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We have examined the effects of perturbation of mitochondrial function on expression of two nuclear genes
encoding the mitochondrial and peroxisomal forms of citrate synthase in Saccharomyces cerevisiae, CITI and
CIT2. CIT2 expression was as much as 30-fold higher in [rho] petites, than in isochromosomal [rho"] cells,
whereas CITI expression was slightly down regulated in [rho4l cells. CIT2 expression was also increased in
[rho'] cells by inhibition of respiration with antimycin A or in [rho'] cells containing a disruption of the CITI
gene. These effects were additive, and together they approached the level of CIT2 expression seen in [rho] cells.
Experiments using heterologous gene fusions showed that all of the effects leading to increased expression of
CIT2 were transcriptionally controlled through 5'-flanking CIT2 DNA sequences. Analysis of [rho'] and [rho0]
cells containing disruptions of CITI and CIT2, singly and in combination, showed that the peroxisomal citrate
synthase could partially spare the mitochondrial isoform for growth yield in [rho"'] but not in [rhoo] cells. These
studies suggest a physiological role for increased expression of CIT2 in cells with altered mitochondrial
function. They also provide additional evidence for a retrograde path of communication from mitochondria to
the nucleus in yeast cells.

It is well known that the nuclear genome plays a dominant
role in determining mitochondrial structure and function and
in providing most of the products that regulate the expres-
sion and maintenance of the mitochondrial genome (1, 37).
Less clearly understood is how and to what extent such
intramitochondrial events as the metabolic and respiratory
state of the organelle or the quality and quantity of mito-
chondrial DNA affect the expression of nuclear genes. We
previously hypothesized that such events could provide
signals to the nucleus allowing the cell to monitor mitochon-
drial DNA content and mitochondrial mass or the general
state of mitochondrial activity during cell growth and divi-
sion (3). Recent studies have provided good evidence for
such a retrograde path of communication from mitochondria
to the nucleus (23-25, 38). It is also apparent that while the
mitochondrial state can influence the expression of some
nuclear genes encoding mitochondrial proteins, expression
of other genes for nuclear-encoded mitochondrial proteins is
unaffected (23, 24).
To explore further this complex interplay between mito-

chondria and the nucleus, we have investigated the effects of
perturbations of mitochondrial function on the expression of
two nuclear-encoded isoforms of citrate synthase in Saccha-
romyces cerevisiae: a mitochondrial form (CS 1) that is
analogous to the protein found in mitochondria of higher
eucaryotes and a nonmitochondrial form (CS 2) that is
sequestered within peroxisomes (13, 17, 27, 29, 34). The
nonmitochondrial isozyme is an activity that has been char-
acterized only in S. cerevisiae.
CS 1 and CS 2 are highly homologous: 83% of their

sequences either are identical or are conservative substitu-
tions. The mitochondrial isoform is encoded by CITI, and
the peroxisomal isoform is encoded by CIT2 (17, 29); these
genes probably arose from the same ancestral gene by
duplication followed by mutation (29). Although CS 1 and
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CS 2 are functionally equivalent activities, they participate
in different metabolic cycles: CS 1 performs one of the
integral functions of the tricarboxylic acid (TCA) cycle,
while CS 2 probably participates in one or both of two
nonmitochondrial metabolic pathways: the biosynthesis of
glutamate, and the glyoxylate shunt used for growth on
acetate or ethanol (16).

In this study, we analyzed the effects of alterations in
mitochondrial function on CITJ and CIT2 expression. We
show that in [rhoo] petites, CIT2 is transcriptionally acti-
vated as much as 30-fold compared with [rho'] cells. We
also present evidence that alteration of at least two distinct
mitochondrial functions in [rho'] cells transcriptionally ac-
tivates CIT2. Finally, we present data to suggest that under
certain conditions CS 2 activity may partly supplant CS 1
activity for cell growth and growth yield.

MATERIALS AND METHODS

Chemicals. Triton X-100, D,L-isocitrate, oxaloacetate, co-
enzyme A, glucose, raffinose, ethidium bromide, sorbitol,
mannitol, and NAD+ were from Sigma (St. Louis, Mo.).
Acetyl coenzyme A was prepared by the treatment of
coenzyme A with acetic anhydride as described previously
(32).

Strains and growth conditions. Ten strains of S. cerevisiae
with different nuclear and mitochondrial genotypes were
used. They include five [rho'] strains with different nuclear
genotypes and their corresponding [rho'] derivatives:
PSY142 (MATa leu2-2 leu2-112 lys 2-801 ura 3-52); PSY142
CS1- (MATa leu2-2 leu2-112 lys2-801 ura3-52 citl::LEU2),
PSY142 CS2- (MATa leu2-2 leu2-112 lys2-801 ura3-52 cit2::
URA3), PSY142 CS1- CS2- (MATa leu2-2 leu2-112 lys2-801
ura3-52 citl::LEU2 cit2::URA3), and COP161 U7 (MATa
ade lys ura3). Cells were grown on YP medium (1% yeast
extract, 2% Bacto-Peptone [Difco Laboratories]) with either
5% glucose (YPD) or 2% raffinose (YPR) as the carbon
source. The [rho'] derivatives of the strains used were
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obtained by growing cells for -40 generations in YPD
medium containing 20 ,g of ethidium bromide per ml.
Isolates were verified as [rhoo] by 4,6-diamidino-2-phenylin-
dole staining. In most cases, cells were grown as 50-ml (for
isolation of RNA) or 750-ml (for enzyme activity assay)
cultures in either YPR or YPD as specified in the text and
harvested at between 0.2 and 1.0 A6. units. Cell growth was
determined turbidometrically. Yeast transformations were
carried out by the lithium acetate procedure as described by
Ito et al. (12).

