An additional
mutant, J40-86, was isolated in a similar screen for reduced expres-
sion of a CIT2-lacZ fusion in glucose-grown cells (unpublished).

Results

A CIT1-lacZ gene fusion is regulated by glucose
and glutamate

We previously demonstrated that CIT7 (mitochondrial
citrate synthase) mRNA is reduced approximately 6-fold
in glucose-grown cells compared with cells grown on a
nonfermentable carbon source such as lactate (Kim et al.
1986). Expression is reduced approximately 10-fold fur-
ther in cells supplied with both glucose and 0.2% gluta-
mate (Kim et al. 1986). This regulation reflects the cata-
bolic and biosynthetic roles of the first three enzymes of
the TCA cycle (the TCA cycle intermediate o-ketoglu-
tarate is a precursor for the biosynthesis of glutamate).
To simplify identification of the DNA sequences and
transcription factors required for regulation of the CIT/
gene, we desired a more convenient assay for expression.
Although assays for citrate synthase activity exist (Parvin
1969; Srere 1969), S. cerevisiae contains a second gene,
CIT2, which also encodes citrate synthase (Kim et al.
1986; Rosenkrantz et al. 1986). We fused the CIT gene
to the E. coli lacZ gene which encodes B-galactosidase.
This fusion is carried on a multicopy yeast-E. coli shuttle
vector derived from pLG669Z (Fig. 1) (Guarente and
Ptashne 1981). The initial fusion construct carried DNA
sequences from —806 to —10 (relative to the CIT? coding
sequence) (see Materials and methods).

Expression of f-galactosidase from the —806 CIT7-
lacZ gene fusion was regulated similarly to mRNA from
the native CIT! gene (Kim et al. 1986). B-galactosidase
activity was reduced 4-6-fold in glucose-grown cells
compared with lactate or lactate plus glutamate-grown
cells, and was reduced an additional 13-fold in cells sup-
plied with both glucose and 0.2% glutamate (Fig. 2, first
data point, —806). There was a slight deviation from the
expected regulation, in that expression of the CIT!-lacZ
fusion was approximately 1.4-fold higher in lactate-
grown cells when glutamate was also supplied. This phe-



Cim1 (Xhol)

BgiZ (-806) -548 activationregion -273 EcoRS TATA BamHl

Fig. 1. CIT1-lacZ fusion plasmid. The CIT? gene of S. cerevisiae
(mitochondrial citrate synthase) was fused to the lacZ gene of E. coli
(B-galactosidase) on a multicopy plasmid. Initially 806 bp of CIT1
upstream-DNA were included. Deletion and nucleotide substitu-
tion derivatives are similar in structure to the map shown, except
that the Bgl2 and Xhol sites mark the new ends of 5" and 3" deletion
derivatives, respectively
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Fig. 2. 5 deletions of DNA upstream of a CIT?-lacZ fusion. Up-
stream DNA sequences were deleted from a CIT1-lacZ fusion plas-
mid, starting at the Bgl2 site at —806 (Fig. 1). f-galactosidase activ-
ity was assayed in cells grown in minimal medium containing
glucose (o), glucose plus glutamate (o), lactate (a), or lactate plus
glutamate (a). Deletion endpoints are numbered by the last remain-
ing wild-type base pair, as measured from the translation initiation
codon of CIT!. The locations of the putative active TATA element
(black box) and transcription initiation region (gray box) are also
shown

nomenon was consistent, though less pronounced in dele-
tion derivatives (Fig. 2 and below), and may be due to the
presence of multiple copies of the fusion plasmid or to
slightly different growth rates in these media. The effect
of varying the concentration of glutamate in glucose-
minimal medium on the expression of the CITI-lacZ
fusion was determined. Glutamate concentrations of
0.01% or 0.05% reduced CIT1-lacZ expression by about
55% or 80%, respectively, while concentrations of 0.1%
to 0.5% reduced expression by 85—-90%, and noticeably
increased the growth rate. Glutamate auxotrophs are
typically supplemented with glutamate in the range of
0.01-0.1% (Sherman et al. 1986; Folch et al. 1989).

Mapping the transcription initiation region

Reverse transcriptase mapping was used to determine the
locations of the 5'-ends of transcripts from a plasmid-
borne CIT1-lacZ fusion (Fig. 3). Several major tran-
scripts initiate between 150 bp and 100 bp upstream of
the CIT{ translation initiation codon. At this level of
resolution, it appears that all CIT{ transcripts are coordi-
nately regulated by the combination of glucose and gluta-
mate. A candidate TATA element (TATAAA at—195) has
the appropriate sequence (Chen and Struhl 1988) and the
positioning (Hahn et al. 1985; Nagawa and Fink 1985)
required for these transcripts. There was no appreciable
level of products below 200 bases, which would have
indicated transcripts encoding a truncated product lack-
ing the amino-terminal mitochondrial targeting signal
(Rosenkrantz et al. 1986; Singh et al. 1992). Thus, al-
though some CITi-encoded citrate synthase activity is
detected in the post-mitochondrial supernatant (Rosen-
krantz et al. 1986), it is not the result of a truncated
protein encoded by a distinct transcript. The locations of
the region of transcription initiation and the predicted
functional TATA element (Hahn et al. 1985) are indicated
in Fig. 2.

