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Distinct metabolic pathways can intersect in ways that allow hierarchical or reciprocal regulation. In a screen of
respiration-deficient Saccharomyces cerevisiae gene deletion strains for defects in mitochondrial RNA processing, we
found that lack of any enzyme in the mitochondrial fatty acid type II biosynthetic pathway (FAS II) led to inefficient
5’ processing of mitochondrial precursor tRNAs by RNase P. In particular, the precursor containing both RNase
P RNA (RPM1) and tRNAP™ accumulated dramatically. Subsequent Pet127-driven 5’ processing of RPM1 was
blocked. The FAS II pathway defects resulted in the loss of lipoic acid attachment to subunits of three key
mitochondrial enzymes, which suggests that the octanoic acid produced by the pathway is the sole precursor for
lipoic acid synthesis and attachment. The protein component of yeast mitochondrial RNase P, Rpm2, is not
modified by lipoic acid in the wild-type strain, and it is imported in FAS II mutant strains. Thus, a product of the
FAS II pathway is required for RNase P RNA maturation, which positively affects RNase P activity. In addition, a
product is required for lipoic acid production, which is needed for the activity of pyruvate dehydrogenase, which
feeds acetyl-coenzyme A into the FAS II pathway. These two positive feedback cycles may provide switch-like control

of mitochondrial gene expression in response to the metabolic state of the cell.

Intersections of biological pathways previously thought to be
distinct have emerged recently from genome-wide functional
screens in model organisms (52, 62, 63). Through a genome-
wide screen of Saccharomyces cerevisiae, we have discovered
the intersection of mitochondrial type II fatty acid synthesis
(FAS 1I) with mitochondrial RNA processing.

There are two distinct fatty acid synthesis pathways in eu-
karyotes. Fatty acid synthesis type I (FAS I) is catalyzed by
cytosolic multifunctional enzyme complexes that produce the
bulk of fatty acids in the cell (45). FAS II occurs in mitochon-
dria and chloroplasts (as well as in prokaryotes) and is cata-
lyzed by the sequential action of individual enzymes (21, 51).
The mitochondrial FAS II pathway produces octanoic acid,
which is the precursor molecule for the synthesis of lipoic acid.
Lipoic acid is the “swinging arm” cofactor that serves to shuttle
reaction intermediates between the active sites of several mi-
tochondrial keto acid dehydrogenase complexes (35). In yeast,
lipoic acid is covalently bound to conserved lysine residues on
three different proteins, the E2 subunit of pyruvate dehydro-
genase (PDH) (34) and a-ketoglutarate dehydrogenase (o-
KDH) (38) and on the H protein of the glycine cleavage en-
zyme (GC) (33).

Mitochondrial genes are expressed through a coordinated
effort between the nuclear and the mitochondrial genomes.
Mitochondrial DNA in eukaryotes encodes a small number of
proteins that are components of the respiratory chain com-
plexes and ATP synthase, as well as mitochondrial rRNAs and
most tRNAs (1, 15). Other proteins required for mitochondrial
function are encoded on nuclear chromosomes, translated in
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the cytoplasm, and imported into the organelle (2). Mitochon-
drial genes are most often expressed in multigenic units, and
the initial transcripts are processed to produce mature RNAs
(10, 54). Mitochondrial tRNAs are cleaved from the initial
multigenic transcripts by tRNA 3’ endonuclease (8, 31) and
mitochondrial RNase P, which processes the 5’ leader se-
quences of tRNAs (16, 57). In yeast, mitochondrial RNase P is
composed of nuclearly encoded Rpm2 protein (30) and mito-
chondrially encoded RPMI RNA (55). As illustrated in Fig.
1A, RPM1 is transcribed either from the FP promoter with the
upstream tRNAM and the downstream tRNAF™ or from the
SP promoter with only tRNAF™ (49). Following tRNA re-
moval, the 5’ extension sequence of RPMI1 is processed in a
Pet127-dependent reaction (12), and the 3’ end is processed
either by the Dss1/Suv3 3’-to-5" exonuclease (11) and/or by
other enzymes not yet characterized. Because the production
of mature RPM1 RNA requires the activity of a variety of
mitochondrial RNA processing factors, including RNase P it-
self, RPM1 processing provides a good model for the study of
mitochondrial RNA metabolism.

Here, we describe and analyze the unexpected finding that
the deletion of any gene in the mitochondrial FAS II pathway
results in inefficient 5’ processing of precursors containing
tRNAs by RNase P (Fig. 1A). A model is presented for the
regulation of mitochondrial gene expression by cellular catab-
olism.

MATERIALS AND METHODS

Strains and media. S. cerevisiae strains and their genotypes are listed in Table
1. The deletions in the strains of interest in the EUROSCAREF collection (http:
//web.uni-frankfurt.de/fb15/mikro/euroscarf/) were verified by PCR using a gene-
specific 5" upstream primer and a kanamycin resistance gene 3’ primer. Cells
were grown in medium containing 1% (wt/vol) yeast extract, 2% (wt/vol) pep-
tone, and 2% (wt/vol) glucose (YEPD) or 3% glycerol (YEPG) instead of
glucose. Solid media contained 2% (wt/vol) agar.
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FIG. 1. Processing of RPM1-containing transcripts. (A) RPM1 is transcribed in a single transcription unit with both upstream tRNAM* and
downstream tRNAF™ from the FP promoter (5’ end represented by *FP) or with only the downstream tRNA™ from the SP promoter (5’ end
represented by *SP). 3" tRNA endonuclease generates the high-molecular-weight precursor termed pre-RPM1-pro. The 5" end of the precursor
transcript is produced either by the SP promoter or by cleavage at the 3’ end of tRNAM. The interval between the position of the SP promoter
and tRNAM is indicated by a dotted line. RNase P processes the pre-RPM1-pro precursor RNA at the 5’ end of tRNAF™, generating the
pre-RPM1 intermediate. Further processing at the 5’ end of this intermediate in a Pet127-dependent reaction produces mature RPM1 RNA. (B) A
Northern blot of total RNA extracted from the wild-type (wt) and Atd2A strains was hybridized with a probe complementary to RPM1. A probe
complementary to SCR1, the RNA subunit of the cytoplasmic signal recognition particle, was used as a loading control.

