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The gene for MRP7, a 40-kilodalton protein of the large subunit of the yeast mitochondrial ribosome, was
identified in a Agtll expression library by immunological screening with a monoclonal antibody to MRP7. An
intact copy of MRP7 was then isolated from a yeast genomic library by colony hybridization. Gene disruption
showed that MRP7 protein was essential for ribosomal function. Sequencing ofMRP7 revealed a coding region
for a basic (pI 10.6), 43.2-kilodalton protein containing 371 amino acid residues. Amino acid residues 28 to 112
of the deduced MRP7 sequence aligned with the 84 residues of the Escherichia coli ribosomal protein L27, but
no significant similarity was detected between the carboxy-terminal 259 amino acids ofMRP7 and other protein
sequences in existing computer data bases. Within the aligned region, there was 49% amino acid identity
between MRP7 and L27, compared with the 57% identity observed between L27 and its homolog in Bacilus
stearothermophilus. The steady-state levels of the MRP7 protein and its mRNA were monitored in response to
catabolite repression and to increased dosage of the MRP7 gene. The response to catabolite repression was
characterized by a ninefold change in the level of the protein and little, if any, change in the level of the mRNA.
In cells carrying the MRP7 gene on a high-copy-number plasmid, the mRNA was increased 20-fold, but there
was no significant increase in MRP7 protein. Furthermore, MRP7 mRNA and protein accumulated at normal
levels in [rho°] cells, which are devoid of 21S rRNA, indicating that the protein is relatively stable in the absence
of ribosome assembly. Together, these results suggest that MRP7 is regulated posttranscriptionally, probably
at the level of protein synthesis rather than protein turnover.

Ribosomes are universal features of procaryotic and eu-
caryotic cells, and intensive investigation for over two
decades has led to major advances in our understanding of
their structure, function, synthesis, and evolution (for re-
views, see references 16, 28, 31, 40, 44, and 66). Much of this
knowledge has been developed in studies of the Escherichia
coli ribosome, which has become the standard of compari-
son for the analysis of ribosomes in other organisms. In
contrast to bacteria, eucaryotic cells maintain multiple,
distinctly different ribosomal populations for protein synthe-
sis in the cytoplasm, chloroplasts, and mitochondria. The
presence of cytoplasmic and organellar ribosomes provides
an opportunity to compare the properties of genetically
separate sets of ribosomal components within a single cell
and to establish relationships between these components and
those of the E. coli ribosome. These comparisons should
help to identify features of eucaryotic ribosomes that are
special adaptations to the complex genomic organization and
intracellular compartmentalization of eucaryotic cells. The
ribosomes of mitochondria and chloroplasts are of special
interest in this regard because the genes for the constituents
of organellar ribosomes are divided between two genetic
systems (6, 65).

In the case of the mitochondrial ribosome of Saccha-
romyces cerevisiae, the 15S and 21S rRNAs and one ribo-
somal protein are encoded by mitochondrial DNA (mtDNA)
(65). The remaining 60 to 70 ribosomal proteins are specified
by nuclear genes, translated on cytoplasmic ribosomes, and
imported into the mitochondria. The ribosomal genes in
mtDNA have been identified and sequenced, but little is
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known about the genes for the nucleus-encoded ribosomal
proteins.

Recently, two nuclear genes for yeast mitochondrial ribo-
somal proteins were isolated through the analysis of pet
mutants with impaired mitochondrial protein synthesis (39).
MRPI (for mitochondrial ribosomal protein) codes for a
basic 37-kilodalton (kDa) polypeptide with no significant
relatedness to any other ribosomal protein for which se-
quence information is available. MRP2 specifies a 14-kDa
polypeptide that is related to the E. coli ribosomal protein
S14 and to a chloroplast-encoded protein of chloroplast
ribosomes. Although the original pet alleles of MRPI and
MRP2 have leaky phenotypes, null mutants created by gene
disruption are devoid of mitochondrial protein synthesis,
showing that the two proteins are essential for ribosomal
function. The ability to identify an E. coli homolog for MRP2
but not MRP1 suggests that some mitochondrial ribosomal
proteins have changed enough through evolution to preclude
the easy identification of their relationship to other ribo-
somal proteins through sequence comparisons. Alterna-
tively, a protein such as MRP1 may have arisen from a
nonribosomal ancestor, which was recruited during evolu-
tion to provide an ancillary function unique to mitochondrial
protein synthesis.
With a view to developing a broad perspective of the

functional and evolutionary properties of mitochondrial ri-
bosomal proteins in S. cerevisiae, we have identified several
nuclear genes for components of the mitochondrial ribosome
through immunological screening of Xgtll genomic expres-
sion libraries. In this paper we describe the isolation and
characterization of MRP7, the gene for a 40-kDa protein of
the large subunit. The data demonstrate that a short amino-
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TABLE 1. Yeast strains used in this study

Strain Genotype Source or reference

MH41-7Bp+ a ade2 his] [rho+] M. Bolotin-Fukahara
MH41-7Bpo a ade2 his] [rhoo] M. Bolotin-Fukahara