5" deletion analysis of CIT! upstream-DNA

To identify regulatory elements involved in regulation of
CIT1, deletion analysis was performed on the —806 to
—10 CIT1-lacZ plasmid-borne fusion, which is regulated
correctly (see above). 5’ deletions were made starting at
the Bgl2 site at —806, unidirectionally downstream to-
ward lacZ (Fig. 1). Removal of DNA sequences from
~806 to —548 did not reduce expression or alter regula-
tion (expression was increased; Fig. 2). Further deletion
gradually reduced all expression, until —324, where ex-
pression was eliminated. Thus, expression of CITY is de-
pendent on activation sequences between — 548 and —324.
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Fig. 3. Mapping of 5’ ends of CIT/ mRNA.
RNA was isolated from cells containing a
CIT1-lacZ fusion plasmid, after growth in glu-
cose-minimal medium without (4) or with (B)
glutamate. A *?P end-labeled primer was hy-
bridized to the RNA and was extended using
reverse transcriptase. The products were dena-
tured and electrophoresed in a polyacrylamide-
urea gel with denatured pBR322/Hpa?2 frag-
ments as size markers (bases)
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Like other yeast upstream activation sequences (UASs),
this region lies far upstream of the transcription initiation
region and the TATA box. Since these deletions were all
made from the 5 side, we could not decide whether se-
quences between —324 and the TATA box (—195) are also
required, but not sufficient, for expression (see below).

Some deletions ending between —548 and —324 had
different effects on glucose-repressed and derepressed
expression. Deletion from —548 to —457 reduced both
glucose-repressed and derepressed expression of CIT1
(2-2.5-fold) (Fig. 2). Further deletion from —457 to —358
reduced expression much more sharply in glucose-grown
cells (16-fold) than in lactate-grown cells (2.5-fold). An-
other way of stating this is that derepression was 4—7-
fold for deletion constructs with endpoints from —806 to
-457, but was 41-fold for the —358 deletion derivative.
Further deletion to —324 reduced expression in lactate-
grown cells (140-fold) more than in glucose-grown cells
(4.5-fold), and essentially eliminated all expression.
These data are consistent with a model in which distinct
DNA clements activate glucose-repressed expression and
derepression, with elements critical for the former located
upstream of elements critical for the latter. The region
—548 to —457 appears to contribute to both kinds of
expression, and might contain activation elements of
both types or else constitutive activation sites.

While CIT? is negatively regulated by glucose and
glucose plus glutamate, there was little evidence from the
deletion analysis for negative regulatory elements. Dele-
tion from —588 to —548 increased expression in lactate-
grown cells, but did not affect regulation by glucose or
glucose plus glutamate (Fig. 2). The —358 and —324 dele-
tions reduced the difference between expression levels in
glucose-grown and glucose plus glutamate-grown cells,
but this is probably not significant since it was due to
decreased expression in the former rather than increased
expression in the latter. Negative elements for regulation
by glucose or glucose plus glutamate could have gone
undetected if located within DNA sequences also critical
for expression (e.g., —457 to —324). Alternatively, nega-
tive regulation might be accomplished by reduced levels,
DNA-binding, or the function of an activator protein
which interacts with an upstream activation element.

CIT! upstream-sequences confer regulated expression
upon a heterologous gene

In general, activation of transcription by yeast UASs is
largely independent of precise distance, orientation, and
the source of the transcription initiation region and
TATA element (Guarente 1988; Forsburg and Guarente
1990). We tested the ability of CIT? upstream-DNA to
activate transcription of a heterologous gene lacking its
own UAS. CIT{1 DNA between —457 and —211 (Xhol site
just upstream of the TATA element, Fig. 1), was placed in
either orientation upstream of the TATA elements of the
yeast CYC{ gene fused to lacZ (Guarente and Ptashne
1981). This portion of the CYC! gene lacks both CYC/
UASs and is not expressed on its own (Guarente et al.
1984).
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This upstream-DNA region of CIT! activated the
transcription of CYC{-lacZ and conferred regulation by
glucose and glutamate (Fig. 4). The level of f§-galactosi-
dase activity produced (Fig. 4 A) was much higher than
that from the —806 CIT1-lacZ fusion (Fig. 2). However,
this is probably due in large part to the lack of a native
yeast translation initiation site in this CIT?-lacZ fusion
(see Materials and methods). Activation and regulation
were independent of the precise distance from the TATA
element and orientation. In construct A (native orienta-
tion) the distance between the CIT! upstream-DNA re-
gion and the nearest CYC7 TATA element was approxi-
mately 60 bp longer than in the native CIT? gene. In
construct C, inverted CIT! DNA also activated and reg-
ulated expression. Expression was reduced in construct C
compared with construct A, but this appears to be due to
the addition of a Bg/2 linker (construct B) between the
CIT! upstream-DNA and the CYC{ TATA elements (to
allow inversion of the CIT{ DNA in construct C). We do
not have data on the mechanism of this linker effect.
Thus, inversion of the CIT7 DNA actually increased ex-
pression, especially in glucose-grown cells (Fig. 4 B, C).
Perhaps inversion of the CIT! DNA has placed activa-
tion elements, functional in glucose-grown cells, closer to
the CYC! TATA elements, where they might function
more efficiently (Ruden et al. 1988).