Genomic screen. The ~5,000 EUROSCARF nonessential yeast deletion
strains were plated on YEPD and YEPG media and grown at 18°C, 24°C, 30°C,
and 37°C. Of the 266 respiration-deficient strains that were found, 181 strains
that harbored deletions of well-studied genes were not followed, while 85 that
harbored deletions of uncharacterized open reading frames (ORFs) were further
analyzed (YHR067w was uncharacterized at the time the screen was done). The
results from our screen were similar to those of other screens that have been
performed in search of nuclearly encoded mitochondrial factors (215 respiration-
deficient strains [54] and 214 strictly respiration-deficient strains out of 466 with
respiratory growth deficiencies [46]). The 85 strains that remained in our study
were checked for their ability to maintain mitochondrial DNA (mtDNA) by
mating them to the MY6 tester strain, which lacks mtDNA ([rh0"]). Resulting
heterozygous diploids were respiration competent if they contained wild-type
mtDNA or were respiration deficient if they had mutations in or sustained loss
of mtDNA. Strains with wild-type mtDNA were surveyed for mitochondrial
RNA processing defects by Northern blotting. Oligonucleotide probes comple-
mentary to the ATP8/6, ATP9, COB, COX1, COX2, COX3, and VARI mRNAs,
the 15S and 21S rRNAs, and the RPM1 RNA were used.

Disruption of ORFs. The HTD2, CEM1, CBP2, HFAI, and PET127 genes were
deleted in BY4741 to confirm the phenotypes of the EUROSCAREF strains. Each
OREF was deleted by homologous recombination with the kanamycin resistance
(kanMX4) cassette. The htd2A::kanMX4, cbp2A::kanMX4, hfalA::kanMX4, and

pet127A::kanMX4 constructs were generated by amplification of the kanMX4
cassette, using the corresponding primers listed in Table 2. The PCR products
were gel purified and transformed into the wild-type strain, using the lithium
acetate method (17), followed by selection for kanamycin resistance. The Rpm2-
green fluorescent protein (GFP) chp2A and Rpm2-GFP htd2A strains were made
by transformation of the Rpm2-GFP wild-type strain (23). The cemIA::kanMX4
construct was generated by amplification of the kanMX4 cassette, using the
CEMI1-5"kan and CEM1-3’kan primers (Table 2), which are complementary to
both the CEMI untranslated regions and the kanMX4 cassette. The resulting
PCR product was transformed into the wild-type strain, using the same method
as mentioned above. To make the Atd2A pet127A double-deletion strain, the
PETI27 ORF was amplified by PCR using the PET127-up and PET127-down
primers and ligated to the pPGEM-T Easy vector (Promega, Madison, WI). The
LEU2 gene from the plasmid pUCI18/LEU2 was digested with Xbal and Xmal
and ligated to the Nhel and Agel sites in the PET127 ORF. The pet127::LEU2
construct was digested with NotI, and the gel-purified fragment was transformed
into the htd2A::kanMX4 strain followed by selection for growth on plates lacking
leucine.

The Afal A mutation reported by Hoja et al. (22), which was made in a different
strain background, causes a very-slow-growth phenotype on glycerol. Since the
mutation had little effect on respiratory growth at 30°C in our strain, the deletion

TABLE 1. S. cerevisiae strains used in this study

Reference or

Strain Genotype source
MY6/[rho"] MAT« [rho] lys1 This study
BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 EUROSCARF
cbp2A MATa his3AI leu2A0 met15A0 ura3A0 cbp2::kanMX4 This study
hfalA MATa his3AI leu2 A0 met15A0 ura3A0 hfal::kanMX4 This study
mctlA MATa his3AI leu2 A0 met15A0 ura3A0 mctl::kanMX4 EUROSCARF
cemlIA MATa his3A1 leu2A0 met15A0 ura3A0 ceml::kanMX4 This study
oarl A MATa his3A1 leu2A0 met15A0 ura3A0 oarl::kanMX4 EUROSCARF
htd2A MATa his3A1 leu2A0 met15SA0 ura3A0 htd2::kanMX4 This study
etrl A MATa his3A1 leu2A0 met15A0 ura3A0 etrl::kanMX4 EUROSCARF
pet127A MATa his3AI leu2 A0 met15A0 ura3A0 pet127::kanMX4 This study
htd2A pet127A MATa his3A1 leu2A0 met15A0 ura3A0 htd2:kanMX4 pet127::LEU2 This study
IpdIA MATa his3AI leu2 A0 met15A0 ura3A0 Ipd1::kanMX4 EUROSCARF
lat1A MATa his3A1 leu2A0 met15A0 ura3A0 latl::kanMX4 EUROSCARF
kgd2A MATa his3AI leu2A0 met15A0 ura3A0 kgd2::kanMX4 EUROSCARF
gev3A MATa his3A1 leu2A0 met15A0 ura3A0 gev3::kanMX4 EUROSCARF

Rpm2-GFP wild type MATa his3A1 leu2A0 met15A0 ura3A0 RPM2-GFP::HIS3 23

Rpm?2-GFP cbp2A MATa his3A1 leu2A0 met15SA0 ura3A0 cbp2::kanMX4 RPM2-GFP::HIS3 This study

Rpm2-GFP htd2A

MATa his3AI leu2 A0 met15A0 ura3A0 htd2::kanMX4 RPM2-GFP::HIS3

This study
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TABLE 2. Oligonucleotide probes and primers used in this study

