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Previous results indicated that translation of four mitochondrion-encoded genes and one nucleus-encoded
gene (COX4) is repressed in mutants (pgsIA) of Saccharomyces cerevisiae lacking phosphatidylglycerol and
cardiolipin. COX4 translation was studied here using a mitochondrially targeted green fluorescence protein
(mtGFP) fused to the COX4 promoter and its 5’ and 3’ untranslated regions (UTRs). Lack of mtGFP expression
independent of carbon source and strain background was established to be at the translational level. The
translational defect was not due to deficiency of mitochondrial respiratory function but was rather caused
directly by the lack of phosphatidylglycerol and cardiolipin in mitochondrial membranes. Reintroduction of a
functional PGS1 gene under control of the ADHI promoter restored phosphatidylglycerol synthesis and
expression of mtGFP. Deletion analysis of the 5" UTR .y, revealed the presence of a 50-nucleotide fragment
with two stem-loops as a cis-element inhibiting COX4 translation. Binding of a protein factor(s) specifically to
this sequence was observed with cytoplasm from pgsIA but not PGS1 cells. Using HIS3 and lacZ as reporters,
extragenic spontaneous recessive mutations that allowed expression of His3p and [3-galactosidase were iso-
lated, which appeared to be loss-of-function mutations, suggesting that the genes mutated may encode the trans

factors that bind to the cis element in pgsIA cells.

Cardiolipin (CL) and its precursor phosphatidylglycerol
(PG) are anionic phospholipids whose synthesis and distribu-
tion are limited primarily to the mitochondrial inner mem-
brane of eukaryotic cells (25). As the major anionic phospho-
lipid in the mitochondrial inner membrane, CL is specifically
associated with a number of mitochondrial proteins, many of
which also require CL for their optimal functions (4, 12, 16, 26,
32, 55). Together with PG, CL has been postulated or demon-
strated to participate in many critical mitochondrial processes,
such as maintaining membrane permeability and integrity (25,
33), solute transport (4, 31, 47), oxidative phosphorylation (35,
72), protein and phospholipid import (2, 13), and mitochon-
drion-mediated apoptosis (46). Due to its highly unsaturated
fatty acyl chains, CL is considered an “antioxidant” and the
primary lipid peroxidation target in mitochondria. Reduction
in CL levels by oxidative damage or other means is correlated
with negative aspects of several physiological states, such as
Barth’s syndrome (67), ischemia/reperfusion (41), and aging
(50, 60).

Saccharomyces cerevisiae mutants disrupted in the PGS1 (en-
codes phosphatidylglycerophosphate synthase) (7) or CRDI
(encodes CL synthase) (8, 30, 64) gene have been created, and
both manifest growth defects on nonfermentable carbon
sources, indicating a central role for these lipids in oxidative
phosphorylation. Yeast mutants (crdlA) deficient only in CL
display a 7- to 10-fold increase in PG that may partially com-
plement some of the CL functions, thereby masking the full
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effect of lack of these anionic phospholipids. Despite comple-
mentation by PG, CL has been shown to be essential under
stress conditions (73) or for efficient coupling between com-
plexes III and IV of the respiratory chain (52, 72). Yeast
mutants (pgs/A) deficient in both PG and CL display more
severe defects in mitochondrial function, such as slow growth
on a fermentable carbon source and total inability to respire on
nonfermentable carbon sources. One of the reasons for the
lack of growth of pgs/A cells on nonfermentable carbon
sources appears to be due to an initial reduction in the level of
respiratory components (48) and eventual loss of mitochon-
drial DNA (mtDNA) (74).

In yeast, cytochrome ¢ oxidase (complex IV) is a multisub-
unit complex consisting of 11 subunits (19). Subunits I, II, and
III (Coxlp to Cox3p), comprising the catalytic core of the
complex, are encoded by the mitochondrial genome, with the
remainder, including subunit IV (Cox4p), encoded by the nu-
clear genome. In pgsIA cells, four of mitochondrion-encoded
proteins (Cox1p to Cox3p and Cobp, a subunit of cytochrome
bc, (complex III)) and one nucleus-encoded protein (Cox4p)
were reported missing (48). Although previous results were
consistent with a block in translation of COX4 mRNA, rapid
degradation of the unassembled components of complex IV
(11) in the absence of the essential structural component, CL
(57), was not completely excluded.

If lack of expression of nucleus-encoded Cox4p is due to a
block in translation in pgs/A cells, how can the cytoplasmic
translational machinery “sense” changes in mitochondrial
phospholipid composition and repress translation of certain
proteins that are targeted to mitochondria, where they are
assembled into oxidative complexes together with the mito-
chondrion-encoded subunits? Cross talk between mitochon-
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TABLE 1. Yeast strains and plasmids

Plasmid or strain

Characteristics or genotype

Source
or reference

Strains

YPH499 MATa ade2-101 his3A200 leu2Al lys2-801 trpl A63 ura3-52 61
YPH500 MATo ade2-101 his3A200 leu2Al lys2-801 trpl A63 ura3-52 61

DL1 MATa his3-11 15 leu2-3 12 ura3-251 328, 372 66

YZD1 MATa pgs1::TRPI, derivative of YPH499 065

YCD4 MATa pgs1::HIS3, derivative of DL1 7
DLI1[rho] MATa rho~ derivative of DL1 59
HMD22 MATa ura3-52 leu2-3,112 lys2 his3HindIII arg8::hisG cox2:ARG8m 6

DFS168 MATa leu2-3,112 ura3A his4-519 arg8::URA3 cox3::ARGEm 62

YMS1 MATa, Irgl derivative of YZD1 This work
YMS2 MATa, Irg2 derivative of YZD1 This work

Plasmids

pCG1 PeoxsmtGFP LEU2 CEN This work
pCG2 Derivative of pCG1, 342-bp intron deleted This work
pCG3 Derivative of pCG1, 102-bp 5" UTR plus 342-bp intron deleted This work
pCG4 Derivative of pCG3, 31 bp deleted from the 3’ end of the 5’ UTR This work
pCG5 Derivative of pCG3, 56 bp deleted from the 3’ end of the 5" UTR This work
pCGo6 Derivative of pCG3, 81 bp deleted from the 3’ end of the 5’ UTR This work
pCG7 Derivative of pCG3, 28 bp deleted from the 5’ end of the 5" UTR This work
pCG8 Derivative of pCG3, 53 bp deleted from the 3’ end of the 5’ UTR This work
pCH1 Peox+HIS3 LEU2 CEN This work
pCL1 PeoxslacZ URA3 2pm and ColE1 origin 73
pAHO1 P, pui-HO URA3 2pm This work
pAGS1 P pri-PGS1 URA3 2pm This work