Fine 5 deletion analysis of the CIT1 activation region

To further localize upstream regulatory sequences, addi-
tional 5 deletions were constructed from —548, with end-
points every 10 to 20 bp. These deletions produced a
slow, steady decline in glucose-repressed expression, until
—354 where expression was lost (Fig. 5). Derepressed
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B-galactosidase activity
W
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A B C
CiT1-CYC1-lacZ construct

Fig. 4. Effect of CIT? upstream-DNA sequences on a UAS-less
CYCI-lacZ fusion. B-galactosidase was assayed in cells grown in
minimal medium containing glucose or lactate, with or without
glutamate. A CIT7 sequences from —457 to —211 were placed, in
their natural orientation, at the X#ol site upstream of the TATA
elements and the transcription initiation region of CYC! (cyto-
chrome c) fused to the E. coli lacZ gene. B As an intermediate
construction step, the Xhol site was filled-in and a Bg/2 linker was
inserted. C The Bgl2-Bgl2 fragment containing CIT! upstream-
DNA was cloned in inverted orientation
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Fig. 5. Fine 5" and 3’ deletion mapping of the CIT! upstream acti-
vation region. 5’ deletions (solid lines) heading downstream into the
activation region of CIT! were generated starting from a Bgl2 site
at —548 (Fig. 1). 3’ deletions (dashed lines) heading upstream into
this region were made from the —457 5 deletion, starting at a X#hol
linker placed at —211 (Figs. 1, 6). f-galactosidase activity was as-
sayed in cells grown in minimal medium containing glucose (o),
glucose plus glutamate (e), lactate (a), or lactate plus glutamate (a).
Deletion endpoints are numbered by the last remaining wild-type
base pair, as measured from the translation initiation codon of
CIT1

expression declined slowly from —548 to approximately
—473, remained steady from —473 to —390, and declined
sharply from —390 to —344, where expression was lost.
Thus, expression appeared to depend on multiple activa-
tion elements.

Again, differential effects on glucose-repressed and
derepressed expression were observed. Deletion from
—548 to —390 reduced expression in glucose-grown cells
by 5.5-fold and expression in lactate-grown cells by 1.7-
fold. Deletion from —390 to —358 reduced expression in
both glucose-grown and lactate-grown cells, by 3.5-4-
fold. Further deletion from —358 to —354 essentially elim-
inated expression in glucose-grown cells (reduced 6-fold),
but had no effect on expression in lactate-grown cells.
Finally, deletion from —354 to —344 essentially eliminat-
ed expression in lactate-grown cells (reduced 230-fold).
Once again, the data is suggestive that there are distinct
sequences for activation of expression in glucose-grown
and lactate-grown cells.

None of the deletions appeared to remove a negative
element critical for repression by glucose or glucose plus
glutamate. Instead, as DNA was deleted, the derepres-
sion ratio increased, from six to about 20, due to a faster
decline in glucose-repressed expression than in dere-
pressed expression. The effect of glutamate on glucose-
grown cells declined gradually, from a 13-fold reduction
to no reduction, but this was due to reduced expression in
glucose-grown cells rather than increased expression in
glucose plus glutamate-grown cells.

Identification of an activation region required specifically
for derepression

We also undertook a 3’ deletion analysis of the activation
region. Deletions were made unidirectionally by PCR,
starting at the X#o1 site at —211 and heading upstream,

away from the putative TATA element at —195 (Fig. 1).
To simplify DNA sequence analysis of deletion deriva-
tives, these 3’ deletions were made from the 5’ deletion
construct —457. Therefore, their levels of expression
should be compared to those of the —457 construct. (The
—211 construct is identical to the —457 construct except
that a Xhol linker has been inserted at the EcoRS5 site
at —211).

The region —211 to —273 is not essential for activation.
Deletion from —211 to —265 or —273 actually increased
expression of CIT1 under all growth conditions (Fig. 5).
The increase was greater for glucose-grown cells (2-fold)
than for lactate-grown cells (1.1-1.2-fold). This increase
might be due to the deletion of negatively-acting se-
quences or might simply reflect the closer spacing of the
TATA box to upstream activation sequences (Ruden
et al. 1988).

Deletion beyond —273, to —291, specifically eliminated
CIT1 derepression, by slightly increasing expression in
glucose-grown cells and reducing expression in lactate-
grown cells by 4-fold (Fig. 5). It therefore appears that
DNA sequences at least partially between —273 and —291
are specifically required for derepression of CIT1 expres-
sion in lactate-grown cells. This deletion replaces half of
a potential binding sequence (TCCAATAA) for the
HAP2,3,4 transcriptional activator protein (Forsburg
and Guarente 1990; Guarente 1992, 1993; Pinkham and
Keng 1993) (Fig. 6). The new junction sequence created
is CGAGATAA. A second candidate binding site for
HAP2,3,4 (ACCAAAAA) lies just upstream, with only

BglII
-55@ -5490 -530 -320 -51e -500
..(;TAGAGAT TACTACA‘!;AT TCCAACAAGA CCTTCGCAGG AAAGTATACC TAAACTAATT
> >

-490 -480 -470 -460 -450 -440
AAAG&AATCT CCGAAGTICG CATTTCATTG AACGGCTCAA TTAATCTTTG TAAATATGAG
> >

-430 -420 -410 -400 -390 -380
gGTTTTTACG ITCACATTGC CTTTTTTYTT ATGTATTTAC CTTGCATTTT TGTGCTAAAA
> . > > > >

-370 -360 -350 =340 -330 -320
GGCGTCACGT TTTTTTCCGC CGCAGCCGCC CGGAAATGAA AAGTATGACC CCCGCTAGAC
TS > > > < -

-310 -3ee 2% -280 -27¢ -260
CAAAAATACT TTTGTGTTAT “TGGAGGATCG CAATCCCTTT GGAGCTTTTC CGATACTATC
b - < < <

-250 -240 -230 -220 -210 -200
GACTTATCCG ACCTCTTGTT GTTTGAAAAT GTCAATTGAT ATCCATCCAT TATATAAATG
EcoRY
(XhoI)