Plasmids. pCS106 is a pBR322-based plasmid containing
1.4 kb of the CII2 coding region plus 1 kb of 5'- and
3'-flanking DNA on a 3.4-kb EcoRI fragment (29). pFCS1
contains the CITJ gene on a 4.5-kb BamHI fragment (34).
pSEY101 is a 2 ,um-based shuttle vector containing the
Escherichia coli lacZ gene (6). pRS315 is an ARS-CEN
shuttle vector containing the LEU2 gene (31). pBL101 is an
ARS-CEN plasmid containing the URA3 gene and 5' CYCI
sequences fused in frame to the E. coli lacZ gene. pYact-1
contains the actin gene on a 3.8-kb EcoRI fragment (20).

Construction of plasmids and fusion genes. pCIT2-605-
LacZ contains a 605-bp Hinfl fragment of the 5' region of
CIT2 fused in frame to the E. coli lacZ gene. This CI72
sequence includes 530 bp of the 5' region of CIT2 plus
sequences encoding the first 24 amino acids fused in frame to
lacZ. To construct pCIT2-605-LacZ, BamHI linkers were
added to the 605-bp Hinfl CIT2 fragment from pCS106, and
the fragment was ligated into the BamHI site of pSEY101.
Subsequently, a 2.5-kb SmaI-SstI fragment containing the
605-bp 5' CIT2 sequences plus lacZ DNA from pSEY101
was inserted into the SmaI-SstI sites of pBL101. pRS-CIT2
contains a 3.4-kb EcoRI CIT2 fragment from pCS106, which
was constructed by ligating the 3.4-kb EcoRI fragment,
following fill-in with the Klenow fragment ofDNA polymer-
ase I, into the SmaI site of pRS315. pRSAct-CIl2 is a fusion
between the actin gene promoter region and the CI12 coding
region (plus 3'-flanking DNA sequences). A 464-bp AluI
fragment of 5' actin sequences from pYact-1 was inserted
into the SmaI site of pRS315. An SpeI-XbaI fragment
downstream of the actin insert was removed and replaced
with an Spel-EcoRI fragment of CIT2 from pCS106.
RNA isolation. Total cellular RNA was extracted from

exponentially growing yeast cells by the method of Elion and
Warner (7) except that the lysis buffer contained 50 mM Tris
hydrochloride (pH 8.0), 0.1 M NaCl, 50 mM sodium acetate,
10 mM EDTA, and 0.5% sodium dodecyl sulfate. The RNA
prepared in this way was digested with RNase-free DNase
and stored in 70% ethanol at -20°C.
RNase protection analysis. RNase protection experiments

were carried out essentially as described by Melton et al.
(19). All probes used in the RNase protection study were
antisense RNA probes synthesized in vitro, by either SP6 or
T7 RNA polymerase, as described previously (19). The
probe to actin was prepared as previously described (23)
except that the plasmid was linearized with BglII. The actin
probe is 323 nucleotides (nt) long, and the protected one is
282 nt long. For the CITJ probe, a 471-bp BglII-EcoRI
fragment of CITJ internal to the coding region was subcloned
from pFCS1 into the BamHI-EcoRI sites of pGEM 3Zf(+).
The CITJ RNA probe was generated by using T7 RNA
polymerase, and the plasmid was linearized by digestion
with HindIII. The length of CITJ probe is 502 nt long, and
the protected one is 471 nt long. Two CIT2 probes were
used. For most of the experiments measuring CIi2 mRNA
levels, a 1,083-bp SpeI-NcoI CIT2 fragment was subcloned
into the corresponding sites in pGEM 5Zf(+). The plasmid

was linearized with Avall and transcribed by T7 RNA
polymerase to yield a full-length 444-nt probe; the size of the
protected fragment is 407 nt. The CIT2 riboprobe used for
Fig. 3 and 6 was generated by subcloning a 1-kb CIT2
PvuII-StuI fragment into the SmaI site ofpGEM 3Zf(+). The
plasmid was linearized with ScaI and transcribed with SP6
RNA polymerase, yielding a full-length 800-nt probe con-
taining internal CIT2 coding sequences and sequences from
the 3' nontranscribed region. The specific activity of each
probe was adjusted by the concentration (100 to 500 ,uM) of
cold UTP added in the reaction mixture. The amount of total
cellular RNA used in the experiments ranged from 10 to 60
,ug, and the amount of probe varied from 4 x 104 to 105 cpm.
Autoradiograms were quantified by scanning with a Molec-
ular Dynamics densitometer.