dria and the nucleus is well documented (5, 15, 34, 51, 54).
Mitochondrial stress such as mtDNA mutations and inhibition
of respiration or mitochondrial gene expression can serve as
signals transmitted to the nucleus to induce the expression of
specific nuclear genes that in turn help mitochondria cope with
stress (3, 14, 53). Most of this type of interorganelle signaling
studied to date has involved regulation at the transcriptional
level, but the mRNAs of some nucleus-encoded mitochondrial
proteins are translated while bound to the mitochondrial mem-
brane, possibly making their translation sensitive to mitochon-
drial membrane lipid composition. However, COX4 was not
identified within the subset of nuclear genes which displayed a
high value for mitochondrial localization of mRNA (MLR) in
a genome-wide DNA microarray analysis (45), even though
import of Cox4p into mitochondria is greatly enhanced co-
translationally compared to posttranslationally in a homolo-
gous yeast in vitro system (1, 17, 18). The MLR value for COX4
is 26.7 (on a scale of 100), similar to PORI (encodes mitochon-
drial porin), with a MLR value of 19, suggesting that the
majority of COX4 mRNA may be translated on free ribosomes
in the cytoplasm.

In this study, we focused on the mechanism of repression of
nucleus-encoded Cox4p expression in response to changes in
mitochondrial anionic phospholipid content. Cox4p mRNA
contains an intron in the 5’ untranslated region (UTR) (56)
and encodes a cytoplasmically translated protein product with
an amino-terminal mitochondrial targeting sequence. Our re-
sults establish suppression of Cox4p translational in response
to lack of mitochondrial PG and CL (pgsIA cells) and support
a novel cross talk mechanism, which regulates cytoplasmic
translation of COX4 mRNA through binding of a nucleus-
encoded frans-acting repressor protein(s) to a sequence in the
5" UTR of the mature mRNA.

MATERIALS AND METHODS

Strains and growth conditions. The S. cerevisiae strains used in this study are
listed in Table 1. YPH499, YPH500, and DL1 are wild-type yeast strains with
respect to the PGSI locus. YZD1 and YCD4 are pgsIA strains lacking PG and
CL. HMD?22, DFS168, and DLI[rho ] are strains deficient in mitochondrial
respiratory function. Yeast cells were grown at 30°C either in rich medium
containing 1% yeast extract and 2% peptone (YP) or in complete synthetic
medium (CSM) with selective amino acid dropouts (as indicated), both supple-
mented with either 2% dextrose (D), 2% sucrose (S), or 0.5% ethanol-3%
glycerol (EG). Escherichia coli strain DH5« was grown in LB medium (1%
tryptone, 0.5% yeast extract, 1% NaCl, pH 7.4) at 37°C with ampicillin (100
png/ml) as a selection marker for plasmid preparation.

Plasmids. Plasmid pCG1 was derived from plasmid pRS315 (61). A 1.2-kb
DNA fragment including Popy, (promoter for COX4) and encoding the 5’
UTR x4 along with the first 25 codons of COX4 (encodes the mitochondrial
targeting sequence) and a 500-bp DNA fragment including the downstream 3’
UTR x4 Were isolated by PCR and fused to 5’ and 3’ of the open reading frame
(ORF) of the green fluorescent protein (GFP) gene, respectively. The resulting
plasmid, pCG1 (Pcox,-mtGFP), encodes a green fluorescent protein coded for
import into the mitochondria (mtGFP). Plasmid pCG2 was constructed by de-
leting from plasmid pCG1 the DNA fragment corresponding to the 342-bp 5’
intron of the COX4 gene (56). Plasmids pCG3 to pCGS8 are a series of deletions
of pCG2 in the region encoding the 5" UTR ¢ x,. Plasmid pCG3 contains a large
deletion of the 5" UTR (102-bp sequence upstream of the intron). Plasmids
pCG4 to pCG8 were created by further deleting from plasmid pCG2 a 31-, 56-,
or 81-bp fragment from the 3’ end or a 28- or 53-bp fragment from the 5’ end of
the 109-bp sequence preceding the intron, respectively. An identical set of
plasmids lacking the 3" UTR x4 Was also constructed. For the construction of
plasmid pCH1 (Peox,-HIS3 LEU2 ARS/CEN), the ORF of HIS3 was fused
directly to the start codon of COX4 under control of Py, and the 5’ UTR o x4
these plasmids also lacked the 3" UTR(y,. Therefore, unlike plasmid pCG1,
where the GFP is targeted to mitochondria by the classic Cox4p mitochondrial
targeting sequence, the HIS3 gene product from plasmid pCH1 remains in the
cytoplasm. Plasmid pCL1 (PooxslacZ URA3 2pm) was created as reported
before (73) and contains the same upstream regulatory information preceding
lacZ as in plasmid pCHI. Plasmid pAHO1 (P ,;;,-HO URA3 2pm) is a deriv-
ative of pVT100u-mtGFP (68) and was used in mating type switching experi-
ments. HO DNA was amplified using primers 5'-AAAAAGCTTATGCTTTCT
GAAAACACGACTATTC-3" and 5'-TTTTCTAGATTAGCAGATGCGCGC
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ACCTGC-3' from the plasmid pGAL1-HO (24), and the HindIII-NotI (sites
introduced on primers) fragment was isolated and subcloned between the
HindIII-NotI cleavage sites of pVT100u-mtGFP, replacing the segment encod-
ing mtGFP. Plasmid pAGS1 (P, pz;,-PGSI URA3 2pm) was also derived from
pVT100u-mtGFP and was constructed directly through yeast homologous re-
combination (22). First, the PGS gene was amplified by PCR from strain DL1
genomic DNA by using sense primer 5'-ttttctgcacaatatttcaagctataccaagcatacaat
caactccaaGCTTAATAGCATACTCAGGATAACAT-3" and antisense primer
5'-ggagacttgaccaaacctctggegaagaagtccaaagetggatcctc TACAGGCGACATACTA
TGATAGAATA-3" (PGSI homology regions are in uppercase, and regions
homologous to plasmid pVT100u-mtGFP are in lowercase). The amplified frag-
ment was purified and transformed into strain DL1 together with HindIII- and
Xbal-digested plasmid pVT100u-mtGFP by using the Alkali-Cation yeast kit
(Q-Biogene). Transformants containing circularized recombinant plasmid were
selected on CSMD-Ura plates, and plasmids were isolated from yeast directly
using the E.Z.N.A yeast plasmid kit (Omega Bio-Tek, Inc.). DNA sequencing of
the plasmids confirmed proper gene organization.