Fig. 6. The DNA sequence upstream of CIT1. The region of CIT!
upstream-DNA under study is shown. The positions of deletion
endpoints (Figs. 2, 5) are shown as follows. 5 deletions were made
from the Bgl2 site (—548) and relocated this site to the positions
indicated (>). 3’ deletions were made from a Xhol linker placed
at the EcoRS5 site in the —457 5’ deletion construct, and relocated
this Xhol site to the positions indicated (<). Deletions are num-
bered by the last remaining wild-type base pair, relative to the
translation initiation codon of CIT1. DNA downstream from the
Xho site, including the putative functional TATA element at —195
(TATAAA), is maintained in all deletion constructs. The location
of two 10-bp substitutions which reduce glucose-repressed expres-
sion of CIT1 (—367 to —348) and the locations of two candidate
HAP2,3,4-binding sites (—310 and —290) are underlined. The DNA
sequence reported here differs at several positions from the pub-
lished CIT! sequence (Suissa et al. 1984)



10 bp between the two sites. Both candidate HAP2,3,4-
binding sites differ from consensus (ACCAATNA or re-
verse complement) by 1 bp. The upstream candidate site
differs in the same position as the original CYC1 UAS,
sequence (ACCAACCA) (Guarente et al. 1984) (which
was a weak HAP2,3,4 activation site) and as the pro-
posed HAP2,3,4 site of the CYT1 gene (ACCAACCA)
(Schneider and Guarente 1991). Further deletion, to
—321, removed both candidate HAP2,3,4 sites and 8 bp
in addition, and severely reduced expression under all
growth conditions (Fig. 5). Finally, further deletion to
—360 essentially eliminated all expression.

None of the 3’ deletions strongly affected regulation
by glutamate plus glucose, which remained 9-18-fold
in all cases. However, the —291 and —321 deletions not
only reduced expression in lactate-grown cells, they also
caused this remaining expression to be repressed by glu-
tamate (2.5—3.8-fold). Thus, it appears that the signal for
repression by glutamate is present (to some extent) in
lactate-grown cells, and that other explanations must be
sought for the lack of an effect of glutamate on the dere-
pressed expression of CIT! (see Discussion).

Identification of an activation region required
for expression in glucose-grown cells

5’ deletions ending in the region —390 to —344, reduced
and ultimately eliminated all expression of CIT!. To fur-
ther investigate this region, we chose a less intrusive
method of mutagenesis involving substitution of blocks
of nucleotides. This was done by PCR, in a manner which
preserves the entire Bgl2 (—548) to Xhol (-211) region
with the exception of substitution of the complementary
DNA sequence in a 10-bp block (see Materials and meth-
ods).

Replacement of the 10 bp from —367 to —358 or from
—357 to —348 reduced CIT{ expression 4—5-fold in glu-
cose-grown cells (Table 1). Expression in lactate-grown
cells appeared to be reduced 20-25%, but this change
was within the standard deviation of the data. Thus, these
substitutions alter an element or elements critical for acti-
vation of expression in glucose-repressed cells but mak-

Table 1. The effects of 10-bp substitutions on expression of a CIT1-
lacZ fusion

Region substituted* B-galactosidase activity®

Glucose Glucose Lactate

glutamate
Wild-type 2446 241 112424
—357 to —348 sub. 542 2+1 86423
~367 to —358 sub. 6+2 2+1 87+20

* 10-bp substitutions of the complementary sequence were intro-
duced by PCR into a CIT1-lacZ fusion retaining 548 bp of up-
stream DNA

® p-galactosidase activity is expressed as the change in OD,,, x
1000 divided by (min x ml of culture x OD g, of the culture). Stan-
dard deviations are indicated (4)
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ing, at most, only a small contribution to expression in
derepressed cells. The basal expression in glucose plus
glutamate-grown cells was unaffected by either substitu-
tion (Table 1).

The results of the substitution experiments conflict
with those from the 5 deletion analysis. Deletion from
—371 to —358 (or to —354) reduced glucose-repressed ex-
pression 3-fold (or 18-fold), but also reduced derepressed
expression 7-fold (or 33-fold). Also, deletion from —371
to —344 eliminated all expression, rather than just reduc-
ing it. We do not believe that these discrepancies are due
to the slightly different endpoints in the two techniques
(—371 versus —367 and —348 versus —344), as our prelim-
inary results are that substitution of the 5 bp on either
side of the —367 to —348 region reduces glucose-repressed
expression only by 20—40% (data not shown). We believe
the results of this base-substitution analysis to be more
reliable than those from the deletion analysis (see Discus-
sion).

Trans-acting mutations affecting expression
in glucose-grown cells

A genetic approach was undertaken to identify factors
required for expression or regulation of CIT?. For this
study, we focused on expression in glucose-grown cells.
Cells transformed with a —806 to +164 CIT1-lacZ
fusion were mutagenized, and screened for increased or
reduced expression by colony color, on glucose-minimal
medium containing Xgal. Effects were checked and quan-
tified by p-galactosidase assays on liquid cultures. Only
mutants with reduced expression were successfully iso-
lated. Expression of CIT1-lacZ was reduced 2— 14-fold in
several mutants with trans-acting mutations (Table 2, CK
series). For all of these mutants, reduced expression of
the CIT1-lacZ fusion is recessive (see Materials and
methods).