YNN281 a trpl his3 Iys2-801a ade2 ura3-52 YGSCa
YNN282 a trpi his3 lys2-801a ade2 ura3-52 YGSC
KFY1 a trpl his3 lys2-80Ja ade2 mrp7::URA3 [rho-] This study
KFY3 a trpl his3 lys2-801a ade2 mrp7A::URA3 [rho-] This study
KFY6 a/a trpll+ his3/+ lys2-801al+ ade2/ade2 hisll+ MRP71mrp7::URA3 [rho-] This study

SB9882-4CR a/a ura3-521ura3-52 trpl-2891trpl-289 leu2-3,1121+ his4-5191+ canl crvr J. Carbon
KFY2 a/a trpi-2891trpl-289 leu2-3,1121+ his4-5191+ can] cryr ura3-521mrp7::URA3 [rho+] This study
KFY13 a mrp7::URA3 leu2-3,112 his4-519 trpl-289 [rho-] This study

22-2D a ura3-52 trpi leu2-3,112 cyh2 cani G. R. Fink
KFY41 a ura3-52.trpl leu2-3,112 cyh2 canl pKF33 (2km, URA3, MRP7) This study
KFY43 a ura3-52 trpi leu2-3,112 cyh2 can] pKF27 (2Qm, URA3, GALI-MRP7) This study

M7-40 a adel [mit- (cobi)] 54
M9-94/4B a adel [mit- (oxil)] 54
M9-3/5C a adel [mit- (oxi2)] 54
M10-150/4D a adel [mit- (oxi3)] 54
KL14-4A-30A a his] trp2 [rho- (cob region)] 54

a YGSC, Yeast Genetic Stock Center.

terminal domain in MRP7 contains a remarkably conserved
copy of the much smaller (9-kDa) E. coli ribosomal protein
L27. In addition, we show that expression of MRP7 is
regulated posttranscriptionally, probably at the level of
protein synthesis rather than degradation.

MATERIALS AND METHODS

Immunological screening of phage plaques. We have iso-
lated a hybridoma cell line (D. J. Perry and T. L. Mason,
unpublished) that secretes a monoclonal antibody to a 40-
kDa protein which cosediments with the 50S subunit of the
mitochondrial ribosome in high-salt sucrose gradients. This
protein is the seventh largest of the total mitochondrial
ribosomal proteins, as estimated by electrophoresis in poly-
acrylamide gels containing sodium dodecyl sulfate (SDS)
(14), and has been designated MRP7. Hybridoma cell culture
supernatant was used to immunologically screen a Agtll
yeast genomic library (72, 73). Standard methods for phage
growth, storage, and DNA preparation were used (55).

Yeast strains and growth media. The yeast strains used in
this study are described in Table 1. All yeast transformations
were performed by the lithium acetate procedure described
by Ito et al. (22). One-step gene transplacement was used to
disrupt the genomic copy of MRP7 in both haploid and
diploid strains (48). Strains KFY1 and KFY2 were obtained
by transforming YNN282 and SB9882-4CR, respectively,
with the EcoRI fragment shown in Fig. 1B. KFY3 was
obtained by transforming YNN282 with the EcoRI fragment
shown in Fig. 1C. KFY41 and KFY43 were obtained by
transforming strain 22-2D with the multicopy plasmids
pKF33 and pKF27, respectively (plasmids are described in
Fig. 3). Sporulation and tetrad dissection of KFY2 gave rise
to KFY13. Cells were grown in rich (1% yeast extract, 2%
peptone) or minimal (0.67% yeast nitrogen base [Difco]
without amino acids) medium. The minimal medium was
also supplemented with amino acids, minus either leucine or
uracil, to select for the appropriate plasmid. All media were
supplemented with either 5% glucose, 2% galactose, or 2%
glycerol plus 2% ethanol as carbon sources.

KFY13 was crossed to M7-40, M9-94/4B, M9-3/5C, M10-
150/4D, KL14-4A-30A, and MH41-7B [rho-] (Table 1), and
diploids were scored for their ability to grow on rich medium
supplemented with 2% glycerol plus 2% ethanol as the sole
carbon source.
DNA manipulations. Standard procedures were used for E.