Isolation of mitochondria and preparation of mitoplasts. Mitochondria were
isolated from Zymolyase-lysed yeast cells by differential centrifugation as previ-
ously reported (20). Mitoplasts were prepared from isolated mitochondria by
digitonin treatment followed by osmotic shock. In brief, mitochondria were
resuspended at 5 mg/ml in SEM buffer (0.25 M sucrose, 0.5 M EDTA, 10 mM
MOPS [morpholinepropanesulfonic acid], pH 7.2) and treated with digitonin at
a ratio of digitonin to protein of 0.3 mg/mg. Mitochondria were then diluted
10-fold into hypotonic buffer (20 mM HEPES, pH 7.4, and 1 mM ATP) and
incubated on ice for 30 min. Mitoplasts were recovered by centrifugation at
14,000 X g for 10 min at 4°C and resuspended in SEM buffer.

Western blotting analysis. Forty micrograms of mitochondrial protein was
subjected to sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis.
Following electrophoresis, proteins were transferred to nitrocellulose sheets
electrophoretically. Sheets were blocked in 5% bovine serum albumin overnight;
probed with primary antibodies against GFP, porin (Molecular Probes), or
Arg8p (kindly provided by Thomas Fox, Cornell University); and detected using
horseradish peroxidase-coupled secondary antibodies. Nitrocellulose mem-
branes were then visualized by SuperSignal West Pico chemiluminescence (Am-
ersham Pharmacia Biotech) and quantified using a Bio-Rad Fluro-Max system.

Northern blotting analysis. Total RNA was isolated from 10 ml of mid-log-
phase yeast cells grown in YPD by using the RNeasy minikit (QIAGEN, Inc.).
Fifteen micrograms of RNA was subjected to 1.2% agarose formaldehyde gel
electrophoresis (59). RNA was transferred to positively charged nylon mem-
branes (Roche Diagnostics) and UV cross-linked for one cycle. [*?P]DNA probes
were synthesized from PCR-amplified templates by using a random-primed
DNA labeling kit (Roche Diagnostics). Primers used to generate template for
probe synthesis were as follows: COX4 (sense, 5'-CTTTCACTACGTCAATCT
AT-3'; antisense, 5'-GTGATGGTGGTCATCATTTG-3"), mtGFP (sense, 5'-A
GTAAAGGAGAACTTTTCAC-3'; antisense, 5'-GTATAGTTCATCCATGCC
A-3"), and TCM1I (sense, 5'-TCTCACAGAAAGTACGAAGC-3’; antisense, 5'-
TTCAGAGATGGAACCACCGT-3'). Finally, hybridization was done using
Rapid-Hyb (Amersham) according to the manufacturer’s instructions.

RT-PCR and Q-RT-PCR analyses. Isolated RNA was treated with DNase I to
eliminate DNA contamination. For reverse transcriptase PCR (RT-PCR) anal-
ysis, a Superscript one-step RT-PCR kit (Invitrogen) was used with primers
(sense, 5'-TACGAAGATTAGAATTTTTTTCA-3'; antisense, 5'-GGAACGGT
ACCCTC TTTAGC-3') against COX4 mRNA. For real time quantitative RT-
PCR (Q-RT-PCR), mtGFP and TCM]I transcripts were analyzed on the Smart
Cycler (Cepheid) using a QuantiTect SYBR Green RT-PCR kit according to the
manufacturer’s instructions. One microgram of total RNA was used in Q-RT-
PCR with primers for mtGFP (sense, 5'-GAACTTTTCACTGGAGTGGT-3';
antisense, 5'-CATGGAACAGGTAGCTTTCC-3') and primers for TCM]I
(sense, 5'-TCTCACAGAA AGTACGAAGC-3'; antisense, 5'-ACAATGGTG
GTCATACCAGC-3"). PCR products were confirmed by melting curve analysis.
Standard curves were generated from PCR amplification of template dilutions.
Final data were normalized to those for TCM1 and presented as percentages of
the wild-type levels.

RNA electrophoretic mobility shift assay. Synthesis of the 3?P-labeled 104-
nucleotide (nt) RNA probe representing the mature 5" UTR .y, Was accom-
plished using the RiboScribe T7 RNA probe synthesis kit (Epicentre). The DNA
template used for probe synthesis was amplified from plasmid pCG2 by PCR
with primers 5’'-cagcgtaatacgactcactatagggagaATACGAAGATTAGAATTTTT
TTCATAC-3'" (sense; the T7 promoter is underlined) and 5'-ATTTCAAAAT
AATCTTATTTCCTGTT-3' (antisense). A control RNA was also created with
approximately the same length but missing 81 nt in the middle of the 5’
UTRoxs This RNA was transcribed from template amplified from plasmid
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pCG6 using the same sense primer as above and the antisense primer 5'-GAT
ATCTAGAGCTACACAAAGTTCT-3'. Crude yeast extract was isolated from
mid-log-phase wild-type and pgsIA cells grown in YPD by vortexing with glass
beads in homogenization buffer (50 mM NaHPO,, pH 7.4, 1 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, and 5% glycerol) and centrifuged twice at 1,500 X
g for 5 min at 4°C. RNA binding assay was done by mixing 5 wg of total yeast
extract and 0.5 pl of labeled RNA probe in 10 pl of binding buffer (10 mM
HEPES, pH 7.6, 3 mM MgCl,, 100 mM KCl, 5 mM EDTA, 2 mM dithiothreitol,
5% glycerol, 0.5% NP-40, 1.5 pg/ul heparin, 0.2 pg/ul yeast tRNA) in the
absence or presence of 20 pg of protease K and incubating at room temperature
for 15 min. The reaction mixture was then loaded on a 5% polyacrylamide gel
and run in TBE (45 mM Tris-borate and 1 mM EDTA) for 30 min at 4°C at 250
V. After electrophoresis, the gel was dried for 1 h at 80°C, exposed to a storage
phosphorimaging screen, and analyzed using a Bio-Rad phosphorimager.

Isolation of spontaneous mutations. Plasmid pCH1 was introduced into strain
YZD1 by transformation, and transformants were selected on CSMD-Leu me-
dium. Cells were then plated to CSMD-His containing 50 mM 3-aminotriazole
(3AT) to eliminate weak growth due to leaky expression of HIS3. After 7 to 10
days, colonies that appeared were picked for subsequent analysis.

Mating switch and mating analysis. To switch mating type, plasmid pAHO1
(URA3) was transformed into yeast cells (YPH499, YZD1, YMSI1, and YMS2)
containing plasmid pCH1 (LEU2). Transformants were selected on CSMD-Ura-
Leu plates and grown in YPD medium for a few days to allow for expression of
HO activity. Loss of plasmid pAHO1 from some of the cells was subsequently
selected on CSMD-Leu plates containing 0.1% 5-fluoro-orotic acid. Colonies
formed on these plates were then crossed with strain YZD1 containing plasmid
pCL1 (URA3). To determine the complementation between strain YMS1 and
YMS2, YMSI derived from the mating switch experiment (bearing plasmids
pCHI1 and pAHOL1) was screened for cells that had lost plasmid pCH1. The
selected YMSI1 cells bearing pAHO1 were then mated with YMS2 carrying
plasmid pCHI. Diploid cells formed due to mating were selected on CSMD-
Ura-Leu double-dropout plates.