Table 2. Effects of trans-acting regulatory mutations on expression
of CIT1-lacZ and other yeast gene fusions

Strain® B-galaciosidase activity®

CITi- CIT2- CYC{- LEU2- HIS4-

lacZ lacZ locZ lacz lacZ
WT 28 770 480 140 150
CKHI10 10 730 270 150 170
CKH16 12 1020 470 230 160
CK2-7 9 310 800 170 100
CK144 10 42 140 160 4
CK2-2 11 13 900 100 34
CKH7 2 36 55 13 190
J40-86 5 1 300 22 190

? Mutants were isolated by screening for decreased expression of a
CITI-lacZ fusion, except for J40-86, which was isolated using a
CIT2-lacZ fusion

b Cells were grown in glucose-minimal medium. f-galactosidase
activity is expressed as the change in OD,,, x 1000 divided by
(min x ml of culture x ODg,, of the culture). The standard devia-
tion was usually 20—-40% of the value
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To check the specificity of these mutations, mutants
were cured of plasmid and transformed with other yeast
genes fused to lacZ. Expression of CIT2-lacZ (nonmito-
chondrial citrate synthase) and CYC1-lacZ (iso-1-cyto-
chrome ¢) fusions were also reduced in some of the mu-
tants. CIT2 is regulated by glucose plus glutamate but
not by glucose alone (Kim et al. 1986), while CYCI is
regulated by glucose (Guarente 1992, 1993) but not by
glutamate (unpublished results). Transcription of CYC{
in glucose-grown cells depends on UAS, and the HAP1
transcriptional activator protein (and perhaps other
proteins). The mutants were also tested for expression of
LEU2-lacZ (pLG1) (Guarente et al. 1984) and HIS4-
lacZ (HYC3) (Hinnebusch et al. 1985) fusions. These
genes do not encode mitochondrial proteins and are not
repressed by glucose. A variety of specificity patterns
were detected among the mutants, and there was no cor-
relation between the effects on different genes. Unfortu-
nately, the mutants most severely reduced in expression
of CIT1 or CIT?2 also exhibited reduced expression of the
LEU2-lacZ or HIS4-lacZ control fusions, indicating a
lack of specificity. J40-86, which was isolated in a simi-
lar screen for reduced expression of a CIT2-lacZ fusion
(unpublished), also exhibited reduced expression of the
CIT1-lacZ and LEU2-lacZ fusions (Table 2). Biochemi-
cal experiments are in progress to determine whether any
of these mutations define genes encoding proteins which
bind to CIT! or CIT2 upstream-DNA.

Discussion

A fundamental problem in eukaryotic cells is the regula-
tion of synthesis of proteins required for mitochondrial
function. Most of these proteins are encoded by nuclear
genes, and expression of many of these genes is repressed
by glucose (Forsburg and Guarente 1990; Pon and
Schatz 1991; Pinkham and Keng 1993). The CIT? gene
of S. cerevisiae encodes mitochondrial citrate synthase,
which catalyzes the first and rate-limiting step of the
TCA cycle (Krebs and Lowenstein 1960; Walsh and
Koshland 1985). The level of CIT1 mRNA is reduced
5—7 fold in glucose-grown cells and is reduced an addi-
tional 10-fold by supplying glutamate in addition to glu-
cose (Kim et al. 1986). This complex, synergistic regula-
tion reflects the roles of the TCA cycle in the catabolism
of nonfermentable carbon sources and in providing pre-
cursors for biosynthetic pathways (e.g., a-ketoglutarate is
a precursor for the synthesis of glutamate).

We have shown here that upstream DNA sequences
activate and regulate expression of CI7. Based on map-
ping the 5" ends of CIT? transcripts, transcription ini-
tiates at multiple sites between —150 and —100 (relative to
- the CIT1 coding sequence), and all transcripts appear to
be regulated by glucose plus glutamate (Fig. 3). The puta-
tive functional TATA element is located at —195 (Fig. 6).
Based on 5’ and 3’ deletion analysis of upstream DNA,
sequences critical for expression of a CITI-lacZ fusion
were mapped to the region —548 to —273 (Figs. 2, 5). The
DNA fragment —457 to —211 (located just upstream of
the putative TATA element and retaining half the expres-

sion of the —548 construct) was shown to confer acti-
vation and regulation by glucose and glutamate, when
placed in either orientation upstream of a UAS-less
version of the yeast CYC! gene (iso-1-cytochrome c¢)
(Fig. 4).

Since closely-spaced 5 deletions resulted in gradual
declines in glucose-repressed and derepressed expression,
we were unable to localize critical activation elements by
this method. An alternative method, the introduction of
10-bp substitutions by PCR, proved more useful. The
approach used here offers several advantages over the
original linker-scanning method (McKnight and Kings-
bury 1982): every nucleotide within the block is mutated,
a large set of opposing deletions is not required, and the
number of nucleotides substituted per block can be
chosen, depending on the size of the region to be ana-
lyzed. The two-step, three-primer PCR method employed
(Sarkar and Sommer 1990) allows mutagenesis of se-
quences far away from convenient restriction sites, with-
out the use of very-large oligonucleotide primers.

We initially focused our substitution analysis on the
region —390 to —344, where closely-spaced 5' deletion
endpoints caused a rapid decline in, and ultimately elim-
inated, expression (Fig. 5). Substitution of the comple-
mentary 10-bp DNA sequence from —367 to —358 or
from —357 to —348 strongly reduced expression in glu-
cose-grown cells, and appeared to decrease expression in
lactate-grown cells by 20-25% (Table 1). Preliminary
results indicate that adjacent sequences on either side of
this 20-bp region, —367 to —348, are less critical.

Deletion and substitution analyses gave conflicting
conclusions as to the importance of the —367 to —348
activation region for derepressed expression (see Re-
sults). We believe deletion data to be less reliable than
base substitution data. Substitutions leave intact the
DNA upstream of the altered region, while 5" deletions
replace them, in this case with the URA3 sequences pres-
ent upstream (Fig. 1). These foreign sequences, when
moved closer, might reduce expression of the down-
stream CIT!-lacZ fusion. Such inhibition could be due to
binding of a protein or to transcription from URAS3.