Oligonucleotide Probe Sequence 5'-3’
Probe?
RPM1 3 ACTTTTTATTAATATATATATATGGACTC
CTGCGGGG
tRNAMet 1 GCAATAATACGATTTGAACG
tRNA™ 5 AAGAAAGCGCCTGACCTTTTG
5’ junction 2 ATAATATAAATATCTTATTCAAATTAAT
3" junction 4 AAATTAATTATGAATATGGATATTATATT
tRNASH AGGTGATGTCGTAACCATTAGACG
tRNASer ATCACACTTTAAACCACTCAGTCAAC
SCR1 GTCTAGCCGCGAGGAAGG
Primer
CEM1-5kan CTGTCCTCGGTGTTGCCTAATTTTAAATT
AAAGATCATTTCTTTACGATGTCCACG
AGGTC
CEM1-3'kan TTAAGTTTTTGCTAATATTACCCTATATA
TATATTCAAATTATTATAATCGGTGTC
GGTCTCG
HTD2-A CTTTTAAATCATAGCCCAAA
HTD2-B CACCTTTTTTTCAGTTCTTC
CBP2-A ATAAGACAGTTCATTGTGGCA
CBP2-B AAAGGAAAGAGTGAAGATTGC
HFAI-A ATGAGATCTATAAGAAAATGGGC
HFA1-B CTATCTCTTTCGCTTACTGTCC
PET127-A TCATCTTTGAGTATATCACGTC
PET127-B CATAATATGTACCAAGGGACT
PET127-up CAGGGCACTTGAGAGAGCAC
PET127-down CCCAACGCTGACTACTGTCT

“ Probes are antisense.

was made anew in the BY4741 (S288C derivative) strain and confirmed that our
strain truly displayed a conditional phenotype on rich glycerol medium.

Isolation of whole-cell RNA. Total RNA was isolated from mid-logarithmic
cultures after they were grown in liquid YEPD medium at 30°C or 37°C as
described previously (7).

Northern blot analysis. Total RNA (10 or 30 pg) was separated on a 1.2%
(wt/vol) agarose gel (a 2% agarose gel was used for tRNA analysis) in TB buffer
(83 mM Tris base, 89 mM boric acid [pH 8.3]). The RNAs were transferred onto
a Nytran membrane (Schleicher & Schuell, Keene, NH) overnight in 20X SSC
([1x SSCis 0.15 M NaCl plus 0.015 M sodium citrate] 3 M sodium chloride, 0.3
M sodium citrate [pH 7.0]) and hybridized (6X SSC, 10X Denhardt’s solution,
0.1% sodium dodecyl sulfate [SDS], 50 wg/ml carrier DNA) overnight at 5 to
10°C below the melting temperature of the oligonucleotide probes. All blots were
stripped and hybridized with the SCR1 loading control probe. Oligonucleotide
probes (listed in Table 2) were *?P end labeled using T4 DNA kinase (Fermen-
tas, Hanover, MD). Blots were analyzed on a PhosphorImager (Typhoon 9410;
GE Healthcare, Piscataway, NJ).

Isolation and fractionation of mitochondria. Cells were grown to stationary
phase in YEPD medium at 30°C. Mitochondria were prepared as described
previously (13), except that zymolyase 20T (Seikagaku, Tokyo, Japan) was used
instead of glusulase to produce spheroplasts. Mitochondrial pellets were resus-
pended in TE buffer (10 mM Tris, 1 mM EDTA [pH 7.5]) containing protease
inhibitors (1 mM phenylmethylsulfonyl fluoride, 5 pg/ml aprotinin, 5 pg/ml
leupeptin, 1 wg/ml pepstatin A). For Western blots, Laemmli sample buffer was
added to the resuspended mitochondrial pellets. For immunoprecipitations, the
mitochondrial pellets were sonicated 10 times for 10 s each at 35% output
(Fisher sonic Dismembrator model 300). The mitochondrial matrix and mem-
brane fractions were separated by ultracentrifugation for 30 min at ~100,000 X
gin a TLA 100.3 rotor (Beckman Coulter, Fullerton, CA) at 4°C. Mitochondrial
matrix supernatants were frozen at —20°C until used.

Western blot analysis. Approximately 40 pg of mitochondrial protein was
resolved on SDS-polyacrylamide gels, following the protocol described by Lae-
mmli (27). Proteins were transferred onto BioTrace polyvinylidene difluoride
membrane (Pall, Pensacola, FL) at 22 V overnight in transfer buffer (25 mM Tris
base [pH 8.3], 200 mM glycine, 2% methanol, 0.01% SDS). The blots were
preincubated in low-salt buffer (150 mM NaCl, 40 mM Tris base [pH 8.0], 0.05%
Tween 20) containing 5% (wt/vol) non-fat dried milk for 1 h. For visualization of
lipoylated proteins, the blots were reacted with anti-lipoic acid polyclonal anti-
body (Calbiochem, La Jolla, CA) diluted 1:7,500 in a 1% milk solution in low-salt
buffer. Secondary antibody conjugated to horseradish peroxidase (HRP) (Pierce,
Rockford, IL) was diluted 1:5,000. Proteins were visualized using an ECL
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(Pierce) substrate. For visualization of Rpm2-GFP, the blots were reacted with
anti-GFP monoclonal antibody (Covance, Berkeley, CA) diluted 1:2,000. Sec-
ondary antibody conjugated to HRP (Pierce) was diluted 1:5,000. Proteins were
visualized using SuperSignal Pico and Femto chemiluminescent substrates at a
70:30 ratio (Pierce). Anti-isocitrate dehydrogenase (IDH) antiserum (a gift from
Lee McAlister-Henn, University of Texas Southwestern Medical Center) was
used as a loading control at a 1:500 dilution. Secondary antibody conjugated to
HRP (Pierce) was diluted 1:5,000, and proteins were visualized using enhanced
chemiluminescence. Prestained Rainbow molecular marker proteins (GE
Healthcare) were used to estimate relative molecular mass.

Light microscopy. Strains were grown overnight in YEPD medium, diluted,
and grown until mid-logarithmic phase. MitoTracker Red dye (CMXRos; Mo-
lecular Probes/Invitrogen, Carlsbad, CA) was added 45 min before the cells were
harvested by centrifugation. The harvested cells were washed in minimal me-
dium, and the C-terminally tagged Rpm2-GFP chimera was localized by directly
viewing the fluorescence signal through a GFP-optimized filter, using a Leica
DM-RXA microscope equipped with a mercury-xenon light source. Images were
captured by a Retiga EX digital camera (Q Imaging, Surrey, BC, Canada) and
processed using Metamorph 6.0 software (Molecular Devices, Sunnyvale, CA).