Other methods. Phosphatidylglycerophosphate synthase activity was deter-
mined at 30°C using isolated mitochondria or mitoplasts as previously described
(7). Phospholipids were extracted from whole cells, and the extracted lipids were
analyzed by thin-layer chromatography (48). B-Galactosidase activity was as-
sayed in cell lysates as previously described (58), using o-nitrophenyl-B-galacto-
side as a substrate. Protein concentration was determined throughout using the
Bradford method with bovine serum albumin as the standard.

RESULTS

Effect of carbon source and mitochondrial function on the
expression of mtGFP. It was shown previously that Cox4p was
barely detectable in a pgs/A background, and evidence was
presented that the reduced COX4 expression occurred through
inhibition at the level of translation, since message levels were
near normal (48). Translational control is a mechanism widely
used by cells to control their gene expression, and much of this
regulation is conferred by the respective 5" and/or 3" UTRs of
mRNAs expressed by the regulated genes (69, 70). In this
study, we explored the possibility that cis-acting elements re-
siding in the 5’ and/or 3’ UTRs of COX4 mRNA may be
responsible for the translational control of COX4 expression.
Cox4p is unstable when not assembled with mitochondrially
encoded subunits of cytochrome ¢ oxidase (40), which are also
missing in pgsIA cells (48), and rapid degradation of Cox4p
could occur either during or after synthesis. To circumvent this
problem, mtGFP, a soluble monomeric foreign protein in
yeast, was used as a reporter protein. mtGFP was placed under
the control of P,y and its 5" and 3" UTRs to test gene
expression regulated by cis-acting elements in COX4 mRNA.
Plasmid pCG1 expressing the above mtGFP construct was
transformed into two different pgs/A strains (YZD1 and
YCD4) and their respective PGS1 parental strains and grown
in either YPS (to eliminate glucose repression of mitochon-
drial function) or YPD medium. Mitochondria were isolated,
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FIG. 1. mtGFP expression in response to different strain back-
grounds and carbon sources. Mitochondria were isolated from mid-
log-phase-grown cells and subjected to Western blotting analysis as
described in Materials and Methods. mtGFP was detected by antibody
against GFP. (A) Expression of mtGFP in YPH499 (wild type), YZD1
(pgs1A), DL1 (wild type), and YCD4 (pgsIA) grown in CSM with
either glucose (Glc) or sucrose (Suc) as a carbon source. (B) Expres-
sion of mtGFP in cells with dysfunctional mitochondria, i.e., DFS168
(cox3A), HMD22 (cox2A), and DLI1[rho "], grown in CSM with glucose
as a carbon source. WT, wild type.

and mtGFP expressed was probed by Western blotting analy-
sis. The results (Fig. 1A) showed that mtGFP was expressed
well in PGSI cells but was barely detectable in pgsIA cells,
independent of the carbon source used and the cell back-
ground in which the pgsIA was generated; proper mitochon-
drial targeting of GFP was apparent in all cases by the presence
of only the mature processed form. This result is consistent
with the previously determined expression pattern of endoge-
nous Cox4p in these cells (48). Furthermore, the lack of de-
tection of mtGFP in a pgsIA background rules out increased
instability of Cox4p in a pgsIA background as the basis for lack
of detection and definitively demonstrates translational regu-
lation.

To determine if the lack of expression is a direct result of PG
and CL deficiency or a secondary effect due to respiratory
deficiency or loss of mtDNA that is caused by lack of these
lipids, the expression of the fusion construct was compared in
the three respiration-deficient strains DFS168 (cox3A),
HMD22 (cox2A), and DL1[rho ] (mtDNA lesions introduced
by growth on ethidium bromide) and in wild-type cells. Unlike
pgsIA cells, all three respiration-deficient strains displayed sig-
nificant mtGFP expression (Fig. 1B) although there was some
reduction in the cox3A and rho~ strains relative to the wild
type. These results establish that lack of Cox4p is not due to
respiratory deficiency.

Supplementation of PG and CL to mitochondria through a
plasmid-borne copy of PGSI restores mtGFP expression. To
further study dependence of mtGFP expression on anionic
phospholipids, PG and CL were restored to mitochondria of
pgsIA cells by supplying a PGSI gene under control of the
constitutive P ;. Introduction of plasmid pAGS1 (P~
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PGS1I) resulted in a ~60-fold increase in phosphatidylglycero-
phosphate synthase activity compared with that in wild-type
cells (Fig. 2A) and restoration of PG content in pgs/A cells as
revealed by total phospholipid analysis (Fig. 2B). Although the
PG level was significantly elevated, the CL content, for some
reason, was only slightly increased. In addition, pgs/A cells
carrying this plasmid remained unable to grow on a nonfer-
mentable carbon source (YPEG medium), indicating that the
lack of PG and CL caused permanent damage to cells, which
prevented the return of respiratory competence even after
supplementation with PG. Consistent with this observation is
the report that some yeast cells deficient in PG and CL lose
mtDNA (74). We confirmed the lack of mitochondrially en-
coded mRNA transcripts by RT-PCR analysis of YZD1
(pgsIA) cells in contrast to wild-type cells, consistent with
YZD1 cells lacking most if not all their mtDNA (data not
shown). Another possible explanation for the observed pheno-
type is that Pgslp supplied via this plasmid was not properly
targeted to the mitochondrial inner membrane. Therefore, al-
though the PG level was increased in whole cells, CL was not
restored to wild-type levels because CL synthase is exclusively
an enzyme of the mitochondrial inner membrane (8). This
possibility was ruled out by preparing mitoplasts that are com-
prised mainly of mitochondrial inner membrane. Removal of
the mitochondrial outer membrane did not decrease phos-
phatidylglycerophosphate synthase activity in the mitoplast
fraction (data not shown), ruling out Pgslp mislocalization.
Despite the apparent lack of CL and mitochondrial respiratory
function, the expression of mtGFP was restored to 70% of
wild-type levels in pgs/A cells in which PG synthesis was re-
stored (Fig. 2C); detection of porin, which is a nucleus-en-
coded mitochondrial outer membrane protein, was used as an
internal control. The data further strongly support the conclu-
sion that expression of the mtGFP reporter of COX4 gene
expression is dependent on the presence of anionic phospho-
lipids in the mitochondrial membrane and independent of mi-
tochondrial respiratory function.