coli transformation and in vitro manipulation of DNA (34).
Enzymes were used according to the specifications given by
the supplier. Plasmids used in this study were constructed as
follows. For pKF1, the 1.4-kilobase (kb) EcoRI fragment
from XMRP7 (Fig. 1) was ligated into the unique EcoRI site
of pACYC184 (3). For pKF3 and pKF4, the URA3 gene
flanked by XbaI sites was excised from pRa545 (kindly
provided by Kelly Tatchell [61]) and inserted into the MRP7
coding region after partial XbaI digestion of pKF1. The
resulting plasmids, pKF3 (insertion) and pKF4 (deletion),
were the source ofDNA fragments for replacing the genomic
copy of MRP7 by integrative transformation. The plasmid
pKF5 (see Fig. 3A for restriction map) was isolated by
colony hybridization (17) of a yeast genomic library in
YCp5O (47). Religation of BglII- and EcoRI-digested pKF5
produced the subclone pKF11, which contains the 2.9-kb
insert shown in Fig. 3B and a 2.6-kb BglII-EcoRI fragment
from YCp5O containing the E. coli origin of replication and
the gene for ampicillin resistance. Plasmids pKF15 to pKF23
were generated by partially digesting pKF11 with Hindlll
and gel-purifying the linear DNA fragments between 4.1 and
5.5 kb. The Hindlll sites were filled in, and nonphosphory-
lated BamHI linkers [d(CGGGATCCCG)] were ligated to
the fragments (52), generating a series of linker insertions
and deletions within and flanking the MRP7 coding region.
pKF15 contains a BamHI linker at the 5'-most Hindlll site
of pKF11 (see Fig. 3B). pKF20 contains a BamHI linker at
the 3'-most HindIlI site of pKF11. To obtain pKF24 a
BamHI linker was inserted at the unique EcoRI site of
pKF15 (described above). For pKF27, the 1.7-kb BamHI
fragment from pKF24 containing the MRP7 coding region
was inserted at the unique BamHI site of pB656 (provided by
G. R. Fink) in an orientation so that MRP7 was under the
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FIG. 1. Restriction map of XMRP7 and structure of the mutations generated in MRP7. The restriction map of XMRP7 is shown at the top.

The arrow indicates the direction of translation from lacZ. The two internal EcoRI sites are genomic sites, and the EcoRI sites flanking the
3.4-kb insert are from EcoRI linkers added during construction of the expression library. Below the XMRP7 map are the fragments used to
disrupt MRP7. (A) The 1.4-kb EcoRI fragment that was subcloned back into Agtll and into pACYC184, creating XMRP7-1 and pKF1,
respectively (for details, see Materials and Methods). (B) pKF3 was obtained by insertion of a 1.1-kb XbaI fragment containing the URA3
gene into the upstream XbaI site of MRP7. (C) pKF4 was generated by replacing the 600-bp XbaI fragment with URA3. The EcoRI fragments
shown in panels B and C were used to disrupt the genomic copy of MRP7 in the haploid strain YNN282. The autoradiograph on the right is
a Southern blot ofEcoRI-digested genomic DNA from yeast strains (A) wild-type YNN282, (B) KFY1 (mrp7:: URA3), and (C) KFY3 (mrp7A::
URA3). The Southern blot was probed with the nick-translated 1.4-kb EcoRI fragment from XMRP7.

control of the GAL] promoter (see Fig. 3C). The plasmid
pB656 contains 795 base pairs (bp) of the GALI promoter,
including the UAS and transcriptional start site, to within 4
nucleotides of the GAL] translational start site (5). pB656
also contains the E. coli origin of replication, the gene for
ampicillin resistance, yeast 2,um sequences, and the yeast
URA3 gene. For pKF33, the 2.6-kb BglII-BamHI fragment
from pKF20 was inserted at the BamHI site of YEp13 (see
Fig. 3D).
DNA sequence analysis. The DNA sequence was deter-

mined by the dideoxy chain termination method (50, 51) with
M13 clones (36). The clones were constructed by using
naturally occurring restriction sites, and nested deletions
were generated by the method of Dale et al. (9). Both strands
were sequenced. The 371-amino-acid open reading frame of
MRP7 was compared with sequences in the National Bio-
medical Research Foundation (NBRF) protein data base by
the method of Wilbur and Lipman (69).

Si nuclease protection. Si nuclease experiments were
carried out essentially as described by Favaloro et al. (13).
The 2.6-kb XbaI fragment and the 3.6-kb XhoI fragment
from pKF5 were end-labeled with [-y-32P]ATP and T4 poly-
nucleotide kinase. The XbaI and XhoI fragments were
digested again with BglII and XbaI, respectively. The appro-
priate fragments were gel-purified, and 50,000 cpm was
combined with 50 ,ug of total RNA from yeast strain MH41-
7B [rho+] grown in rich medium supplemented with 2%
glycerol and 2% ethanol. After denaturing at 75°C for 5 min,
hybridization was continued at 42°C for 16 to 20 h in 70%
formamide-0.1 M PIPES [piperazine-N,N'-bis[2-ethane-
sulfonic acid), pH 6.4]-0.01 M EDTA-0.4 M NaCl. S1
digestion was done at 37°C for 30 min with different concen-
trations of enzyme, ranging from 50 to 400 U. Samples were

separated on a 6% polyacrylamide sequencing gel, with a
sequencing reaction as a size standard.