The region for activation of CIT7 in glucose-repressed
cells, —367 to — 348, does not contain any obvious binding
sites for known yeast regulatory proteins (Fig. 6) (Verdier
1990). As one approach to the identification of proteins
which interact with this regulatory region, we have gener-
ated trans-acting mutations affecting expression of CIT1
in glucose-grown cells (Table 2). Experiments are under-
way to determine whether any of these mutants are defec-
tive in a protein required for activation by the —367 to
—348 region, and if so, whether the protein specifically
binds this DNA sequence. Some of the mutants also ex-
hibited reduced expression of CIT2 (nonmitochondrial
citrate synthase) or CYC{ (iso-1-cytochrome c), indicat-
ing possible links between the regulation of these genes.

3’ deletion beyond —273, to —291, specifically elimi-
nated derepression above the glucose-repressed level of
expression (Fig. 5). The —291 deletion replaces half of a
candidate binding site for the HAP2,3,4 transcriptional
activator protein, which has previously been shown to
derepress transcription of genes encoding components of



the mitochondrial electron transport chain, in the ab-
sence of glucose (Forsburg and Guarente 1990; Mattoon
et al. 1990; Guarente 1993; Pinkham and Keng 1993).
Transcription of several other nuclear genes encoding
TCA cycle enzymes has been found to be repressed by
glucose: ACO/! (aconitase) (Gangloff et al. 1990), KGD{
(a-ketoglutarate dehydrogenase) (Repetto and Tzagoloff
1989), KGD2 (dihydrolipoy! transsuccinylase) (Repetto
and Tzagoloft 1990), LPD{ (lipoamide dehydrogenase)
(Roy and Dawes 1987), and MDH{ (malate dehydroge-
nase) (McAlister-Henn and Thompson 1987). HAP2,3,4
has been shown to be required for the derepression of
KGD1, KGD2, and LPD{ (Repetto and Tzagoloff 1989,
1990), but the mechanism of expression of these genes in
glucose-repressed cells is unknown.

The remaining expression of the —291 deletion con-
struct in lactate-grown cells may indicate that we have
only partially incapacitated the element(s) responsible for
derepressed expression. For instance, the —291 deletion
retains a second candidate HAP2,3,4-binding site 10 bp
upstream, at —312 to —305 (Fig. 6). Both candidate sites
differ by only one nucleotide from the consensus binding
site (TNATTGGT or ACCAATNA) (Forsburg and
Guarente 1990; Guarente 1992, 1993; Pinkham and
Keng 1993). However, if the remaining HAP2,3.4 con-
sensus site were active in the —291 deletion construct, it
would be expected to give derepressible expression rather
than the observed constitutive expression (Fig. 5). The
~312 to —305 candidate HAP2,3.4 element may normally
activate CIT? expression, but not in the —291 deletion
construct, where the other candidate HAP2,3,4 element
at —290 has been removed and the TATA element has
been moved very close by.

A second possibility is that the remaining expression
of the -291 deletion construct in lactate-grown cells is
due to a different activation region, located further up-
stream. Since expression of the —291 deletion construct is
about the same in both glucose-repressed and dere-
pressed cells (about 30 units of f-galactosidase activity;
Fig. 5), it is possible that a single upstream region acti-
vates constitutively. The region —367 to —348 (see above)
may be this constitutive activation region. Substitutions
in this region did appear to reduce both glucose-repressed
and derepressed expression by 20 to 25 units (Table 1).
However, the apparent decrease in derepressed expres-
sion is similar to the standard deviation of the data, and
is thus suspect. Construction of a CIT?-lacZ fusion with
both the —291 deletion and either substitution in the —367
to —348 region should answer whether both regions con-
tribute to derepressed expression of CIT1.

It is possible to construct a simple model explaining
the data on regulation of CIT? by glucose and glutamate:
The region —367 to —348 activates at low level in glucose-
repressed cells, and perhaps equally in derepressed cells.
DNA sequences located at least partially between —291
and —273 mediate derepression, perhaps by binding
HAP2,3,4. What mediates repression of CIT? by gluta-
mate and how is it limited to glucose-repressed cells? The
fact that the remaining expression of the —291 and 321
deletion constructs is repressed by glutamate not only
in glucose-grown cells, but also in lactate-grown cells
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(Fig. 5), indicates that the intracellular signal for regula-
tion by glutamate is not lacking in lactate-grown cells.
Perhaps a negative element located in or near the —367 to
—348 activation region mediates repression by glutamate.
The activation region mediating derepression might es-
cape repression by glutamate by virtue of its distance or
location downstream from the glutamate repression ele-
ment. Alternatively, perhaps the synthesis, binding, or
function of the cognate transcriptional activator protein
for the —367 to —348 activation region is reduced by glu-
tamate, while the transcriptional activator protein for
derepression mediated by the —291 and —273 region (per-
haps HAP2,3.4) is not affected by glutamate.

This dual activation model for the regulation of CIT?
resembles that for the yeast CYC{ gene (iso-1-cyto-
chrome c), where glucose-repressed expression requires
the HAP1 protein bound to UAS, (in the presence of
heme) and derepression requires HAP2,3,4 bound to
UAS, (Forsburg and Guarente 1990; Pinkham and Keng
1993). ACO{ (aconitase), like CIT1, is regulated by glu-
cose and by glucose plus glutamate, and has a candidate
HAP2,3,4-binding site (ACCAATCA) at —288 (Gangloff
et al. 1990). The molecular mechanism of regulation of
CIT2 (nonmitochondrial citrate synthase) by glucose
plus glutamate (but not by glucose alone) is also under
investigation in this laboratory (Kim et al. 1986).