Si nuclease protection analysis. A 734-bp CII2 DNA
fragment from an upstream DdeI site to a BstNI site within
the CIT2 coding region was isolated, treated with calf
intestine alkaline phosphatase, and end labeled with 32P by
T4 polynucleotide kinase. Si nuclease protection analysis
was carried out with total cellular RNA as described by Zhu
et al. (40) except that the hybridization temperature was at
37 instead of 42°C. Sl-protected fragments were mapped to
CIT2 sequences by comparison with a sequencing ladder
generated by dideoxy sequencing of the 605-bp CIT2 Hinfl
fragment, described above, cloned into M13mpl9.

Subcellular fractionation and quantitation of enzymatic
activities. Mitochondria were isolated by the method of
Daum et al. (5) as described by Rosenkrantz et al. (29). The
supernatant fraction from the centrifugation which produced
the mitochondrial pellet was assumed to be the cytosol and
was used without further treatment. Citrate synthase assays
were conducted by the spectrophotometric method of Srere
et al. (33). Mitochondria for these determinations were
dissolved in a buffer containing 50 mM Tris hydrochloride
(pH 8.1), 1 mM disodium EDTA, and 0.2% Triton X-100 at
least 60 min before initiation of the assay. CS 2 is known to
be unstable at this pH (29), and >90% of any residual CS 2
activity in the mitochondrial preparation is inactivated by
this procedure (unpublished data). To measure expression of
3-galactosidase, 10 independent pCIH2-605-LacZ transfor-

mants of the various cell types (see Results) were pooled and
grown on YPR, and P-galactosidase activity was measured
in cell extracts as described previously (28). In some cases,
we detected significant loss (>50% of the cells) of plasmid
pCI12-605-LacZ from cells grown on rich (YP) medium.
Thus, all ,B-galactosidase activities have been corrected for
plasmid content as determined by replica plating to selective
and nonselective media. Protein concentrations were esti-
mated by the method of Bradford (2), using bovine serum
albumin as a standard.

Nucleotide sequence accession number. The sequence re-
ported has been assigned GenBank accession number
M54982.

RESULTS

CITI and CIT2 are differentially regulated in [rho'] and
[rho0] cells. Enzyme assays specific for CS 1 and CS 2
activities were carried out on mitochondrial and supernatant
fractions to determine the amount of these activities in
[rho'] and [rhoo] derivatives of two yeast strains, COP161
U7 and PSY142 (Table 1). These strains were grown on 5%
glucose (YPD) and on 2% raffinose (YPR), a nonrepressing
carbon source. In agreement with previous findings (21), CS
1 activity was glucose repressible, as are most enzymes of
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TABLE 1. CS 1 and CS 2 activities in [rho'] and [rho'] strains
grown on glucose and on raffinosea

Enzyme Strain Carbon Activity
source (nmol/min/mg)

CS 1 COP161 U7 [rho+] Glucose 127.1 ± 46.0 (12)b
Raffinose 866.1 ± 64.5 (4)

COP161 U7 [rho°] Glucose 78.0 ± 46.9 (14)
Raffinose 222.8 ± 79.0 (7)

PSY142 [rho+] Glucose 347.3 ± 48.3 (3)
Raffinose 581.4 ± 84.6 (2)

PSY142 [rho°] Glucose 25.2 ± 7.8 (5)
Raffinose 138.5 ± 8.2 (2)

PSY142 [rho'] CS1- Glucose 0.3 ± 0.1- (2)*
Raffinose 0.1 ± 0.1C (2)

PSY142 [rho°] CS1- Glucose 0.4 ± 0.1C (2)
Raffinose 0.6 ± 0.2C (2)

CS 2 COP161 U7 [rho+] Glucose 8.3 ± 7.3 (19)
Raffinose 18.4 ± 1.3 (4)

COP161 U7 [rhoo] Glucose 12.6 ± 9.6 (9)
Raffinose 202.9 ± 73.2 (3)

PSY142 [rho+] Glucose 13.1 ± 1.1 (2)
Raffinose 45.5 ± 13.7 (4)

PSY142 [rho°] Glucose 11.3 ± 1.5 (2)
Raffinose 372.0 ± 42.7 (2)

PSY142 [rho'] CS1- Raffinose 292.6 ± 40.5 (4)
PSY142 [rhoo] CS1- Raffinose 156.3 ± 19.3 (4)

a CS 1 and CS 2 enzyme assays were carried out as described in Materials
and Methods. The PSY142 CS1- cells contain a URA3 disruption of CITI.
Strains were grown in YP medium containing 5% glucose or 2% raffinose as
indicated.

b Number in parentheses is number of experiments.
Residual CS 2 activity.

the TCA cycle. CS 1 activity in both glucose- and raffinose-
grown cells was 1.6- to 13.8-fold lower in the [rhoo] petite
derivatives than in the [rho'] parents; as expected, we
detected little or no CS 1 activity in PSY142 cells harboring
a CITI deletion (Table 1).