Southern blot analysis. Southern blot analysis was per-
formed essentially as described by Southern (57). Total yeast
DNA was isolated as described (54).
Northern (RNA) blot analysis. Total yeast RNA was iso-

lated as described previously (58), and the concentration of
RNA was determined by measuring the A260 Equal amounts
of total RNA were loaded in each lane of a 1% agarose-6%
formaldehyde gel with 0.1 M NaPO4, pH 7.0, as a buffer. The
RNA was transferred to a nylon membrane (0.45-,um pore
size; Schleicher & Schuell) and probed with the appropriate
nick-translated fragment by the method of Thomas (62).
Western (immunoblot) analysis. Two methods were used to

prepare extracts of total yeast proteins: (i) alkaline hydroly-
sis and trichloroacetic acid (TCA) precipitation (71) or (ii)
breakage of whole cells with glass beads and solubilization in
2.5% SDS (10). Mitochondrial fractions were prepared as
described elsewhere (10). Proteins were resolved on 12.5%
polyacrylamide gels in the presence of SDS (27) and electro-
phoretically transferred to nitrocellulose (0.45 p.m) by the
method of Towbin et al. (63). The blot was treated in one of
two ways: (i) saturated in incubation buffer (20 mM Tris
hydrochloride [Tris-HCl, pH 7.4], 0.9% NaCl, 1% bovine
serum albumin, 0.01% NaN3), incubated with the appropri-
ate antibody in incubation buffer, and washed three times in
wash buffer (20 mM Tris-HCl [pH 7.4], 0.9% NaCl, 0.1%
bovine serum albumin, 0.05% Nonidet P-40, 0.01% NaN3),
or (ii) saturated with 5% nonfat dry milk, as described by
Johnson et al. (23). As the second antibody, we used
1251I-labeled rabbit anti-mouse immunoglobulins, prepared by
the method of Hunter and Greenwood (20).

Quantitation of RNA and protein. Protein concentration

I I
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was determined by the method of Lowry et al. (32), and
mRNA concentration was determined by measuring the A260
(1.0 A260 unit = 40 ,ug). To confirm that equal amounts of
protein were loaded in each lane of a gel, samples were run
in duplicate and one-half of the gel was stained with bromo-
phenol blue. The levels of mRNA and protein on Northern
and Western blots, respectively, were estimated by scanning
densitometry of the autoradiograms (Kodak SB-5 X-ray film)
with a Hoefer Scientific GS300 scanning densitometer.

RESULTS

Identification of the MRP7 coding region. A monoclonal
antibody to MRP7, a 40-kDa large-subunit protein from the
yeast mitochondrial ribosome, was used to identify MRP7-
specific recombinants in a yeast genomic library constructed
in the phage expression vector Xgtll (72, 73). Three immu-
nopositive recombinants were obtained from a screen of
500,000 phage. Restriction mapping of the phage DNA
showed that all three recombinants contained the same
3.4-kb yeast DNA insert. One of these clones, designated
XMRP7, was chosen for further analysis. The restriction
map of the insert in XMRP7 is shown in Fig. 1.
The next step in our analysis was to gain information

about the position and orientation of the sequences encoding
the MRP7 antigen in XMRP7. We first tried to identify a
P-galactosidase-MRP7 fusion protein in stained gels and on
Western blots of protein extracted from XMRP7-infected,
isopropyl-,3-D-thiogalactopyranoside (IPTG)-induced E. coli
cells. Although a 117-kDa lacZ polypeptide was clearly
identifiable by staining with Coomassie blue and by reactiv-
ity with a monoclonal antibody to E. coli ,-galactosidase,
there was no indication of a higher-molecular-weight fusion
protein or any other polypeptide with reactivity to the
monoclonal antibody against MRP7 (data not shown). These
results suggested two possibilities: either the MRP7 antigen
was not stable as a fusion protein in E. coli, or it was
expressed independently of lacZ, as has been demonstrated
in other cases (56). Further tests were performed to help
locate the MRP7 sequences within the XMRP7 insert. First,
the expression of the MRP7 antigen from XMRP7 was shown
to be IPTG inducible in a plaque-lift assay and thus lacZ
dependent as defined by Snyder et al. (56). Second, the
1.4-kb EcoRI fragment at the 5' end (with respect to lacZ) of
the yeast insert in XMRP7 was subcloned back into Xgtll in
both orientations. Only the recombinants with the fragment
inserted in the original orientation produced immunopositive
plaques. Finally, nucleotide sequencing of the 5' end of the
1.4-kb EcoRI fragment from XMRP7 showed that an open
reading frame of at least 75 codons was fused in-frame with
lacZ. Together, these results supported the assumption that
this open reading frame was within the MRP7 protein-coding
region, and we proceeded on the basis of that assumption.
To confirm that we had in fact identified DNA sequences

corresponding to the gene for the MRP7 protein, disruptions
were created by inserting a 1.1-kb XbaI fragment containing
the yeast URA3 gene within the predicted MRP7 coding
region as shown in Fig. 1. The linear fragments carrying the
URA3 inserts were excised from the respective plasmids by
digestion with EcoRI and used to replace genomic sequences
by integrative transformation (48). Ura+ transformants of
both the haploid strain YNN282 and the diploid strain
SB9882-4CR were isolated and checked for their ability to
grow on nonfermentable carbon sources (glycerol plus eth-
anol). As expected for the inactivation of a PET gene, the
haploid Ura+ transformants were respiration deficient and