The 5’ UTRy, controls the translation of reporter genes.
Next, we tested whether the 5" UTR or the 3' UTR controls
reporter gene expression. For this purpose, a construct was
made in which the 342-nt intron and the 102-nt fragment
upstream of the intron were deleted from the 5" UTR,yy-
Expression of this construct (pCG3) yields an mRNA with a
very short 5" UTR (~20 nt). The level of mtGFP expressed
from this construct in pgsIA cells was comparable to that in
wild-type cells (Fig. 3A), while a construct with the full-length
5" UTR (pCGl) barely expressed mtGFP in pgsIA cells; de-
tection of Arg8p, which is a nucleus-encoded mitochondrial
matrix protein (29), was used as a control. This indicates that
the 5" UTR y, contains a negative cis-acting element that
inhibits downstream gene expression in pgsIA cells. A parallel
set of plasmid constructs lacking the 3" UTRy, gave the
same expression pattern as observed in Fig. 3A, ruling out an
involvement of the 3’ UTR,,y, in translational regulation
(data not shown).

In order to confirm that the decrease in mtGFP expression
was at the translational level, a Northern blotting analysis was
performed on mRNA extracts from these strains with probes
against the ORFs of both mtGFP (plasmid) and COX4 (chro-
mosome) (Fig. 3B). The level of mtGFP mRNA in pgsIA cells
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FIG. 2. mtGFP expression is increased upon restoration of PG and CL through a plasmid-borne copy of PGSI. (A) Mitochondria were isolated
from mid-log-phase cells grown in CSMD, and phosphatidylglycerophosphate synthase activity was assayed using 50 g of mitochondrial protein
as described in Materials and Methods. Enzyme activity in YZD1 (pgsIA) carrying the PGS1 gene under control of P ,,,; (PAGS1) is expressed
relative to activity in YPHS500 (wild type [WT]) cells; YZD1 alone has no detectable activity. (B) Total yeast phospholipid (**P labeled) was
extracted from YPH500 (WT) and YZD1 (pgsIA) carrying plasmid pAGS1 (PGSI). Phospholipid analysis was performed as described in Materials
and Methods, relative to mobility of standards CL, PG, phosphatidic acid (PA), phosphatidylethanolamine (PE), phosphatidylserine (PS),
phosphatidylinositol (PI), and phosphatidylcholine (PC). (C) Expression of mtGFP in mitochondria isolated from YPHS500 (WT), YZD1 (pgsiA),
and YZD1/pAGSI as described for Fig. 1. The upper panel shows a Western blot probed with anti-GFP antibody and antiporin antibody, and the
lower panel shows the quantification of the Western blot using the Bio-Rad Quantity One program. GFP was normalized to the porin control, with

wild-type cell levels set to 100%.

was only ~40% of that in the wild type (normalized to TCM1
message) no matter which construct (pCGl1 [full length] or
pCG3 [truncated]) was used. The chromosomally derived
COX4 mRNA was also reduced in pgsIA cells (50 to 65% of
wild-type level), consistent with the reported reduction in
COXH4 transcription by intergenomic signaling (9) in response
to lack of mtDNA. This result is also in agreement with data
obtained using Q-RT-PCR, which showed about a 50% reduc-
tion of mtGFP mRNA for both constructs (pCG1 and pCG3)
in pgsIA cells (Fig. 3C). However, the reduction in mRNA
levels cannot account for the difference between mtGFP ex-
pression from the full-length construct pCG1 and that from the
truncated construct pCG3 in pgsi A cells. Given that there is no
correlation between the level of mRNAs and their respective
protein expression, the regulation of mtGFP expression occurs
at the translational rather than at the transcriptional level. This
result also agrees with the presence of significant levels of
COX4 mRNA derived from chromosomal transcription (Fig.
3B) and the lack of Cox4p expression in pgsIA cells (48), thus
fully supporting the conclusion that expression of COX4 under
control of the native Py, and 5" UTRy, is subject to

translational regulation by its 5" UTRy, rather than tran-
scriptional control.

The 5’ intron of COX4 is properly spliced. The next question
addressed was what features in the 5" UTR,y, confer the
regulatable translational property of the COX4 gene. The 5’
UTR x4 contains a 342-nt intron (Fig. 4A) with several small
untranslated ORFs (56). Upstream untranslated ORFs have
been reported to function as cis elements that can inhibit
translation of genes (39, 42). The existence of untranslated
OREFs in the 5" intron of COX4 mRNA could certainly repress
translation from the primary ORF if the intron was not re-
moved properly by splicing in a pgsIA background. To deter-
mine if proper slicing occurs, an RT-PCR analysis was per-
formed on COX4 mRNA isolated from wild-type and pgsIA
cells. With the primers designed, a spliced mRNA should give
a band at approximately 300 bp, while the unspliced mRNA
should give a band which is 342 bp larger (same as that of the
amplified genomic DNA). The result in Fig. 4B shows that
bands of the same size (~300 bp) were amplified from both
wild-type and pgs/A RNAs, indicating that the intron was cor-
rectly spliced in the pgsIA background.
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FIG. 3. Expression of mtGFP is controlled at the translational level
by a cis element located in the 5" UTR,y,. Cells were grown to
mid-log phase in CSMD-Leu medium. Mitochondria and RNA were
isolated as described in Materials and Methods. (A) mtGFP present in
mitochondria isolated from YPHS500/pCG1 (wild type [WT]), YZD1/
pCG1 (pgsIA), YPH500/pCG3 (WT), and YZD1/pCG3 (pgsIA) was
detected by Western blotting analysis as described in Materials and
Methods. Plasmid pCG1 contains the full-length 5" UTR((y,, and
plasmid pCG3 lacks most of the 5" UTR oy, upstream of mtGFP.
Mitochondrial matrix protein Arg8p was used as a loading control.
(B) Northern blotting analysis using RNAs isolated from YPHS00/
pCGl1, YZD1/pCGl1, YPH500/pCG3, and YZD1/pCG3. The Northern
blotting analysis was carried out by hybridization with probes specific
for mtGFP, COX4, and TCMI1. TCM1 mRNA levels were used as a
loading control. The upper panel shows the Northern blotting analysis
of mRNAs transcribed from mtGFP, COX4, and TCM1 as indicated by
an arrow. The lower panel is the quantification of the mtGFP (plasmid-
encoded) and COX4 (genome-encoded) mRNAs normalized to TCM1
by using the Bio-Rad Quantity One program. The mRNA levels in WT
cells were set to 100%. (C) Analysis of mtGFP mRNA levels in
YPH500/pCG1, YZD1/pCG1, YPH500/pCG3, and YZD1/pCG3 by
Q-RT-PCR as described in Materials and Methods. The results were
normalized to TCM1 mRNA levels, and the mRNA levels in wild-type
cells were set to 100%.