Immunoprecipitation. Protein A-Sepharose (0.2 mg) was washed three times
in wash buffer (150 mM KCl, 50 mM Tris [pH 7.5], and 0.1% Triton X-100). All
subsequent steps were done at 4°C. The mitochondrial matrix fraction (~3.5 mg
of protein) was brought to a 500-ul volume in immunoprecipitation (IP) buffer
(150 mM KCl, 50 mM Tris [pH 7.5], 0.1% Triton X-100, 0.1 mM dithiothreitol,
and protease inhibitors as listed above). The sample was added to the protein
A-Sepharose beads for 3 h at 4°C to preclear the supernatant. The beads were
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FIG. 2. The initial RPM1-containing transcript is shown with the
position of the probes used for Northern blot analysis. A Northern blot
of total RNA extracted from the wild-type and Atd2A strains was
hybridized with a probe complementary to tRNAM (upper panel,
probe 1). The asterisk denotes a high-molecular-weight pre-met-
RPMI1-pro RNA, which contains unprocessed tRNAM, pre-tRNAM
contains the presumed short-leader sequence, while mature tRNA is
labeled tRNAM, The blot was stripped and probed for RPM1 (probe
3). pre-RPM1-pro and pre-RPM1 are the precursor RNAs, while
RPM1 is the mature RNA. The blot was again stripped and probed for
tRNAP™ (probe 5). Mature tRNA is labeled tRNAF™. A Northern
blot of 30 g of total RNA extracted from the wild-type (wt) and Atd2A
strains was hybridized with a probe complementary to a sequence
spanning the mature 5’ end of RPM1 (lower panel, 5’ junction probe,
probe 2). The blot was stripped and probed for RPM1 (probe 3). The
blot was again stripped and hybridized with a probe complementary to
a sequence spanning the mature 3’ end of RPM1 (3’ junction probe,
probe 4). The 5’ junction probe and the 3’ junction probe were de-
signed such that hybridization would occur only when both the up-
stream and the downstream sequences spanning the mature ends were
present in the transcript. SCR1 was used as a loading control.
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FIG. 3. The mitochondrial FAS II pathway in yeast. Acyl carrier protein (ACP) (6) is depicted as a gray oval. Acetyl-CoA is converted to
malonyl-CoA by acetyl-CoA carboxylase (Hfal) (22). The malonyl moiety is transferred onto ACP by malonyl-CoA:ACP transferase (Mctl) (41).
Acetyl-CoA (ACP) and malonyl-ACP are condensed by 3-ketoacyl-ACP synthase (Cem1) to form 3-ketoacyl-ACP (18). It is not known whether
acetyl-CoA or acetyl-ACP is utilized in the initiating condensation reaction, which is denoted by dotted arrows. The reduction to 3-hydroxyacyl-
ACP is catalyzed by 3-ketoacyl: ACP-reductase (Oarl) (41). The dehydration reaction producing frans-2-enoyl-ACP is catalyzed by 3-hydroxyacyl-
thioester dehydratase (Htd2) (25). Trans-2-enoyl-ACP is reduced by 2-enoyl thioester reductase (Etrl) (53). The resulting acyl-ACP molecule is
condensed with malonyl-ACP by Cem1, cyclically elongating the acyl chain by two carbon units to produce octanoic acid. It is unclear whether
longer fatty acids are produced by the mitochondrial FAS II pathway in yeast. The letter “n” in the acyl chains signifies the number of cycles, with
n = 0 representing the product of the initiating condensation reaction. Boldface C’s denote the carbon atoms donated by malonyl-CoA in the most

recent condensation reaction.

centrifuged, the sample was moved to a new tube containing newly washed
protein A-Sepharose beads, and polyclonal anti-GFP antibody (Molecular
Probes) was added at a 1:200 dilution. The tube was rotated at 4°C overnight.
After centrifugation, the immunoprecipitation supernatant was collected, and
proteins were precipitated in 10% trichloroacetic acid (VWR, West Chester, PA)
and 80% acetone. The beads were washed twice in IP buffer for 30 s and twice
for 15 min each at 4°C, once in IP buffer without detergent for 30 s, and once in
IP buffer without detergent or salt for 30 s. One hundred microliters of 1Xx
loading buffer were added to the beads, which were then boiled for 5 min at
100°C. Thirty percent of the immunoprecipitated and trichloroacetic acid-pre-
cipitated protein was resolved on a 7 to 17% gradient SDS-polyacrylamide gel
and blotted as described above.

RESULTS

Mitochondrial pre-RPM1-pro precursor RNA accumulates
in the htd2A strain. In an effort to uncover novel nuclearly

encoded factors involved in mitochondrial RNA processing
in yeast, the EUROSCARF haploid deletion strains (Frank-
furt, Germany) were screened for respiratory deficiency (in-
ability to grow on rich glycerol medium [see Materials and
Methods]). Mutants that maintained stable mitochondrial
genomes were then surveyed for mitochondrial RNA pro-
cessing defects by Northern blotting using probes specific
for each of the mitochondrial multigenic transcripts. Hy-
bridization of the Northern blots with a probe specific for
RPM1, the RNA component of mitochondrial RNase P,
revealed accumulation of the pre-RPMl1-pro precursor
RNA and lower levels of the pre-RPM1 intermediate and of
the mature RPMI1 in the yhr067wA strain (Fig. 1B).
YHRO067w encodes a 3-hydroxyacyl thioester dehydratase 2
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FIG. 4. Northern analysis of RNase P activity on the pre-RPM1-pro precursor RNA in FAS II deletion and control strains. Northern blots of
total RNA extracted from (A) the FAS II deletion strains (Fig. 3) and cbp2A, a respiration-deficient control strain, grown at 30°C, and (B) the
hfalA and htd2A strains grown at 30°C and 37°C were hybridized with the RPM1 probe. The SCR1 probe was used as a loading control. wt, wild

type.

(Htd2) enzyme in the mitochondrial FAS II pathway (25).
This finding suggested a novel connection between an en-
zyme in the fatty acid synthesis pathway, or the pathway
itself, and mitochondrial RNA processing.