the diploid transformants were respiration competent.
Southern blot analysis of the genomic DNA from repre-
sentative haploid transformants verified that, in each case,
integration had been directed to the putative MRP7 locus
(Fig. 1). These results corroborated earlier Southern analy-
ses (not shown), which demonstrated that the cloned DNA
was present in a single copy in the yeast genome. In each of
over 20 tetrads analyzed from sporulated diploid transform-
ants, respiration deficiency and Ura+ cosegregated 2:2,
providing further evidence that the two phenotypes were the
result of the same genetic event.
The inactivation of genes whose functions are required for

mitochondrial protein synthesis has been shown to lead not
only to respiratory deficiency but also to instability of the
mitochondrial genome and rapid, quantitative conversion to
a mixed population of [rho'] and [rho-] petites (38, 39).
Therefore, if mitochondrial protein synthesis is indeed nec-
essary for the maintenance of [rho'] mitochondrial DNA
and MRP7 provides an essential function in the mitochon-
drial ribosome, then the haploid Ura+ transformants gener-
ated above should be mrp7:: URA3 [rho-] double mutants.
This possibility was tested genetically by crossing mrp7::
URA3 mutants to MRP7 tester strains with [rhoo], [rho-,
and [mit-] mtDNA (see Materials and Methods) and check-
ing for the restoration of respiration in the resulting diploids.
The diploids issued from crosses to the [rhoo] and [rho-] test
strains were uniformly respiration deficient. Some respira-
tion-competent diploids were obtained from the crosses to
the [mit-] testers. These results show that the mrp7::URA3
parents tested were all either [rho'] or [rho-]. That some of
the mutants were [rho-], not [rho'], was indicated by the
retention of mtDNA capable of complementing [mit-] mu-
tations. Thus, the mrp7:: URA3 strains were all cytoplasmic
petites, providing independent support to the hypothesis that
mitochondrial protein synthesis is necessary for the mainte-
nance of wild-type mtDNA (38).

Verification that the expression of the MRP7 protein was
affected in the mrp7:: URA3 strains was obtained from im-
munoblot analyses of proteins extracted from the mutants
(Fig. 2). Monoclonal antibodies to MRP7 and to subunit II of
cytochrome c oxidase (coxIl) were used to monitor levels of
both MRP7 and a representative mitochondrial translation
product. As expected, neither protein was detectable in
extracts from the mrp7:: URA3 mutant. However, both pro-
teins were present in the MRP71mrp7::URA3 heterozygous
diploid. To show that the loss of MRP7 was not a secondary
effect of the conversion to [rho-], an MRP71mrp7:: URA3
[rho-] diploid was formed by mating KFY1 (a mrp7::URA3
[rho-]) to MH41-7B (a MRP7 [rho0]). The MRP7 protein was
present in the resulting diploid KFY6 but coxIl was not,
clearly showing that MRP7 is expressed normally in [rho-]
cells (compare lanes 3 and 4, Fig. 2). These results strongly
support the previous assumption that part of the MRP7 gene
is present at the 5' end of the yeast DNA insert in XMRP7.
The next step was to isolate the intact MRP7 gene. The

1.4-kb EcoRI fragment from XMRP7 was used as a probe in
colony hybridization to identify MRP7-containing plasmids
in a YCp5O yeast genomic library (provided by Mark Rose
[47]). Three plasmids (out of 4,000 colonies screened) were
isolated and characterized by restriction mapping. From a
comparison with the map of the insert in XMRP7 (Fig. 3), it
seemed likely that the 12-kb insert in pKF5 contained a
functional copy of MRP7, and this plasmid was chosen for
further analysis. Because conversion to [rho-] is irrevers-
ible, it was not possible to test directly for MRP7 function by
introducing pKF5 into KFY13 (a mrp7:: URA3 leu2-3,112
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FIG. 2. Immunoblot analysis of total cell proteins from wild-type
and MRP7 mutant yeast strains. Cells were harvested after growth
to mid-exponential phase in YPD (1% glucose), and mitochondrial
lysates were prepared by breakage with glass beads and solubiliza-
tion of the mitochondrial fraction with SDS. A 100-,ug amount of
total cell protein was resolved on a 12.5% polyacrylamide gel.
Proteins were transferred to nitrocellulose, and the filter was satu-
rated with incubation buffer. Following incubation with monoclonal
antibodies to MRP7 and coxll, a mitochondrial translation product,
the immune complexes were decorated with '25I-labeled second
antibody. Lane 1, YNN282, the wild-type haploid; lane 2, KFY2, a/
ot MRP71mrp7::URA3 [rho+]; lane 3, KFY1, cx mrp7::URA3; lane 4,
KFY6, ala MRP71mrp7::URA3 [rho-], derived by crossing KFY1 to
MH41-7B [rhoo]. The faint band at the position of coxIl in lane 3 is
due to cross-contamination from the adjacent lane and was not seen
in other Western blots of the same protein sample.