In [rho+] cells, CS 2 activity was modestly reduced by
growth on glucose (Table 1). In [rho'] cells, CS 2 activity, in
contrast to CS 1 activity, was 8- to 11-fold greater than in the
[rho+] strains when these cells were grown on raffinose;
however, there was no such induction of CS 2 activity in
either COP161 U7 or PSY142 when these strains were grown
on glucose. Finally, [rho'] PSY142 cells with a CITJ disrup-
tion (which therefore lack CS 1 activity) contained more than
six times the amount of CS 2 activity found in wild-type
[rho'] cells.
To correlate these enzyme activity data with mRNA

levels, we used an RNase protection assay with riboprobes
both complementary and internal to CITI, CIT2, and actin
mRNAs. Actin mRNA serves as a suitable internal control
for RNA input in these experiments, since that message
abundance is unaffected either by the carbon source or by
the respiratory state of the cell (24, 35). To validate this
assay, we compared the signal obtained for the RNase-
protected CITJ fragment at three different RNA inputs,
using total RNA isolated from COP161 U7 [rho'] and [rhoo]
cells grown in YPD medium. The observed signal was
proportional to RNA input, and the [rhoo] cells contained
slightly less CITI mRNA than did the [rho'] cells (Fig. 1A).
Data obtained from a direct comparison of CITJ mRNA
abundance in [rho'] and [rho'] cells grown in YPD or YPR
medium (Fig. 1B) were in qualitative agreement with the
enzyme data of Table 1: CITJ expression was glucose
repressible and generally lower in [rhoo] than in [rho'] cells.
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FIG. 1. RNase protection analysis of steady-state CITJ mRNA
levels. (A) 32P-labeled antisense RNA probes internal to CITI and
actin mRNAs described in Materials and Methods were hybridized
with or without the indicated amounts (in micrograms) of total
cellular RNA prepared from COP161 U7 [rho'] and [rho°] cells
growing exponentially in YPD medium. Unhybridized probes were
digested with RNases A and T1 (see Materials and Methods). The
-RNA lanes represent undigested intact probe. All fragments were
resolved on a 5% polyacrylamide-8 M urea gel. The protected CITJ
probe is 471 nt long, and the protected actin probe is 282 nt long. The
lengths of the intact CIT1 and actin probes are 502 and 323 nt,
respectively. (B) RNase protection analysis of CITJ mRNA levels in
COP161 U7 [rho+] and [rhoo] cells growing exponentially on YPD
(Glu) or YPR (Raff) medium.

RNase protection experiments with the CIH2-specific
probe hybridized to total RNA from COP161 U7 cells grown
on raffinose showed a significantly greater level of CIT2
mRNA in the [rho'] petite cells than in [rho'] cells, also in
agreement with the enzyme activity data of Table 1 (Fig. 2).
(The doublet seen for the CI2-protected fragment in these
and subsequent experiments may be the result of some
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FIG. 2. RNase protection analysis of steady-state levels of CIT2
mRNA in COP161 U7 [rho+] and [rho'] cells. Total cellular RNA
was isolated from exponentially growing cultures of COP161 U7
[rho+] and [rho'] cells grown in YPR (Raff) or YPD (Glu) medium
and used in RNase protection assays to determine the level of CI72
mRNA as described in the legend to Fig. 1 and in Materials and
Methods. The length of the intact CIT2 probe complementary to
CIT2 mRNA is 444 nt; the length of the protected probe is 407 nt.
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"breathing" between the CIT2 riboprobe and CIi2 message:
by Northern [RNA] blot analysis, we observed only a single
CIT2 RNA species when we used the same complementary
riboprobe [data not shown].) In 16 independent experiments
with cells grown on raffinose, the CIT2 mRNA level was 6-
to 15-fold greater in [rho'] than in [rho'] cells, and the
average specific activity of CS 2 in [rho'] cells was 11-fold
greater than in [rho'] cells.

In cells grown on glucose, the steady state-level of CIT2
mRNA showed two patterns. In the experiment shown in
Fig. 2, the [rho'] cells appeared to contain higher levels of
CIT2 mRNA than did the [rho'] cells, but in other experi-
ments there was little or no difference in CI12 mRNA
abundance between [rho+] and [rho'] cells. In more than 10
independent experiments in which CIT2 mRNA levels were
measured in cells grown on glucose, the results were divided
about equally between these two findings. However, in no
experiment did we detect any significant difference between
[rho+] and [rho'] cells in CS 2 enzyme activity (Table 1). We
have no explanation for this variability in CIT2 mRNA levels
between [rho'] and [rho°] cells grown on glucose, though we
do know that it cannot be explained simply by derepression
of cells, since glucose is exhausted from the medium (data
not shown). In all subsequent experiments presented here,
cells were grown in YPR medium.

Transcription of CIT2 initiates at -61 bp upstream of the
ATG in [rho'] and [rho'] cells. To map the 5' end(s) of the
CIT2 mRNA and to determine whether there are differences
between [rho'] and [rho0] cells, we carried out Si nuclease
protection experiments by using a 734-bp probe hybridized
to total RNA from [rho'] and [rho0] cells (Fig. 3). Although
the signal for S1-protected fragments was much greater in
[rho0] than in [rho'] cells, as expected from the findings
presented above, there was no difference in the size of the
protected fragments. The largest S1-protected fragment
maps to position -61 from the ATG start (Fig. 4). That
putative transcriptional start site is 75 bp downstream of a
candidate TATA box at position -135.
CS 2 partially spares CS 1 for growth yield in [rho'] but not