MoL. CELL. BIOL.

A
v

CACACTCAAG GATAAAATAC TTCGCTTCTT CCAAGTATAR ACACAGGAAR

o
CAAARCATATA CGAAGATTAG AATTTTTTTC ATACTTTTTA CAAAACATTT
TTTTGTACTT AGGCACGCTA ATTSCGTAAA AATTAGCATA ARCAGGRAART

5'88
AAGATTATTT TthKTCTaT GTTA ““TCC TCTTATTGARA RRRT CATGA
GATGTAGGAG AAGAACTACC A G ATATTTAACA

AACGGAAARG AACTA. TCT GGATTTGACT

ATTTATTTGC AAGTTTAACT CGTTCCCTGC TTTTCTATTT

GATAATTGCA TAATTGTCCA AATTGTCCAT CI hahth"

GCGAAATATT CCCTGTCACT TTCCTTTAGT A TTCTCC

AGAAACAGTA TACTAACAAT ACTCACCCAT TTCGATTTTG ATGTTGCCAT
3'ss

ACAAATACHINERCRNGENEN ATGCTTTCAC

Marker
WT RNA
pgs1A RNA
pgs1A DNA

500 bp >

1 2 3 4

FIG. 4. The 5" intron of COX4 mRNA is properly spliced in pgs/A
cells. (A) 5" UTR of COX4 gene, with arrows indicating the possible
transcription start sites. The DNA segment encoding the 342-nt intron
is marked with 5" and 3’ splicing sites (SS). The segment encoding the
5" UTR of mature COX4 mRNA is shaded. The ATG start codon is
underlined. (B) RT-PCR analysis of the 5" UTR of COX4 mRNA.
Cells were grown to mid-log phase in YPD medium. RNA was isolated
from YPHS500 (wild-type [WT]) cells, and RNA and DNA were iso-
lated from YZD1 (pgsIA) cells. RT-PCR was performed as described
in Materials and Methods. Lanes: 1, Promega 100-bp step ladder; 2,
RNA from YPHS500; 3, RNA from YZD1; 4, DNA from YZDI.

Deletion analysis of 5" UTRy,. To narrow down the ele-
ment that regulates COX4 expression at the translational level,
a series of deletions of the 109-nt fragment within the mature
5" UTR x4 Were created. As can be seen from Fig. 5A, a
31-nt deletion into this sequence from its 3’ end (pCG4) had
no effect on the expression of mtGFP, while an additional
25-nt deletion (total of 56 nt) into the region (pCGS) gave
partial expression in pgs/A cells. Another 25-nt deletion (total
of 81 nt) further into this region (pCG6) gave full expression.
Similarly, a 28-nt deletion from the 5’ end (pCG7) had no
effect, while another 25-nt deletion (total of 53 nt) deeper into
the sequence (pCG8) gave partial expression. Taken together,
these results indicate that the 50-nt region in the middle of the
109-nt fragment functions as a minimum sequence that inhibits
translation of COX4 mRNA in a pgsIA background. A parallel
set of plasmids lacking the 3" UTR .y, gave the same results
(data not shown). Interestingly, the RNA secondary structure
of the 50-nt sequence predicted by MFOLD at 30°C shows an
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FIG. 5. Deletion analysis defines a 50-nt sequence with two stem-
loops that function as a minimum cis-acting element. (A) Western
blotting analysis of mtGFP expressed under control of different lengths
of the 5" UTR oy, in YPHS00 (wild-type) and YZD1 (pgsiA) cells.
Mitochondria were isolated and subjected to Western blotting analysis
for mtGFP as described in Materials and Methods. The 342-bp intron
is shown as an empty box, and mtGFP is indicated as a solid box. The
arrow indicates the transcriptional start site. The mature mRNAs are
shown by two boldface lines connected by a jagged line indicating
splicing. The length of the 5" UTR of the resulting RNAs is labeled in
the graph. The sequence between the two vertical dashed lines indi-
cates the 50-nt RNA fragment that is responsible for inhibition of
mtGFP translation. (B) The 50-nt RNA fold as predicted by MFOLD
2.3 from the M. Zuker group (http://www.bioinfo.rpi.edu/applications
/mfold/old/rna/form1-2.3.cgi) at 30°C with default parameters. The
first stem-loop is located between nt 4 and 22 and the second stem-
loop is located between nt 30 and 42 of the sequence.

RNA structure with two stem-loops with a total folding free
energy (AG°;,) of —12.0 kcal/mol (Fig. 5B). The first stem-
loop is located in the first half of the 50-nt sequence, while the
other stem-loop is situated in the second half of this 50-nt
region. When each stem-loop was deleted individually, a par-
tial expression of downstream mtGFP was observed, and when
both were deleted together, full expression was achieved, con-
sistent with a role for both stem-loops in controlling down-
stream expression in pgs/A cells.

RNA gel mobility shift assay. The role of the 5’ UTR ., in
COX4 translation was further supported by results obtained
from an RNA electrophoresis mobility shift assay using an in
vitro T7 promoter-synthesized 104-nt 5" UTR,y, RNA and
cell lysates isolated from both wild-type and pgsIA cells. Lysate
from pgsIA cells caused retardation of the 5" UTR .y, RNA
fragment, forming a slowly migrating band that was absent
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FIG. 6. A factor(s) in cell lysate from pgs/A cells binds to the 5’
UTR of COX4 mRNA. Cell extracts were prepared from mid-log-
phase YPH500 (wild-type) and YZD1 (pgsIA) cells grown in YPD. A
104-nt RNA probe representing the 5’ UTRy, and a control RNA
without the predicted stem-loops (but of the same length) were tran-
scribed from the T7 promoter and labeled with [a-*P]JUTP, and an
electrophoretic mobility shift assay was done as described in Materials
and Methods. The arrow indicates the shift that occurs only in pgs/A
cells. Lane 1, free probe. Lane 2, control RNA plus wild-type lysate.
Lane 3, control RNA plus pgsIA lysate. Lane 4, COX4 RNA plus
wild-type lysate. Lane 5, COX4 RNA plus pgsIA lysate. Lane 6, COX4
RNA plus wild-type lysate plus protease K. Lane 7, COX4 RNA plus
pgsIA lysate plus protease K.

when a lysate isolated from wild-type cells was used (Fig. 6).
Addition of protease K to the shift assay totally abolished the
shifted band, supporting participation by protein factors in this
process. A similar length of RNA without the stem-loop struc-
tures was also used in a control experiment in which no shift
was detected no matter which cell lysate was used, indicating
the importance of the stem-loops in binding of protein factors.
This result demonstrated that binding of a frans factor(s) to the
5" UTR .y, Occurs only in pgsIA cells and suggests that the
formation of a complex between the stem-loop cis element and
protein trans factors specifically in a pgsIA background results
in translational arrest of COX4 mRNA in these cells.