Production of mature RPM1 RNA requires processing of
tRNAM from the 5" end of the initial multigenic transcript by
3’ tRNA endonuclease and processing of tRNA®™ from the 3’
end of the transcript by RNase P (Fig. 1A). Following tRNA
processing, the resulting transcript is trimmed at the 5" and 3’
ends. To analyze the unprocessed sequences of the high-mo-
lecular-weight pre-RPM1-pro precursor RNA in the htd2A
strain, Northern blots were hybridized with five probes com-
plementary to different regions of the transcript (Fig. 2). Hy-
bridization with a tRNAF™-specific probe confirmed that the
pre-RPM1-pro precursor contains unprocessed tRNAF™ (Fig.
2, probe 5), which supports the conclusion that RNase P ac-
tivity is compromised in the Atd2A strain. Hybridization with a
probe complementary to the sequence spanning the mature 5’
end of RPM1 revealed that the pre-RPM1-pro precursor and
pre-RPM1 intermediate RNAs also contain 5’ extension se-
quences, the 5’ ends of which were previously mapped to the
SP promoter and the 3’ end of the upstream tRNAM' (Fig. 2,
probe 2) (49). These results show that the htd2A mutation has
two effects on the processing of the pre-RPM1-pro precursor
RNA: inefficient cleavage of tRNAF™ by RNase P and im-
paired trimming of the 5" end of the transcript.

The mitochondrial FAS II pathway is required for efficient
processing of pre-RPM1-pro precursor RNA. We determined
whether the defect in the processing of pre-RPM1-pro RNA by
RNase P was specific to a deletion of HTD2 or if a disruption

of any enzyme in the FAS II pathway resulted in the same
phenotype (Fig. 3 shows details of the FAS II pathway). To
answer this question, RNA from mutant strains, each harbor-
ing a deletion of a gene encoding a FAS II enzyme, was ana-
lyzed by Northern blotting using the RPM1 probe (Fig. 4A). As
disruption of the FAS II pathway leads to respiratory defi-
ciency (21, 51), RNA from cbp2A, which is defective in COB
mRNA intron processing (29), was also analyzed as a control
for a general effect of respiratory deficiency on tRNA process-
ing. The Northern blots revealed that a deletion of any of the
FAS II pathway genes led to decreases in the mature RPM1
RNA and the pre-RPM1 intermediate, as well as an increase in
accumulation of the pre-RPM1-pro precursor transcript com-
pared to that of the wild-type and c¢bp2A strains. Processing of
mitochondrially encoded mRNAs or rRNAs was not affected
in the mutant strains (data not shown).

Unlike the FAS II mutant strains shown in Fig. 4A, the
hfalA strain exhibited a conditional growth phenotype on re-
spiratory medium. The pre-RPM1-pro RNA was inefficiently
processed when AfalA was grown at both the permissive tem-
perature of 30°C and the nonpermissive temperature of 37°C,
but processing was more retarded at the higher temperature
(Fig. 4B). The fact that a deletion of any of the FAS II path-
ways genes leads to inefficient removal of tRNAF™ indicates
that a product of the FAS II pathway is required for efficient
processing of the pre-RPM1-pro precursor RNA by RNase P.

Disruption of the FAS II pathway affects processing of other
mitochondrial tRNAs. Since the action of RNase P on the
pre-RPM1-pro precursor RNA in FAS II mutants is impeded,
we examined other RNase P cleavage reactions. tRNAS™ and
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are shown above the transcripts. (B) A Northern blot was hybridized with a tRNAS" probe, stripped, and hybridized with a tRNAS" probe. 3’
tRNA endonuclease generates the precursor transcripts pre-tRNAS™ and pre-ATP9-ser. RNase P processes the 5" ends of the tRNAs, producing
mature tRNAS™ and tRNAS®", The asterisks denote transcription start sites. wt, wild type. SCR1 was used as a loading control.

tRNAS" were chosen as examples (10). These two tRNAs are
also expressed in large multigenic transcripts (Fig. 5SA). tRNA
abundance and processing were assessed in the wild-type and
FAS II mutant strains by Northern blotting (Fig. 5B). Levels of
both mature tRNA“™ and tRNAS" were decreased dramatically
in the mutant strains, while levels of the precursor RNAs were
increased somewhat, though the total of both species was lower
than that in the wild type. These data indicate that the FAS II
pathway is generally required for efficient cleavage of mitochon-
drial tRNA 5’ leader sequences by RNase P.

The mitochondrial FAS II pathway is required for efficient
5’ processing of pre-RPM1-pro RNA in a Pet127-driven reac-
tion. The pre-RPM1-pro precursor, which accumulates in FAS
II mutant strains, contains a 5’ end extension sequence (Fig. 1).
Thus, 5’ processing of the intermediate in a Pet127-driven
reaction that follows the RNase P processing step is severely
retarded in these strains. Pet127 is a nuclearly encoded protein
that is required for exonucleolytic processing of 5" end exten-
sion sequences of several mitochondrial precursor RNAs (14,
58, 59), including RPM1 (12). Deletion of PETI27 causes
accumulation of precursor RNAs, as well as temperature-sen-
sitive respiratory deficiency (58). The blockage of this Pet127-
dependent reaction in FAS II mutant strains is specific to the
pre-RPM1-pro precursor; all other Pet127-dependent process-
ing reactions (e.g., COB, VARI, and ATP8/6 mRNAs and 15S
rRNA) are the same as those in the wild-type strain (data not
shown). To analyze the 5" ends of pre-RPMI1-pro and pre-
RPM1 RNA in the pet127A strain, a Northern blot was hybrid-

ized with the RPM1 5’ junction probe (Fig. 6A, probe 2). The
probe revealed accumulation of the pre-RPM1 intermediate,
which contains a 5’ end extension, in the pet/27A mutant
compared to the wild-type strain. Hybridization of the same
blot with the RPM1 3’ junction probe (probe 4) verified that
the pre-RPM1 intermediate does not contain a 3’ extension
sequence in pet127A. As expected, 5’ processing of tRNAF™ by
RNase P was not affected in the pet/27A mutant. The identities
of the bands were verified by hybridization of the blot with the
RPM1 probe (Fig. 6A, probe 3).