in [rho] cells. One explanation previously advanced to
account for the elevated expression of some nuclear genes in
respiratory-deficient cells is that increases in expression
represent attempts, though perhaps futile in petites, to
compensate for the respiratory-deficient state (3). To inves-
tigate the physiological significance of the elevated CIT2
expression in a [rhoo] petite, we compared growth rates and
growth yields in YPR medium of wild-type [rho'] and [rho']
PSY142 strains and their derivatives containing single or
double disruptions of CITJ and CIT2. Neither the single
disruptions nor the double disruption had any significant
effect on growth yield in the [rho'] cells; growth rate was
also unaffected except for a slight (7%) reduction in the
double-deletion strain (Table 2). In [rho'] cells, a disruption
of CITJ significantly lowered the growth yield, as would be
expected for a block in the TCA cycle, while disruption of
CIT2 had no effect on either growth rate or growth yield in
[rho+] or [rho'] cells. However, in the double-deletion
[rho'] strain lacking both CS 1 and CS 2 activities, the
growth rate was reduced to about 75% of the wild-type rate
and the growth yield was reduced to nearly one-half. These
results suggest that in the [rho'] cells, CS 2 activity can
partially compensate for the absence of CS 1 activity. In the
[rho'] cells, the absence of any respiratory function appar-
ently obscures the effects on growth yield when CS 1 and CS
2 activities are lacking.
CIT2 expression is increased in [rho'] cells by the addition
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FIG. 3. (A) S1 nuclease mapping of the 5' ends of the CIT2

mRNA in [rho'] and [rho'] cells. A 734-bp DNA fragment of CI72
from a DdeI-to-BstNI site was end labeled with 32P by T4 polynu-
cleotide kinase, denatured, and hybridized with total cellular RNA
from COP161 U7 [rho'] and [rhoo] cells growing on YPR medium as
described in Materials and Methods. The hybridization and S1
nuclease digestion conditions were the same as described by Zhu et
al. (40) except that hybridization was carried out at 37°C. Since ends
of the fragment are 5' overhangs, no labeled intact probe is detected.
The sequence ladder (lanes G, A, T, and C) was generated from a

single-stranded M13 clone containing a 605-bp Hinfl fragment of 5'
CIT2 sequences shown in panel B. That Hinfl fragment containing
BamHI linkers was cloned into the BamHI site of M13mpl9 and
sequenced by dideoxy-chain termination (30). The largest Si-pro-
tected fragment corresponds to a 5' end at position -61 from the
ATG start codon as indicated in Fig. 4. The dotted line indicates the
CIT2 transcript.

of a respiratory inhibitor and by a disruption of CITi. The
enzyme activity data in Table 1 show that in [rho'] cells, a

CITI disruption resulted in elevated CS 2 activity. We next
examined the effects of the CITI disruption and the addition

r-z.717- --`7 .,;/..,; I
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-533 AAT

-530 CCUIAGGGGAAAACATTGCGCTGACTTTCCCCAGAGTTGTTGCCACAACATAAGCCGCTT
DdeI

-470 TGGAGTGTTGAACAAATCCGTCCTTGGGTCATTCAATCAATGGCTTGGCGGTATCTCAAA

-410 AGAGCGCAAACTAATAGCGCGCACATTCGACGCATTTATCC.GGTGGTCATCGACAGGGGC
MspI

-350 GAAAGGTCACGACCTATTTTTTCTTGCAGAAAAAAAGTGTGACCTTTTCCGTAGCTAGAC
AluI

-290 GTCTATCAGGGCGTCAGCAATGGGAGGCACAGCGGAAAAACAATAACAATGGTAAGCGCA

-230 ATTACCTTTTGAGCGTTACATTCGTATGAAATTGGTGACGTTAATCTAAAGATAGTCATG

-170 CTCTCAAAAGGGCCCATTATTCTCGACGTTGAGCGTATATAAGACTATTAAAACTTGGTT

-110 CTTTAGATATGGTGTTCGTTCCTCATTATTAAGTTTCAGGGAACAATATCAACACATATC
+1

-50 ATAACAGGTTCTCAAAACTTTTTGTTTTAATAATACTAGTAACAAGAAAA ATG ACA
SpeI MET THR

GTT CCT TAT CTA AAT TCA AAC AGA AAT GTT GCA TCA TAT TTA CAA
VAL PRO TYR LEU ASN SER ASN ARG ASN VAL ALA SER TYR LEU GLN

TCA AAT TCA AGC CAA GAA AAG
SER ASN SER SER GLN GLU LYS

FIG. 4. Nucleotide sequence of the 5' region of CIT2. The sequence presented extends the available published sequence data (29) for the
5'-flanking region of CI72. The arrow shows the location of the putative most 5' transcriptional start site, as determined from the S1 nuclease
protection analysis shown in Fig. 4. The probable TATA box is underscored with a double line. Relevant restriction sites are indicated.