Isolation and analysis of bypass mutations. To better un-
derstand the mechanism underlying the lack of translation of
COX4, yeast genetics were employed to isolate mutants in
which translational repression is bypassed. Such mutants would
result from mutation either directly in the translational control
machinery or in proteins related to the regulatory machinery.
Factors, once identified, could shed light on the possible mech-
anism of regulation. To identify such factors, a selectable sys-
tem was generated. Given the fact that the 5" UTR .y, con-
trols its downstream gene expression, a HIS3 selectable marker
was placed under control of Py, and 5" UTR .y, (plasmid
pCHI). The effectiveness of this system was demonstrated by
lack of growth on histidine dropout plates of pgsIA (pgsiA
his3) cells carrying this plasmid (data not shown), indicating
lack of HIS3 expression under Py, and 5" UTR -,y control
in pgs1A cells. In comparison, wild-type cells (PGS! his3) har-
boring this fusion construct grew well on these plates.
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FIG. 7. Isolation and analysis of spontaneous mutations that confer high expression of a reporter gene placed after the 5" UTR oy
(A) Spontaneous mutants (YMS1 and YMS2) of YZD1 (pgs/A)/pCH1 can grow on CSMD-His plates plus 50 mM 3AT. The pgsIA cells carrying
plasmid pCH1 were plated onto CSMD-His plates with 50 mM 3AT. Cells were incubated at 30°C for 7 to 10 days before the colonies appeared.
Two colonies (named YMS1 and YMS2) were picked and patched along with YPH499/pCH1 (wild type) and YZD1/pCHI1 (pgsiA) as controls onto
CSMD-His plates with 50 mM 3AT to test for His3p expression and on CSMC-Leu plates to verify the presence of plasmid pCHI. Cells were
allowed to grow at 30°C for 3 days at the time the photograph was taken. (B) High-level expression of B-galactosidase activity under control of
the 5" UTR oy, in the mutants. A multicopy plasmid, pCL1, was introduced into the indicated strains. B-Galactosidase activity was assayed in
extracts from these cells as described in Materials and Methods. (C) Levels of COX4 transcripts from chromosomes in YMS1 and YMS2. mRNAs
were isolated from YPH499 (wild type), YZD1 (pgsIA), YMSI (pgsIA), and YMS2 (pgsIA). Levels of COX4 and TCMI mRNAs were determined
by Northern blotting analysis as described in Materials and Methods. The amounts of COX4 mRNA normalized to TCM1 mRNA were as follows:
YPH499, 100%; YZD1, 58%; YMSI, 82%; and YMS2, 69%. (D) YMS1 and YMS2 carry recessive mutations that belong to different comple-
mentation groups. YMS1, YMS2, YPH499, and YZD1 (pgs/A) were switched to the opposite mating type and mated with the original YZD1
(pgsIA) cells (see Materials and Methods). YMS1 was also mated to YMS?2 as described in Materials and Methods to determine complementation.
Diploid cells carrying plasmids pAHO1 and pCH1 were selected on CSMD-His-Leu double-dropout plates. Growth of diploid cells derived from
mating were patched to CSMD-His plates with 50 mM 3AT to test for complementation and to CSMC-Leu plates to verify the presence of plasmid
pCHI.

The derepression of HIS3 expression from plasmid pCH1
was then selected for by growth of pgs/A his3 cells plated on
histidine dropout plates. To eliminate possible weak growth
resulting from leaky expression of HIS3, 50 mM 3AT was
added to the plates. 3AT is a specific competitive inhibitor of
imidazoleglycerol-phosphate dehydratase encoded by the HIS3
gene (44). To overcome the inhibitory effect of this concentra-
tion of 3AT in the plate, cells have to express a significant
amount HIS3 gene product under control of Py, and
UTR(xy in order to survive. After incubation at 30°C for 7 to
10 days, a few colonies appeared (the mutation frequency was
approximately 10~7). The growth of the colonies was then
confirmed to be due to spontaneous mutations rather than

physical adaptation. For this purpose, two colonies (named
YMS1 and YMS?2) were picked and tested in two different
ways. First they were grown in a nonselective (for 4is3) CSMD-
Leu (plasmid marker was LEU2) medium for ~100 genera-
tions, and then cell growth was reconfirmed on CSMD-His
plates with 50 mM 3AT (Fig. 7A). Second, a multicopy plasmid
(pCL1) that has lacZ under control of Py, and 5" UTR vy
was transformed into the cells, and B-galactosidase activity was
measured. As indicated in Fig. 7B, wild-type cells had a high
level of expression of B-galactosidase, while B-galactosidase
expression in pgsIA cells was very low even though pCL1 is a
high-copy-number plasmid; the two mutants had an expression
level of B-galactosidase even higher than that of wild-type cells.
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Since the pCL1 plasmid was newly introduced into the cells, we
can safely rule out the possibility that mutations within plasmid
pCHI1 allowed for HIS3 expression and thereafter cell growth.
Because pgsIA cells have lost the ability to express mtDNA-
encoded proteins, the derepression of the translational inhibi-
tion resulted from chromosomal mutations. We also tested by
Northern blotting analysis if the chromosomal mutations pro-
mote COX4 expression by increasing transcription from the
COX4 gene (Fig. 7C). The data obtained indicated that the
level of COX4 mRNA transcripts was not significantly affected
by these mutations. Therefore, both mutations appeared to
affect COX4 expression again at the translational level.

To test whether these suppressor mutations were dominant
or recessive, strains YMS1 and YMS2 were backcrossed with
the parental pgsIA strain. For this purpose, the wild-type cells,
the pgsIA cells, and the two suppressor mutant cells (MATa
ura3 leu2), all carrying plasmid pCH1 (LEU2), were first
switched to the opposite mating type and then mated with an
original pgsIA strain (MATa ura3 leu2) carrying plasmid pCL1
(URA3) (see Materials and Methods). Figure 7D shows the
growth properties on a CSMD-His plate containing 50 mM
3AT of the diploid cells resulting from these matings. As can
been seen, YMS1 and YMS2 mutants lost their ability to grow
in the absence of histidine once mated with the pgs/A parental
cells. Because pgsIA cells or cells derived from pgsIA appear
not to contain mtDNA (74), this result indicated that the
mutants contain genomic recessive mutations that are most
likely due to loss of function. In order to determine if the
recessive mutations belong to the same complementation
group, strains YMS1 and YMS2 were mated to each other (see
Materials and Methods), and plasmid pCH1 expression was
examined in the diploid cells. Figure 7D shows that the result-
ing haploid cells cannot grow on histidine dropout 50 mM 3AT
plates, indicating that the mutated genes (tentatively named
lipid responsive gene [LRG] 1 and 2) in the two recessive
mutants belong to different complementation groups.