Given that Pet127 is required for 5" end processing of RPM1
RNA, we determined whether a defect in the FAS II pathway
is epistatic to pet/27A. A Northern blot containing RNA from
the htd2A pet127A double mutant, as well as the Atd2A and
pet127A single mutants, was hybridized with the RPM1 probe
(Fig. 6B). The htd2A pet127A double mutant accumulated the
same longer pre-RPM1-pro precursor with a 5’ end extension
that was observed for the htd2A single mutant. These results
indicate that htd2A is epistatic to petI27A and that trimming of
the 5’ end of the pre-RPM1-pro in a Pet127-driven reaction
requires prior FAS II pathway-dependent removal of tRNAF™
from the 3’ end of the precursor transcript.

The FAS II pathway is required for lipoylation of three
mitochondrial proteins. Brody et al. (6) and Wada et al. (56)
proposed that the mitochondrial FAS II pathway exists to
provide the octanoic acid precursor for lipoic acid biosynthesis.
To test this hypothesis, we analyzed the lipoylation state of
three lipoic acid-modified mitochondrial proteins in wild-type
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FIG. 6. Northern analysis of pre-RPM1-pro and pre-RPM1 pro-
cessing in the petI27A strain. (A) The initial RPM1-containing tran-
script is shown with the position of the probes (2 to 4) used for
Northern blot analysis. A Northern blot of 30 wg of total RNA from
pet127A was hybridized with a probe complementary to sequence span-
ning the mature 5" end of RPM1 (5’ junction probe, probe 2). The blot
was stripped and probed for RPM1 (probe 3). The blot was again
stripped and hybridized with a probe complementary to the sequence
spanning the mature 3’ end of RPM1 (3’ junction probe, probe 4). The
5’ junction probe and the 3’ junction probe were designed such that
hybridization would occur only when both upstream and downstream
sequences spanning the mature ends were present in the transcript. wt,
wild type. (B) A Northern blot of total RNA from the Ahtd2A, pet127A,
and htd2Apet127A strains was hybridized with the RPMI1 probe,
stripped, and hybridized with the SCR1 loading control probe.

and FAS II mutant strains. Western blots of mitochondrial
proteins were probed with an antibody specific for lipoic acid
(24) (Fig. 7A). In the wild type, the anti-lipoic acid antibody
detected all of the known lipoylated proteins, Latl, the E2
subunit of PDH, Kgd2, the E2 subunit of a-KDH, and Gcv3,
the H protein of GC. In the Atd2A strain, however, none of
these lipoylated proteins were detected, even following over-
exposure of the film. These data support the long-standing
hypothesis (6, 56) that the FAS II pathway is the sole source of
the octanoic acid precursor required for lipoylation of the E2
subunits and the H protein assayed here. These data also
suggest that elimination of lipoylation may be sufficient to
cause the respiration-deficient phenotype of the FAS II mutant
strains.

In light of these results, we asked whether the enzymatic
function of the lipoic acid-dependent mitochondrial multien-
zyme complexes is important for pre-RPM1-pro RNA process-
ing. To address this question, we examined the RNA process-
ing phenotype of strains harboring deletions of LAT1, KGD?2,
and GCV3. In these strains, processing of pre-RPM1-pro is
partially affected (Fig. 7B), but the phenotype is not as severe
as that of the FAS II mutant strains. We also analyzed RNA
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processing in [pdIA (the LPDI gene encodes dihydrolipoamide
dehydrogenase, a subunit common to all three complexes [40]).
These data indicate that the enzymatic function of the lipoic
acid-dependent complexes is not required for processing of the
pre-RPM1-pro transcript by RNase P but rather that synthesis
of a fatty acid, such as octanoic or lipoic acid, is necessary for
efficient processing.

The tRNA processing defect is not due to mislocalization of
Rpm?2 in the htd2A strain. The tRNA processing defect in FAS
II mutant strains may result from a reduction in RNase P
activity due to either a partial blockage of import from the
cytoplasm of Rpm2, the RNase P protein subunit, or to Rpm2
instability. Indeed, certain rpm2 mutant alleles result in accu-
mulation of the pre-RPMI-pro precursor RNA (48, 49), a
phenotype similar to that of the FAS II mutant strains. It is
known that a disruption of the FAS II pathway affects mito-
chondrial morphology (25, 53), which may in turn affect import
of Rpm2 from the cytoplasm. To investigate these possibilities,
fluorescence microscopy and Western blotting were used to
analyze localization and levels of a chromosomally expressed
Rpm?2-GFP fusion protein in the wild-type as well as in the
htd2A and cbp2A mutant backgrounds. The Rpm2-GFP wild-
type strain respires and displays wild-type RPM1 and tRNA
processing (data not shown), suggesting that the Rpm2-GFP
protein is imported into the mitochondrial compartment and is
functional. Expression of Rpm2-GFP was analyzed by Western
blotting of mitochondrial extracts, using an anti-GFP antibody
(Fig. 8A). The protein detected in the wild type and the htd2A
strain was of similar abundance, which indicates that a defect
in fatty acid synthesis does not markedly affect steady-state
levels of the Rpm2-GFP protein. In cells containing either an
intact or a disrupted FAS II pathway, green fluorescent signal
from Rpm2-GFP coincided with the red fluorescent signal
from MitoTracker red dye that was added to the cells before
harvesting (Fig. 8B). However, cells containing the 4td2A mu-
tation appeared to have more cytoplasmic green fluorescence
than wild-type cells, indicating perhaps inefficient import of
Rpm2-GFP or leaky mitochondrial membranes. These data
show that Rpm2-GFP is localized primarily in mitochondria in
the fatty acid biosynthetic-deficient strain.