of the respiratory chain inhibitor antimycin A on CIT2
mRNA levels in PSY142 [rho'] cells. These experiments
were designed to determine whether CIT2 mRNA activity
parallels the enzyme activity data of Table 1 in cells with a
CITJ disruption and whether elevated CIT2 expression in
petites reflects an otherwise normal control response in
[rho'] cells to the respiratory state. The inclusion of antimy-
cin A at 1 ,g/ml (a concentration sufficient to completely
inhibit respiration) to a culture of wild-type PSY142 cells for
12 h during logarithmic growth in YPR medium resulted in
about a fourfold increase in CIT2 mRNA abundance (Fig. 5,
lanes 1 and 3). Similarly, a disruption of the CITJ gene in
PSY142 CS1- cells resulted in an increased level of CIT2
mRNA. Neither of these conditions alone was sufficient to
increase the CIT2 mRNA abundance to the level seen in the
[rho'] petite, which in this experiment was about 30-fold
greater than the level in the wild-type [rho'] cells (lanes 1
and 2). However, the addition of antimycin A to PSY142
CS1- [rho+] cells (lane 5) resulted in an increase of CIT2
mRNA, comparable to the RNA abundance in [rho'] cells
(compare lanes 2 and 5). Thus, disruption of the CITJ gene

TABLE 2. Comparison of growth rate and growth yield in [rho']
and [rho°] PSY142 cells with single and double disruptions of

CITI and CIT.?

PSY142 [rho°] [rho']
nuclear Doubling Growth Doubling Growth
genotype time (h) yieldb time (h) yield

CITI CIT2 3.86 136 2.20 452
cit2:: URA3 3.84 138 2.21 433
citl::LEU2 3.66 121 2.38 340

cit2:: URA3
citl::LEU2 4.13 139 2.86 250

a Cells were grown in YPR medium as described in Materials and Methods.
Cell growth and growth yields were determined turbidometrically.

b Klett values (no. 66 filter) obtained for maximal cell density.

and inhibition of mitochondrial respiration appear to be
additive in signaling an elevated expression of CIT2 mRNA.

Increased CIT2 expression in cells with perturbed mitochon-
drial function is transcriptional and depends on 5'-flanking
CIT2 DNA sequences. To define further the effect of pertur-
bation of mitochondrial function on CIT2 expression, we
analyzed two heterologous gene constructs of CIT2 placed in
ARS-CEN plasmids to determine whether the differences in
expression are due to transcriptional or posttranscriptional
events. In one construct, pRAct-CI2, a 464-bp fragment
consisting of the yeast actin promoter (20), was fused to the
coding and 3'-flanking regions of the CIT2 gene (Fig. 6A).
That construct and one (pRS-CI12) containing the entire
CIT2 gene, used as a control (Fig. 6A), were transformed
into PSY142 cells in which the CIT2 gene had been disrupted
by URA3 (Fig. 6B). Using an 800-nt riboprobe that spans the

WT

p p p
_ - t

cit I

p+ P
antimyciri

J CIT2

actiln

1 2 3

FIG. 5. Additive induction of CIT. mRNA in [rho'] cells by
antimycin A and by a disruption of the CITI gene. PSY142 wild-type
[rho+] and [rhoo] and PSY142 CS1- (citl) cells were grown for 12 h
in YPR medium in the presence (+) or absence (-) of antimycin (1
p.g/ml). CIT2 mRNA levels were measured by RNase protection as
described in the legend to Fig. 1 and in Materials and Methods.

MOL. CELL. BIOL.

.11 r,



EXPRESSION OF NONMITOCHONDRIAL YEAST CITRATE SYNTHASE 43

C.

A.
Spel HinfI

r, _ 5 Gp ATG, TAG
NCp"I 2j 3'

5- 464 r 3t

E6C.5r,3pI t

WT cit2
p+ 0 + 0p pp p

pRS-CIT2

pRSAct-C/T2

pC/T2-605-Lac Z

5

pRS- pAct-
CIT2 C/T2
cit2 cit2
0...0 -p p p p

* & CIT2

- -* * actin
B.

60,0 nI

J'~ 3'

1 2 3 4
440 nt

9 1168 nt

5 6 7 8

FIG. 6. Regulation of CIn2 expression by 5'-flanking sequences. (A) Constructs used. See Materials and Methods for details. pRS-CIT2
contains the wild-type CIT2 gene; pRSAct-CI72 contains 464 bp of the 5' actin gene fused into the SpeI site of CIT2; pCIT2-605-LacZ contains
a 605-bp Hinfl fragment of CIT2 that includes a portion of the coding sequences fused in frame to the E. coli lacZ gene. These constructs were
transformed into PSY142 wild-type or PSY142 CS2- (cit2) strains as indicated in panel C and in Table 3. (B) Diagram of RNase protection
of transcripts from the wild-type CI72 gene, which would yield a -600-nt protected fragment (see Materials and Methods), either endogenous
or in pRS-CIT2, and two predicted RNase-protected fragments of 168 and 440 nt from PSY142 CS2-. (C) RNase protection analysis of PSY142
wild-type and PSY142 CS2- (cit2) [rho'] and [rho°] strains. Lanes: 1 and 2, PSY142 nontransformed; 3 and 4, PSY142 CS2-; 5 and 6, PSY142
cit2::URA3 transformed with pRS-CI72; 7 and 8, PSY142 CS2- transformed with pAct-CIT2. The predicted 440-nt protected fragment from
the cit2:: URA3 locus is not evident, probably because CI72 transcription does not efficiently extend past URA3 (see text).