According to the model proposed above, if the region
—367 to —348 activates constitutively with respect to
glucose, addition of glutamate to lactate cultures should
slightly reduce expression of a CIT!-lacZ fusion, rather
than have no effect or increase it, as observed (Figs. 2,
4, 5). The predicted decrease is about 20 to 25 units of
f-galactosidase activity (the level of activation by the
—367 to —348 region; Table 1). This amount is similar to,
or less than, the standard deviation of the data, and there-
fore difficult to confirm or deny. Also, the slightly-faster
growth rate of lactate cultures supplied with glutamate
may increase expression of the CIT?-lacZ fusion suffi-
ciently to obscure the predicted small decrease in expres-
sion.

What is the role of DNA sequences upstream of the
activation sequences identified (—291 to —273 and —367
to —348)? Closely-spaced deletions from —548 to —371
(Fig. 5) produced a slow decline in glucose-repressed ex-
pression (7-fold) and derepressed expression (2.5-fold),
suggesting that this region contains multiple activation
elements. Also, 5" deletion to —344 eliminates derepressed
expression (as well as glucose-repressed), even though
the —291 to —273 region and the candidate HAP2,3,4
elements at —310 and —290 remain intact. Thus, the iden-
tified activation regions and DNA further upstream both
appear to be critical for expression (i.e., they function
synergistically). The construction of 10-bp substitutions
from —548 to —457 has failed to identify additional criti-
cal upstream activation regions (data not shown), despite
the fact that deletion of this region reduces all expression
2-fold (Figs. 2, 5). Perhaps, this region contains multiple
weak activation sequences. An alternative explanation
for the gradual decline in expression observed with dele-
tions from —548 to —371 is that it is an artifact of the
5" deletion analysis. Indeed, we observed differences be-
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tween the results from 5’ deletion analysis and 10-bp sub-
stitutions (see above and Results), and believe substitu-
tion data to be more reliable.

Finally, although the CIT! and CIT2 coding se-
quences share homology and appear to be related
through a multigenic duplication (Rosenkrantz et al.
1986, Lalo et al. 1993), the upstream sequences and regu-
lation of these genes have diverged substantially. Expres-
sion of CIT2 is reduced by glucose plus glutamate, but,
unlike CIT1, not by glucose alone (Kim et al. 1986).
Furthermore, expression of CIT{ and CIT?2 responds to
the state of the mitochondrial DNA, but the response is
opposite. CIT{ expression is reduced in rio° strains (defi-
cient in mitochondrial DNA), while CIT2 expression is
increased in rho° strains (and in strains defective in the
CIT! gene) (Liao et al. 1991; Liao and Butow 1993).
Clarification of the relationship between the regulatory
elements and regulatory mutants described here and
those involved in regulation of CIT2 by glucose plus glu-
tamate or by rko° status, requires further work.

Acknowledgements. This work was supported by Grant GM41889
from the National Institutes of Health, by grants from the A.D.
Williams Foundation and the Thomas F. and Kate Miller Jeffress
Memorial Trust of Richmond, Virginia, and by an institutional
award from the American Cancer Society. The authors thank Gott-
fried Schatz for providing the cloned CIT? gene and Leonard
Guarente for advice, plasmids, and strains. We also thank Gail
Christie, Gregory Buck, Thomas Reynolds, Douglas Anders, and
Rodney King for technical advice and the Nucleic Acid Core Facil-
ity of Virginia Commonwealth University for providing oligonucle-
otides.

References

Beevers H (1979) Annu Rev Plant Physiol 30:159-194

Carlson M (1987) J Bacteriol 169:4873-4877

Chen W, Struhl K (1988) Proc Natl Acad Sci USA 85:2691-
2695

Douglas MG, Geller BL, Emr SD (1986) Proc Natl Acad Sci USA
81:3983-3987

Flechtner VR, Hanson RS (1969) Biochim Biophys Acta 184:252—
262

Folch J-LAG, Antaramian A, Rodriguez L, Bravo A, Brunner A,
Gonzalez A (1989) J Bacteriol 171:6776-6781

Forsburg S, Guarente L (1990) Annu Rev Cell Biol 5:153-180

Fraenkel DG (1982) Carbohydrate metabolism. In: Strathern JN,
Jones EW, Broach JR (eds) The molecular biology of the yeast
Saccharomyces cerevisiaze — metabolism and gene expression.
Cold Spring Harbor Laboratory, Cold Spring Harbor, New
York

Gangloff SP, Marguet D, Lauquin GJ-M (1990) Mol Cell Biol
10:3551-3561

Gray CT, Wimpenny JWT, Hughes DE, Mossman MR (1966)
Biochim Biophys Acta 117:33-41

Guarente L (1983) Methods Enzymol 101:181-191

Guarente L (1987) Annu Rev Genet 21:425-452

Guarente L (1988) Cell 52:303-305

Guarente L (1992) Messenger RNA transcription and its control in
Saccharomyces cerevisiae. In: Jones EW, Pringle JR, Broach JR
(eds) The molecular and cellular biology of the yeast Saccha-
romyces (vol. 2, Gene expression). Cold Spring Harbor Labora-
tory, Cold Spring Harbor, New York

Guarente L (1993) Mechanism and regulation of transcriptional
activation in eukaryotes: conserved features from yeasts to hu-
mans. In: McKnight SL, Yamamoto KR (eds) Transcriptional

regulation. Cold Spring Harbor Laboratory, Cold Spring Har-
bor, New York

Guarente L, Mason T (1983) Cell 32:1279-1286

Guarente L, Ptashne M (1981) Proc Natl Acad Sci USA 78:2199-
2203

Guarente L, Lalonde B, Gifford P, Alani E (1984) Cell 36:503—
511

Hahn S, Hoar ET, Guarente L (1985) Proc Natl Acad Sci USA
82:8562—-8566

Hanson RS, MacKechnie I (1969) Regulation of sporulation and
the entry of carbon into the tricarboxylic acid cycle. In: Camp-
bell LL (ed) Spores IV. American Society for Microbiology,
Washington, D.C.