Rpm2-GFP is not lipoylated. One simple hypothesis to ex-
plain the requirement of the FAS II-lipoic acid-dependent
pathways for tRNA processing is that Rpm2 is lipoylated and
that lipoylation is required for RNase P activity. In response to
this hypothesis, Rpm2-GFP was immunoprecipitated from the
soluble matrix fraction of mitochondrial extracts from the wild-
type, Rpm2-GFP wild-type, and Rpm2-GFP htd2A strains by
using a polyclonal anti-GFP antibody. Lipoylation of the im-
munoprecipitated protein was then analyzed by Western blot-
ting with the anti-lipoic acid antibody (Fig. 8C, lower panels).
No lipoylated proteins of the same mass as Rpm2-GFP were
detected in the immunoprecipitated lanes. Also, no lipoylated
proteins were observed in the Rpm2-GFP htd2A lanes, as ex-
pected. The blot was stripped and subsequently probed with a
monoclonal anti-GFP antibody, which showed that most of the
Rpm2-GFP protein had been immunoprecipitated from the
GFP-tagged strains (Fig. 8C, upper panel). These data indicate
that Rpm2-GFP is not lipoylated.
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FIG. 7. The FAS II pathway is the sole source of octanoic acid for protein lipoylation. (A) Western blot analysis of lipoylated proteins in a FAS
II mutant strain. Mitochondrial extracts from the wild-type strain (wt), the cbhp2A strain, a respiration-deficient control strain, and the 4zd2A strain
were analyzed by Western blotting using an antibody directed against lipoic acid (a-LA). Latl and Kgd2 are the lipoylated E2 proteins of PDH
and a-KDH, respectively, and Gev3 is the lipoylated H protein of GC. Antiserum IDH («a-IDH) was used as a loading control. (B) Northern blot
analysis of pre-RPM1-pro processing in the latIA, kgd2A, and gev3A strains, as well as in the [pdIA strain, was done using the RPM1 probe. Lpd1
is a common subunit shared by the three lipoic acid-dependent enzyme complexes. SCR1 was used as the loading control.

DISCUSSION

Here we show that disruption of the mitochondrial FAS II
pathway in yeast results in inefficient processing at the 5’ ends
of mitochondrial tRNAs by RNase P. Specifically, in FAS II
mutant strains, removal of tRNAF™ from the 3’ end of the
pre-RPM1-pro transcript is inhibited, resulting in low levels of
mature RPM1, the RNA subunit of mitochondrial RNase P.
We conclude that a product of the FAS II pathway is required
either for (i) RNase P cleavage of all pre-tRNAs or (ii) mat-
uration of the RNase P RNA itself, thus affecting assembly
and/or activity of RNase P and subsequent processing of all
other tRNA-containing multigenic transcripts. Our data reveal
a novel connection between fatty acid metabolism and gene
expression in mitochondria.

RNase P complexes exist in all kingdoms of life, although
their components vary in homology and number (57, 61). Mi-
tochondrial RNase P activity has been found in vertebrates,
fungi, protists, and plants (57), but mitochondrially encoded
RNase P RNA has been identified only in a number of asco-
mycete fungi, the protist Reclinomonas americana, and the
green alga Nephroselmis olivacea (43). In these organisms,
RNase P RNA is most often transcribed as part of a multigenic
transcription unit that includes at least one tRNA gene (43,
44). In some instances, RNase P RNA 5’ and 3’ ends are
formed by tRNA processing enzymes, unlike S. cerevisiae, in
which multiple processing events must occur to produce ma-
ture RPM1 RNA. Despite differences in the details of the
pathway for processing the RNA component, RNase P plays a
critical role in the expression of mitochondrial genes and is in

many cases involved in the maturation pathway of its own
RNA subunit.

The purpose of the mitochondrial FAS II pathway in eu-
karyotes has been under debate. Brody et al. (6) and Wada et
al. (56) have proposed that the production of octanoic acid, the
precursor to the cofactor lipoic acid, is the sole purpose of this
separate organelle pathway. The FAS II pathway may play a
role in the maintenance of mitochondrial morphology as de-
letion or overexpression of genes encoding pathway enzymes
causes morphological defects (25, 53). It has also been sug-
gested that the FAS II pathway may provide fatty acids for
phospholipid repair (42) or for insertion of membrane proteins
(19), but no evidence has been generated to support these
hypotheses. While it has been shown for other organisms that
the mitochondrial FAS II pathway is capable of synthesis of
fatty acids longer than C8 (60), the physiological relevance of
these fatty acids still remains to be demonstrated. Our results
suggest that the mitochondrial fatty acid synthesis pathway is
the sole source of octanoic acid used as the precursor for
synthesis of lipoic acid.

There are two basic models one can build to explain the
intersection of RNase P activity or assembly and fatty acid
biosynthesis. The first model posits that the biosynthetic path-
way provides a product that directly modifies the RNase P
enzyme, either on the Rpm2 protein or the RPM1 RNA com-
ponent. The second model suggests that a pathway product
indirectly affects RNase P assembly or activity.

In pursuit of the direct modification hypothesis, we have
eliminated the possibility that Rpm2 is modified in a detectable
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FIG. 8. Analysis of Rpm2-GFP. Strains used were Rpm2-GFP wild-type, Rpm2-GFP cbp2A, a respiration-deficient control strain, and
Rpm2-GFP htd2A. (A) Rpm2-GFP protein levels were analyzed by a Western blot of mitochondrial extracts, using an antibody against GFP
(a-GFP) to detect Rpm2-GFP. IDH (antiserum o-IDH) was used as a loading control. (B) Rpm2-GFP is localized to mitochondria. Cells harvested
at mid-log phase were analyzed by fluorescence microscopy. MitoTracker Red was added to the cultures 45 min before harvesting. (C) Rpm2-GFP
is not lipoylated. Proteins from mitochondrial matrix fractions from Rpm2-GFP wild-type (wt) and Rpm2-GFP htd2A were immunoprecipitated
(IP) with anti-GFP antibody and protein A-coupled beads. Nonimmunoprecipitated protein (Sup) was trichloroacetic acid precipitated, and 30%
of both the IP and Sup fractions were loaded onto a 7 to 17% gradient SDS-polyacrylamide gel. Proteins were immunoblotted (IB) with anti-lipoic
acid antibody (a-LA, lower panels). The blot was stripped and incubated with anti-GFP antibody (a-GFP, upper panel). The asterisk marks a

nonspecific background band.

amide linkage by lipoic acid, a downstream product of the FAS
II pathway. However, the protein may be modified by octanoic
acid or a longer fatty acid product of the pathway. Probing a
Northern blot of mitochondrial RNA with the anti-lipoic acid
antiserum did not detect a modification (data not shown). The
antiserum may be ineffective in detecting lipoic acid attached
to RNA, or the RNA may be modified by another fatty acid. It
is possible that fatty acid or lipoic acid could directly affect the
conformation of the protein or RNA directly but in a nonco-
valent association. We have no evidence yet for a direct cova-
lent or noncovalent modification of the enzyme.