DISCUSSION

This study was initiated when pgs/A cells were found to
apparently exhibit regulation of COX4 expression primarily at
the translational level (48). First, translational regulation was
definitively established by the presence of COX4 and reporter
gene (mtGFP) mRNA and the lack of normally stable reporter
protein. Evidence that the 5" UTR contains a cis-acting ele-
ment responsible for repression of COX4 mRNA translation in
a pgs1A background came from 5" UTR deletion and reporter
expression studies. When most of the 5" UTR was deleted from
COX4 mRNA, reporter gene expression, as indicated by mt-
GFP expression detected by Western blotting or His3p expres-
sion shown by cell growth on histidine dropout plates (data not
shown), returned to wild-type cell levels. These results dem-
onstrate that the 5" UTR functions as a negative regulator of
translation. Further deletion analysis confined the 5’ cis ele-
ment to a 50-nt segment. Secondary structure prediction of the
50-nt sequence presents an RNA structure containing two
stem-loops, with each comprising half of the 50-nt sequence.
The additive effect of these two halves of the 50-nt segment,
taken together with deletion analysis, is consistent with both
stem-loops being important for the efficient repression of
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COX4 gene expression at the translational level in a pgs/A
background.

There are several underlying mechanisms by which a stem-
loop structure can affect translation of various genes. Usually,
translation initiation is down-regulated with a stable 5" stem-
loop structure (AG® more negative than —50 kcal/mol) which
stalls the migration of 40S ribosomal subunit (37, 38). How-
ever, less stable secondary structures (AG° lower than —30
kcal/mol) alone cannot confer the ability to stall the 40S ribo-
somal subunit (36). The predicted stem-loop structure in
COX4 mRNA has a AG® of —12.0 kcal/mol, which is insuffi-
cient to make stable hairpins. In wild-type cells, these hairpins
may be readily unwound by helicase eIF4A in the cap-binding
complex and therefore would have no effect on translation.
However, in pgsIA cells possible binding of cytoplasmic (trans-
acting) factors induced by lack of PG and CL may stabilize the
hairpins, as has been observed for binding of iron regulatory
proteins to iron-responsive elements in the coordinately regu-
lated cycle for iron metabolism (21, 49, 63). The complex
formed may represent a large energy obstacle for the ribo-
somal subunit to overcome, thereby repressing translation. Ac-
cordingly, elimination of complex formation by either deletion
of the cis-acting element (5" UTR(y,) or mutation of the
trans-acting factors (two recessive suppressor mutants) might
suppress the repressive effect and result in the observed re-
porter gene expression.

This hypothesis was further supported by results obtained
from an RNA electrophoretic mobility shift assay using an in
vitro-synthesized 5" UTR,y, RNA and cell lysates isolated
from both wild-type and pgsIA cells. A lysate from pgsIA cells
caused retardation of the 5 UTRy, RNA fragment, form-
ing a slowly migrating band that was not observed with lysates
from wild-type cells. Protease sensitivity of the observed gel
shift and the lack of a gel shift of an RNA element lacking the
above-described 50-nt segment strongly support the binding of
a protein trans factor(s) present only in pgsIA cells to a specific
sequence in the 5" UTRy,. Mutations were isolated that in
a pgs1A background suppressed the repression of COX4 trans-
lation. These were shown to be genomic and not in the re-
porter plasmid used to isolate the mutations. Subsequent mat-
ing of two independently isolated mutants (YMS1 and YMS2)
with the parental pgs/A strain and with each other demon-
strated that the mutations were recessive and in two different
gene loci, suggesting loss-of-function mutations consistent with
a mutation in frans elements functional only in a pgs/A back-
ground.

One question naturally arises as to how the trans factors are
activated in response to a defect affecting mitochondrial lipid
composition. As phospholipids in the mitochondrial inner and
possibly outer membranes (10, 27), PG and/or CL is important
not only in mitochondrial respiratory function but to all pro-
teins that interact with mitochondrial membranes and rely on
anionic phospholipids for their function. It is highly possible
that some of the proteins in or on the mitochondrial mem-
branes transmit a signal, triggered by lack of PG and CL, back
to the nucleus for cross talk regulation of COX4 gene expres-
sion. Such a signal could induce the expression of nuclear
proteins in the classic cross talk pathways (54) and possibly, in
this case, the putative frans factors that bind to the 5’ cis
element, resulting in translational inhibition.
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Interestingly, the proposed mechanism by which the COX4
translation is inhibited is reminiscent of the unfolded protein
response mediated by Irelp in the endoplasmic reticulum to
inhibit unfolded protein translation or induce nuclear genes
encoding endoplasmic reticulum folding catalysts and chaper-
ones for remedying protein misfolding under conditions of
endoplasmic reticulum stress (23, 28, 43, 71). Irelp is a type I
transmembrane serine/threonine protein kinase with endori-
bonuclease activities that is activated by unfolded proteins in
the endoplasmic reticulum. It has been implicated as the mem-
brane receptor that transmits the stress signal from the endo-
plasmic reticulum to the nucleus. Activated Irelp functions as
a site-specific RNase that splices HACI mRNA that encodes
Haclp, a basic leucine zipper transcription factor that binds to
the unfolded protein response element in the nucleus and
results in the induction of target nuclear genes to correct pro-
tein-folding defects. A similar receptor may exist in mitochon-
drial membranes and may be activated by PG and CL defi-
ciency to transmit a signal to the nucleus.

In summary, our results are consistent with the existence of
two stem-loops as a cis-acting element in the 5" UTR -,y and
a novel cross talk pathway between mitochondria and the nu-
cleus that is responsive to PG and CL deficiency in S. cerevisiae.
It remains a question whether this pathway works for other
genes in yeast or exists in other organisms. Unfortunately, we
have not been able to pinpoint any RNA sequence that is
similar to the 5" UTRy, in yeast or in other organisms. In
yeast, activation of this pathway in pgsIA cells results in binding
of trans factors to the cis element and repression of mRNA
translation. Disruption of this protein-RNA complex forma-
tion eliminated its inhibitory effect and thereby restored ability
of cells to express downstream genes. An exhaustive analysis of
the isolated mutants and further identification of the frans
factors are required for understanding the details of the novel
cross talk pathway and the regulatory cycle. Experiments to
identify the genes whose apparent loss of function restores
translation of COX4 mRNA in pgsIA cells are under way.
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