CIi2 coding and 3' nontranslated regions, and thus crosses
the URA3 disruption of the endogenous CIT2 gene (Fig. 6B),
we could distinguish transcripts of the endogenous gene
from those of pRS-CIT2 and pRSAct-CIl2: transcripts from
the endogenous gene yielded RNase-protected fragments of
168 and 440 nt, while transcripts from pRS-CIT2 or pRS-
ACT-CI12 yielded a fully protected 600-nt fragment (Fig.
6C). In the control experiments (lanes 1 to 4), the 168-nt
protected fragment corresponding to transcripts from the
disrupted cIn2 gene was elevated to the same extent in a
[rho'] petite as were the transcripts from the wild-type
endogenous gene, which in this experiment were -30-fold
greater in the [rho'] than in the [rho'] cells (compare lanes 3
and 4 with lanes 1 and 2). Similarly, transcripts derived from
cells harboring the intact CIll gene on pRS-CIT2 were five-
to sixfold higher in [rho'] than in [rho'] cells (lanes 5 and 6).
However, when the CIT2 promoter was replaced by the
actin promoter in pRSAct-CIl2, there was no increase in
transcript abundance of CIT2 sequences in [rho'] cells,
indicating that 5'-flanking CIT2 sequences are required for
the [rho0]-dependent increase in RNA. In these experiments,
we did not observe the predicted 440-nt protected fragment
(Fig. 6B). A plausible explanation for the failure to see this
species is that transcription of CIT2 does not efficiently
extend past the 3' end of URA3, which is transcribed in the
direction opposite that of CIT2.
These results indicate that the increase in CIT2 expression

in [rho'] petite cells is conferred transcriptionally through its
5'-flanking DNA sequences. To confirm this conclusion, and
to determine whether the same 5' sequences are also re-

quired for increased CIT2 expression by inhibition of respi-
ration or by loss of CS1- activity, we examined P-galactosi-
dase activity in cells transformed with a plasmid containing
a CIT2-lacZ fusion. For these experiments, 605 bp of the
5'-flanking region of CIT2, including the first 24 codons of
the CIT2 reading frame (Fig. 4 and 6), were fused in frame to
the E. coli lacZ gene. The resultant construct, pCIT2-605-
LacZ (Fig. 6A), was transformed into [rho'] and [rhoo] cells.
This fusion gene transformed into [rho°] cells expressed over
eightfold more P-galactosidase activity than did [rho'] trans-
formants (Table 3). This result is consistent with the findings
discussed above indicating that the 5' region of CIT2 is
sufficient to account for the enhanced expression of CIT2 in
[rhoo] petites. Those same 5' sequences also account for the

TABLE 3. Effects of perturbation of mitochondrial function
on ,-galactosidase activity in cells transformed

with pCIT2-605-LacZa

Strain Addition (3-Galactosidase ac-
tivityb (nmollmin/mg)

PSY142 [rho'] None 378 ± 3
PSY142 [rho+] Antimycin A (1 sLg/ml) 788 ± 16
PSY142 [rho'] CS1- None 2,145 ± 22
PSY142 [rho+] CS1- Antimycin A (1 ,ug/ml) 2,632 ± 84
PSY142 [rho°J None 3,100 ± 33

a PSY142 [rho'] cells and its derivatives as indicated were transformed
with pCIT2-605-LacZ and grown in YPR medium.

b Measured in cell extracts as described in Materials and Methods.
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induction of CIT2 message in [rho'] cells incubated for 12 h
with antimycin A and in cells with a CITJ disruption alone
and in combination with antimycin A. These data are in
qualitative agreement with the data on CIT2 mRNA levels
shown in Fig. 5.

DISCUSSION

Differential expression of CITJ and CIT2 in [rho+] and
[rho'] cells. This study shows that expression of both the
mitochondrial and peroxisomal forms of citrate synthase in
yeast cells, each encoded by a separate nuclear gene (29),
responds to the functional state of mitochondria but in
different ways. Using a strategy that we originally applied to
find that expression of some nuclear genes in yeast cells is
sensitive to the mitochondrial state (24), we first compared
the activities and mRNA levels of the two citrate synthase
isozymes in isochromosomal cells, which otherwise differ
only by the presence or absence of a wild-type mitochondrial
genome, i.e., in [rho'] versus [rho'] cells.

Expression of CITI, the gene encoding the mitochondrial
citrate synthase (29), is lower in a [rhoo] petite derivative
than in [rho'] cells. This reduction is most apparent for CS
1 enzyme activity in PSY142 cells grown on either a repress-
ing or a derepressing carbon source. This result is not
surprising for the expression of a nuclear gene encoding a
mitochondrial protein whose activity would not be required
in respiratory-deficient cells. However, the expression of
other nuclear-encoded mitochondrial proteins, which also
have no obvious function in respiratory-deficient cells, is
unaffected in petites (4, 8, 24).

In contrast to the results for CITI, both enzyme and
mRNA products of CIT2, which encodes the peroxisomal
form of citrate synthase (17, 29), are dramatically and
reproducibly elevated in [rhoo] petites compared with [rho']
cells when those cells are grown on raffinose. Although we
have not detected any significant differences in CS 2 enzyme
activity between [rho'] and [rhoo] cells grown on glucose,
we have observed in some experiments an increase in CIT2
mRNA abundance, comparable to that seen for raffinose-
grown cells. However, for unknown reasons, this effect is
variable. The results of Si nuclease protection experiments
indicate that the same transcriptional start site is used in
[rho0] and [rho+] cells, at position -61 from the translational
start of CIT2.