Since mitochondrial morphology is affected in FAS II mu-
tant strains (25, 53), we tested one example of an indirect effect
on RNase P. We showed that Rpm2-GFP is imported into
mitochondria (Fig. 8B), though there is some cytoplasmic
staining, suggesting that the process may not be as efficient as
in the wild type. Many other indirect scenarios have not been
investigated yet, including covalent or noncovalent modifica-
tion of other proteins that may interact with RNase P.

All FAS II mutant strains, except the AfalA strain, are res-
piration deficient at all temperatures. All of the strains main-
tain stable mitochondrial genomes when grown at 30°C, which
suggests that, despite the inefficiency of tRNA processing,

enough mature tRNAs are produced to support mitochondrial
translation, which is required for the maintenance of mtDNA
(9, 32). When the mutant strains are grown at temperatures
higher than 30°C, however, tRNA processing is further blocked
(Fig. 4B), and after ~50 generations of growth at 37°C, the
strains lose their mtDNA (data not shown).

The AfalA strain respires at 30°C but not at 37°C in our
strain background (S288C). HFAI encodes mitochondrial
acetyl coenzyme A (acetyl-CoA) carboxylase, which produces
malonyl-CoA from acetyl-CoA (6). The additional source of
malonyl-CoA that supports respiration in the mutant strain at
30°C is not known. In a global tandem affinity purification
(TAP) tag study of protein-protein interactions (26), Hfal
purified with Accl, the cytoplasmic acetyl-CoA carboxylase. It
is possible that Accl is imported inefficiently into mitochondria
and produces malonyl-CoA at a reduced rate compared to
Hfal. An alternative hypothesis is that malonyl-CoA is im-
ported into the mitochondrial compartment from the cytosol.
It has been shown that exogenous ['*C]malonyl-CoA supports
fatty acid synthesis in mitochondria isolated from Trypanosoma
brucei (47). It would be interesting to understand why in-
creased temperature exacerbates the mitochondrial tRNA pro-
cessing defect in the FAS II mutant strains.
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FIG. 9. Positive feedback loops governing fatty acid-lipoic acid biosynthesis and RNase P activity. The intersection of the FAS II pathway and
RNase P activity in yeast mitochondria is depicted as a cartoon. In the FAS II pathway, acetyl-CoA (or acetyl-acyl carrier protein [ACP]) and
malonyl-ACP are condensed on ACP, and the carbon chain is elongated in several iterative steps to produce octanoic acid (21) (Fig. 3). Other
enzymes convert octanoic acid to lipoic acid (50) and attach the cofactor to target proteins (28). Lipoic acid is required for pyruvate dehydrogenase
activity, creating one positive feedback loop. Fatty acid and/or lipoic acid is required for efficient RNase P activity. The second positive feedback
loop is created because RNase P activity is required for the maturation of its own RNA subunit, RPM1, via an endonucleolytic cleavage of tRNAP™
from the pre-RPM1-pro precursor RNA. The dashed arrows represent the requirement of lipoic acid for PDH, a-KDH, and GC enzymatic activity.
The dotted arrow (at right) represents the requirement of a product of the FAS II pathway for RNase P activity or assembly.

Why does mitochondrial fatty acid biosynthesis and tRNA
processing intersect? Our hypothesis is that this intersection
has evolved to allow the cell to regulate mitochondrial gene
expression in response to levels of cellular catabolites. The
organization of the pre-RPM1-pro precursor RNA is particu-
larly interesting in that it houses a tRNA downstream of
RPMLI. Since RNase P activity is required for the maturation
of the RNase P RNA subunit, a positive feedback loop exists
for RNase P maturation and activity (Fig. 9). A product of the
FAS II pathway is involved in this cycle because it is required
for directly stimulating RNase P activity and/or for efficiently
processing the precursor RNA containing RNase P RNA. A
second positive feedback loop could be operative under some
conditions for PDH activity and the FAS II pathway. PDH
requires lipoic acid for the production of acetyl-CoA (36),
which is fed into the FAS II pathway, which produces the
octanoic acid precursor for lipoic acid synthesis (Fig. 9). How-
ever, cells containing inactive PDH lipoylate target proteins
and have wild-type mitochondrial tRNA processing when
grown in rich medium containing glucose, indicating that
acetyl-CoA from another source, such as the PDH bypass
pathway (5), amino acid breakdown (20), or B-oxidation of
fatty acids (4), can be fed into the FAS II pathway. The two
feedback cycles described above may provide a switch-like
character for turning mitochondrial function on or off in re-
sponse to the availability of acetyl-CoA entering the organelle.

Recently, an intersection between the FAS II pathway and
tRNA processing has emerged in mammals. The human 3-hy-
droxyacyl-thioester dehydratase 2 (HsHTD?2) of the mitochon-

drial FAS II pathway was found to be encoded on a bicistronic
cDNA downstream of RPP14, a protein subunit of RNase P
(3). This genetic organization has been conserved over 400
million years of vertebrate evolution. It is currently under
debate whether mammalian RNase P processes both nuclearly
encoded and mitochondrial tRNA precursors (37) or whether
mammalian cells contain two distinct RNase P activities (39).
Clearly, though the nature of the connection between the mi-
tochondrial FAS II pathway and tRNA processing is different
in yeast and vertebrates, both systems have the potential to be
regulated by the availability of acetyl-CoA. The biological im-
portance of the intersection of the FAS II pathway and RNase
P function in tRNA processing is just beginning to be under-
stood.
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