his4-519 trpl-289 [rho-]) and selecting for respiration-com-
petent transformants. Rather, we first introduced pKF5
(URA3) into the wild-type strain YNN281 (a MRP7 ura3-52
Atrpl his3A200 lys2-801a ade2-10 [rho']), and a Ura+ trans-
formant was then mated to KFY13. Tetrads from the sporu-
lated diploid were dissected and analyzed for respiration
competence and Ura+. Since mrp7:: URA3 and the centro-
mere-containing pKF5 segregated independently in meiosis,
it was possible to identify tetrads in which all four spores
grew on nonfermentable carbon sources and Ura+ segre-
gated 2:2. Southern blot analysis of BglII-digested DNA
from one of these tetrads (data not shown) confirmed that the
mrp7:: URA3 allele and pKF5 were both present in the Ura+
spores. We thus concluded that pKF5 contains a functional
gene for the MRP7 protein.

Sequence of MRP7. The strategy used to sequence MRP7
is shown at the bottom of Fig. 3. Approximately 2.0 kb of the
2.9-kb BglII-EcoRI fragment were sequenced in both direc-
tions by the chain termination method (51). Subclones for
sequencing were derived from XMRP7 and pKF5 by using
convenient restriction sites and by generating nested dele-
tions by the method of Dale et al. (9). The nucleotide
sequence and the predicted amino acid sequence of MRP7
are shown in Fig. 4. The sequence reveals a single long open
reading frame of 1,113 nucleotides, which could encode a
371-amino-acid protein with a pl of 10.6 and a calculated Mr
of 43,223. This corresponds well with the estimated size (40
kDa) of the mature polypeptide, assuming that MRP7 is
synthesized in the form of a precursor molecule with a
cleavable mitochondrial leader sequence. The amino-ter-
minal sequence of 27 amino acids had a net positive charge
of +2 and contained three serines, properties which are
consistent with those of known mitochondrial leader pep-
tides (11, 21).
The pattern of codon usage in the MRP7 coding region is

characteristic of lowly expressed yeast proteins (53). The
AUG of the MRP7 open reading frame was preceded by an
A at -3, which has been proposed to be important for
efficient translation initiation in eucaryotes (26).
A comparison of the amino acid sequence of MRP7 with
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FIG. 3. Restriction map of the MRP7 gene and its flanking
regions. (A) Restriction map of the 12-kb insert in YCp5O-MRP7
(pKF5). Some of the BgllI sites are not shown. The orientation of
the yeast DNA insert in XMRP7 is shown above the map, with the
solid bar indicating the fragment used in colony hybridization to
isolate YCp5O-MRP7 clones. (B) Structure of the 2.9-kb BglII-
EcoRI fragment that was derived by digesting pKF5 with BgllI and
EcoRI, isolating the 2.6- and 2.9-kb fragments, and religating. The
BgllI-EcoRI fragment from YCp5O, which contains the Ampr
marker and E. coli origin of replication, is 2.6 kb. (C) Structure of
GALI-MRP7 promoter fusion. The BamHl sites were generated by
partial HindIII digestion of pKF11 and ligation of BamHl linkers
(see Materials and Methods). The original sites are shown in
parentheses. (D) Structure of the MRP7 subclone in YEp13 resulting
in pKF33 (see Materials and Methods). Abbreviations for restriction
sites: E, EcoRI; B, BamHI; Xh, XhoI; X, XbaI; Bg, BgIII; H,
HindIlI. The strategy used for sequencing MRP7 is shown below the
restriction maps.

the NBRF data base revealed a short stretch of MRP7
between amino acids 28 and 112 that could be aligned to the
84-amino-acid ribosomal protein L27 of E. coli (EL27) (Fig.
5) (4). Short gaps in the C-terminal region of EL27 were
introduced to optimize the degree of similarity. Taking into
account conservative substitutions, the degree of similarity
between MRP7 and EL27 was 68%, which is only slightly
less than the corresponding value obtained by comparing the
L27 proteins of E. coli and B. stearothermophilus (BL27)
(72% [25]). Within the aligned regions, 32 of 84 amino acids
(38%) were exactly conserved among MRP7, EL27, and
BL27. The carboxy-terminal 259-amino-acid sequence of
MRP7 showed no significant similarity to other proteins in
the NBRF protein data base.

Transcript mapping by S1 protection analysis revealed
two transcriptional start sites at -69 and -43 with respect to
the predicted translational start site (indicated with arrows in
Fig. 4; data not shown). The 420 nucleotides preceding the
start of translation of MRP7 lack a perfect consensus TATA
box, which is found in the 5'-flanking regions of most
protein-coding genes in yeast (59). However, at positions
-208 and -193, two potential TATA boxes were found
(TATACACAC and TATACCAA, respectively). The intron-
splicing consensus TACTAAC (30) was also lacking. Fur-
thermore, no accumulation of MRP7 precursor RNA was
seen in Northern blots (not shown) of RNA extracted from
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-420 CATAATTATG AAATTTTTCA GCCAGTACT(
-350 AAACGACCCA AGGAAAGACG TAAATTGAGC
-280 TGGTGTTCAA GTTCAATTGT TTGGTTGAA
-210 GTTATACACA CTGTTTTTAT ACCAATTAT(
-140 TTCCGCTATT GAATTTTAAA GCTCTTTCT'