Increased CIT2 expression by alteration of mitochondrial
function is transcriptionally controlled. The results of heter-
ologous gene fusions between the actin gene promoter and
CIT2 and between the CIT2 promoter and the E. coli lacZ
gene show that the elevated expression of CIT2 in a [rhoo]
petite is controlled transcriptionally by 5'-flanking CIT2
DNA sequences. Partelidis and Mason (25) have described a
similar dependence on upstream sequences for elevated
expression in a [rho'] of MRP13, a nuclear gene encoding a
mitochondrial ribosomal protein. While further work will be
required to define the cis-acting sequences in those genes
responsible for their increased expression in respiratory-
deficient cells, it is interesting that both genes contain a
version of a mitochondrial DNA RNA polymerase promoter
element (MPE) (at -134 for CIT2 and at -281 for MRP13
[25]) in their 5'-flanking DNA. MPEs have been found in a
number of nuclear genes in yeast cells, and some can
function in vitro as a transcriptional start site for the nuclear-
encoded mitochondrial RNA polymerase (18). Furthermore,
there is some indication that when present in certain con-

texts upstream of a gene, MPEs can effect an elevated
expression of that gene in respiratory-deficient cells (9a, 18).
There is little information on the mechanism of this path of

communication from mitochondria to the nucleus. However,
our observations on CIT2 expression may offer some inter-
esting clues as to how nuclear gene expression could be
affected by alteration of mitochondrial function. That the
dependence of CIT2 expression on mitochondrial function is
complex is underscored by the observation that CIT2
expression can also be increased in [rho'] cells by the
addition of the respiratory chain inhibitor antimycin A and
by a disruption of the CIT) gene. These effects appear to be
roughly additive: each alone gives a significant but only
partial induction of CIT2 mRNA relative to the level in the
[rho'] petite. These data suggest the presence of at least two
cis-acting elements responsive to different alterations in
mitochondrial function within the 605-bp 5'-flanking DNA of
CIT2. The most straightforward interpretation of the avail-
able data is that inhibition of the TCA cycle and oxidative
phosphorylation, neither of which functions in petites, could
provide independent signals that would be relayed to the
CIT2 gene, affecting its transcription. The molecular char-
acteristics of the signals, and whether these effects apply to
other genes whose expression is modulated by the mitochon-
drial state, remain to be established.
There are many examples of nuclear-encoded mitochon-

drial proteins that are affected by different physiological and
metabolic factors, such as heme, oxygen, and carbon source
(see reference 9 for a recent review). In one of the best-
studied examples, expression of the CITI gene is controlled
through two upstream activation sequence (UAS) elements,
one (UAS1) responsive largely to heme and the other
(UAS2) responsive largely to carbon source (10, 11). These
UAS elements are targets for trans-acting factors, HAP 1 to
4 (9, 22, 26), that also act as transcriptional regulators for
several other nuclear genes (36, 39). Our results with CIT2,
indicating that the petite-dependent elevated expression can
be separated into at least two metabolically related compo-
nents, suggest that expression of this gene may be regulated
by different 5'-flanking domains.

Metabolic considerations of CIT2 regulation. In light of the
available data, it is of interest to consider the possible
metabolic interplay between two isoforms of citrate syn-
thase, each sequestered within separate organelles. In cells
growing aerobically on all substrates except acetate or those
that yield C2 units only (such as fatty acids), the TCA cycle
(which uses CS 1) can supply both energy and intermediates
for growth. The glyoxylate cycle using CS 2 is needed only
for growth on acetate or acetogenic substances. Although
there are no available data for yeast cells that assess the
relative contribution of these two cycles growth in various
media, we have reported that CS2- cells grow the same as
wild-type cells on all media tested (15). We have suggested
further that citrate generated in mitochondria can serve as a
source of citrate to operate the glyoxylate cycle (15). Simi-
larly, under certain conditions, citrate generated from the
glyoxylate cycle may be available, though inefficiently so, to
mitochondria to allow the TCA cycle to function in the
absence of CS 1 activity (14). The data presented here
provide additional support for such a functional link between
the citrate synthase isozymes. Disruptions of CITI and
CIT2, singly or in combination, have no major effect on
growth rate of the [rho'] or [rho0] cells growing in rich
raffinose medium. However, in a CITI CIT2 double disrup-
tion, growth yield in the [rho'] cells was reduced to nearly
50% that of the wild-type [rho'] cells, but the double
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disruption had little effect in [rho'] cells. This latter result is
reasonable, since neither CS 1 nor CS 2 should play any
significant metabolic role in cells lacking both respiration
and a functional TCA cycle, as in [rho'] petite cells. Thus,
the increase in CS 2 mRNA in respiratory-deficient cells or
in cells without CS 1 activity may reflect an attempt to find
a source of synthesis of needed intermediates for cell
growth. The identities of the signals that effect this increase
are under investigation.
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