Hinnebusch AG, Lucchini G, Fink GR (1985) Proc Natl Acad Sci
USA 82:498-502

Hsu Y-P, Kohlhaw GB (1982) J Biol Chem 257:39-41

Joshi AK, Baichwal V, Ames GF-L (1991) BioTechniques 10:42-45

Kim KS, Rosenkrantz MS, Guarente L (1986) Mol Cell Biol
6:1936-1942

Kispal G, Rosenkrantz M, Guarente L, Srere PA (1988) J Biol
Chem 263:11145-11149

Kispal G, Evans CT, Malloy C, Srere PA (1989) J Biol Chem
264:11204-11210

Krebs HA, Lowenstein JM (1960) The tricarboxylic acid cycle. In:
Greenberg DM (ed) Metabolic pathways. Academic Press, New
York, New York

Lalo D, Stettler S, Mariotte S, Slonimski PP, Thuriaux P (1993) C
R Acad Sci Paris 316:367-373

Lewin AS, Hines V, Small GM (1990) Mol Cell Biol 10:1399-1405

Liao X, Butow RA (1993) Cell 72:61-71

Liao X, Small WC, Srere PA, Butow RA (1991) Mol Cell Biol
11:38-46

Mattoon JR, Caravajal E, Guthrie D (1990) Curr Genet 17:179—
183

McAlister-Henn L, Thompson LM (1987) J Bacteriol 169:5157 -
5166

McCammon MT, Veenhuis M, Trapp SB, Goodman IM (1990) J
Bacteriol 172:5816-5827 )

McKnight SL, Kingsbury R (1982) Science 217:316-324

Nagawa F, Fink GR (1985) Proc Natl Acad Sci USA 82:8557-8561

Nimmo H (1987) The tricarboxylic acid cycle and anaplerotic reac-
tions. In: Neidhardt F, Ingraham J, Low KB, Magasanik B,
Schaechter M, Umbarger HE (eds) Escherichia coli and Sal-
monella typhimurium: cellular and molecular biology. American
Society for Microbiology, Washington, D.C.

Orita M, Iwahana H, Kanazawa H, Hayashi K, Sekiya T (1989)
Proc Natl Acad Sci USA 86:2766-2770

Parvin R (1969) Methods Enzymol 13:16-19

Pinkham J, Keng T (1993) Heme-mediated gene regulation in Sac-
charomyces cerevisiae. In: Winkelmann G, Winge DR (eds)
Metal ions in fungi. Marcel Dekker, New York

Pon L, Schatz G (1991) Biogenesis of yeast mitochondria. In:
Broach JR, Pringle JR, Jones EW (eds) The molecular biology
of the yeast Saccharomyces. Cold Spring Harbor Laboratory,
Cold Spring Harbor, New York

Repetto B, Tzagoloff A (1989) Mol Cell Biol 9:2695-2705

Repetto B, Tzagoloff A (1990) Mol Cell Biol 10:4221-4232

Rickey TM, Lewin AS (1986) Mol Cell Biol 6:488—-493

Rogers Yocum R, Hanley S, West R, Jr, Ptashne M (1984) Mol Cell
Biol 4:1985-1998

Rosenkrantz MS, Dingman DW, Sonenshein AL (1985) J Bacteriol
164:155-164

Rosenkrantz MS, Alam T, Kim KS, Clark BJ, Srere PA, Guarente
LP (1986) Mol Cell Biol 6:4509-4515

Roy DJ, Dawes IW (1987) J Gen Microbiol 133:925-933

Ruden DM, Ma J, Ptashne M (1988) Proc Natl Acad Sci USA
85:4262—-4266

Sanger F, Nicklen S, Coulson AR (1977) Proc Natl Acad Sci USA
74:5463 5467

Sarkar G, Sommer SS (1990) BioTechniques 4:404—-407

Schneider JC, Guarente L (1991) Mol Cell Biol 11:4934-4942



Sherman F, Fink GR, Hicks JB (1986) Methods in yeast genetics,
Cold Spring Harbor Laboratory, Cold Spring Harbor, New
York

Singh KK, Small GM, Lewin AS (1992) Mol Cell Biol 12:5593—
5599

Srere PA (1969) Methods Enzymol 13:3-11

Suissa M, Suda K, Schatz G (1984) EMBO J 3:1773-1781

Trumbly RJ (1992) Mol Microbiol 6:15-21

Tzagoloff A, Myers AM (1986) Annu Rev Biochem 55:249-285

195

Verdier J-M (1990) Yeast 6:271-297

Walsh K, Koshland DE, Jr (1985) Proc Natl Acad Sci USA
82:3577-3581

Wilde RJ, Guest JR (1986) J Gen Microbiol 132:3239-3251

Wright RM, Poyton RO (1990) Mol Celi Biol 10:1297-1300

Yap EPH, McGee JO’D (1993) Trends Genet §:49

Communicated by L. A. Grivell