-70 GCTCATTGTA AAAATAAAAC TCGCCAGTT'

1 ATG TGG AAT CCT ATT TTA CTA GAT
1 Met Trp Asn Pro

58 GGT GTG TTC CTT
20 Gly Val Phe Leu

115 ATG AAG GAT TCT
39 Met Lys Asp Ser

172 TCC ACA GGT GAA
58 Ser Thr Gly Glu

229 GTT GGT ATA GGG
77 Val Gly Ile Gly

286 TAT CTT GAT CCT
96 Tyr Leu Asp Pro

343 TTG AAA CTG CCA
115 Leu Lys Leu Pro

400 TTA ACA AAT AAA
134 Leu Thr Asn Lys

457 CTC GCA AAA CCT
153 Leu Ala Lys Pro

514 TTA CAA GAC AAG
172 Leu Gln Asp Lys

571 ATC GAA TTG GCA
191 Ile Glu Leu Ala

628 CCC ATA GAA GAT
210 Pro Ile Glu Asp

685 AAG GCA AGG AGA
229 Lys Ala Arg Arg

742 GAT GAG TGT AGT
248 Asp Glu Cys Ser

799 CAC CAG TAT ATT
267 His Gln Tyr Ile

856 CTA GAA AAA TCC
286 Leu Glu Lys Ser

913 TTC AAG GAC GCT
305 Phe Lys Asp Ala

970 TAC TTA AAG TCG
324 Tyr Leu Lys Ser

1027 AAG TCA ATT GTG
343 Lys Ser Ile Val

Ile Leu Leu Asp

CAA GTG CGT AAT
Gln Val Arg Asn

GCA GGA AGA AGG
Ala Gly Arg Arg

ATT ATT ATG AGG
Ile Ile Met Arg

AAA GAT CAT TCC
Lys Asp His Ser

TTT CAT CCT AAA
Phe His Pro Lys

TCT CCT CAT TTT

Ser Pro His Phe

AGG GCA GCA TAT
Arg Ala Ala Tyr

AAT ATT TTG AAG
Asn Ile Leu Lys

TTG AGT AAG GTT
Leu Ser Lys Val

ACG TCA TAC TTA
Thr Ser Tyr Leu

GCA AGG TTC AAT
Ala Arg Phe Asn

GAA AGC TGG ACG
Glu Ser Trp Thr

GAT CTT TTG AAC
Asp Leu Leu Asn

TCG GAA CAA GAA
Ser Glu Gln Glu

CAA CAC TTA GAA
Gln His Leu Glu

C TACTTTTTCA TTTCCCTCGC TAAACAAAGA GAGTCATTTG
G TATATGTAGT GACCAGAAGA GGATAAGGAT GGCTAGAGTT
T AGGTACTAAA AAGATTTTCA CACAACGGCT TCTCTGTAAT
G CAAATTTGGC TGTTATGACT GGGTGTTTCG ATATCTGACG
T TGGAGACTCA TTCAAGATAG TTCACTGAAG AATGAAGTTG

T GGGTGGTCAT AATATTTCAA GCTTAACCTA AGGTGAGAAT

ACT TCT AGT TTT TCA TTC CAA AAA CAT GTG TCT
Thr Ser Ser Phe Ser Phe Gln Lys His Val Ser

GCC ACC AAA AGG GCT GCG GGC TCG AGA ACA AGT
Ala Thr Lys Arg Ala Ala Gly Ser Arg Thr Ser

TTA GGA CCA AAA AAA TAT GAA GGC CAG GAT GTT
Leu Gly Pro Lys Lys Tyr Glu Gly Gln Asp Val

CAA AGA GGA ACA AAG TTT TAT CCT GGA GAA AAC
Gln Arg Gly Thr Lys Phe Tyr Pro Gly Glu Asn

ATA TTC GCC TTA GAA CCT GGT GTT GTT CGT TAC
Ile Phe Ala Leu Glu Pro Gly Val Val Arg Tyr

AGA AAA TTC ATT GGT GTT GCC TTG AGG CGT GAT
Arg Lys Phe Ile Gly Val Ala Leu Arg Arg Asp

GAG CCT ACC GTA AGG AGG TTT GGC CGT TTT GAG
Glu Pro Thr Val Arg Arg Phe Gly Arg Phe Glu

AAG GAA GAA AAT TCT ATT TCT AGA AAA GAC TAT
Lys Glu Glu Asn Ser Ile Ser Arg Lys Asp Tyr

CAG TTA GAG GTC AGG GAA TCT AAA AGA AAG GAG
Gln Leu Glu Val Arg Glu Ser Lys Arg Lys Glu

CTT CGG GAT GAA CTT AAG TTA GAT ATA AAA GAC
Leu Arg Asp Glu Leu Lys Leu Asp Ile Lys Asp

ATT CGT GTA AGG GCT TCC CTG AAG AAT GGA TAC
Ile Arg Val Arg Ala Ser Leu Lys Asn Gly Tyr

AGT AGA TAT TAT TTA AAA GAA GAA GAG CGT TTG
Ser Arg Tyr Tyr Leu Lys Glu Glu Glu Arg Leu

AAT GAG AAA TTG TCG GAG AGT CTA TCC AAG ATT
Asn Glu Lys Leu Ser Glu Ser Leu Ser Lys Ile

TCA TCT ACA TCT TTC AAT AAC AAG CTA GAG CTA
Ser Ser Thr Ser Phe Asn Asn Lys Leu Glu Leu

AAA CAA GCT TTG AAG GCA AAA CTA TTA GAG GAC
Lys Gln Ala Leu Lys Ala Lys Leu Leu Glu Asp

ACC AAA AAA GAC AAG AAT TAT ATT AAG GCG CTT
Thr Lys Lys Asp Lys Asn Tyr Ile Lys Ala Leu

TGT AAT TTT TTG ACT TTA TCT
Cys Asn Phe Leu Thr Leu Ser

GTC TTC CCC GAA ACA GAT AGT
Val Phe Pro Glu Thr Asp Ser

TCT AGA CGT TTT GAT TAC ACC
Ser Arg Arg Phe Asp Tyr Thr

GAA GAA GTA CAT TTG CGT AGG AAA
Glu Glu Val His Leu Arg Arg Lys

ACT GTT GAA ACC AAA AGC GGG MG
Thr Val Glu Thr Lys Ser Gly Lys

AAA MT AAA GTT GM GTC ATT GCT
Lys Asn Lys Val Glu Val Ile Ala

1084 AGA AGT AGG CGG GCT TTT TTG AGC MG CTT TGA TTTTCTTTCC TTACGCACAG TATGTACACA
362 Arg Ser Arg Arg Ala Phe Leu Ser Lys Leu

1147 TATAAAATGT TTAAGAATGC CTGTAAATAT TACTATTTTG TCGCGCAAGT AGCTAAACCT TTCGTCTACA
1217 CGAAACTTAA AATTTAGC TACATGCAAG GGAATATGTT TATACTGTAC ATTCTCGTCT TCCTTTCATT
1287 GATGATATGC ATCGCGATTG CTCATTTT GTGAACAATC MTTAACTM AATGCACAGG ATAGTAAAAT
1357 CTATAUTAC AAAAAGGCGG ATAAGCAAAC ACTGAAAATC ATAATGTTTT TTGTCACTTC GGTCCTUCAA
1427 GCTTGGTAGT TGATAAATTG TAAACTATAC ATCGTTTAAT GCGACACATA CAGCTCCCTT GTGGTGTCCA
1497 CCGTACTGTC TGACMTTTC TCTAGTTGAT AAATCCCATA ATCTCACGTA ATGATCGGAC GATGCCGTTA
1567 CTAGATACGC ACTGTCAGCA CTAAATGCGC

FIG. 4. Nucleotide sequence of the MRP7 gene and the deduced amino acid sequence of the gene product. The sequence was determined
by using the strategy shown in Fig. 3. The arrows indicate transcriptional start sites as determined by Si analysis. The highly conserved
domain of the MRP7 protein is underlined (shown in more detail in Fig. 5). Nucleotides and amino acids are numbered on the left. The HindIll
site used to construct the GALI-MRP7 gene fusion (Fig. 3 and 8) is underlined. Also underlined are the putative transcription termination
signals.
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MRP7 1 Met Trp Asn Pro Ile Leu Leu Asp Thr Ser Ser Phe

MRP7 13 Ser Phe Gln Lys His Val Ser Gly Val Phe Leu Gln Val Arg Asn

28 Ala Thr Lys Arg Ala

1 Ala His Lys Lys Ala
1 Ala Ser Lys Lys Gly

43 Ala Gly Arg
16 Glu Ala Lys
16 Ile Ala Lys

58 Ser Thr Gly
31 Leu Ala Gly
31 Thr Gly Gly

73 Pro Gly Glu
46 Ala Gly Ala
46 Pro Gly Leu

Arg Leu Gly
Arg Leu Gly
Arg Leu Gly

Ser Ile Ile
Ser Ile le

Asn Val Gly
Asn Val Gly
Asn Val Gly

88 Leu Glu Pro GlyVVal |
61 Lys Ala Asp Gly| Lys Val [

61 Lys Ile Asp Cly |Ile |Val
103 -

74 Lys| Asn
76 L

Arg Lys Phe Ile Gly
Arg Lys Phe Ile Ser

Tyr

Ala Gly Ser
Gly Gly Ser
Val Gly S

Pro Lys
Val Lys
Ala Lys

Met
Val
Tyr

Arg Thr
Thr Arg
Thr Lys

Lys Tyr
Arg Phe
Arg Ala

Ser Met Lys Asp Ser
Asn Gly Arg Asp Ser
Asp Gly Arg Asp Ser

Glu Gly Gln| Asp Val
Gly Gly jGlu Ser Val
Asp Gly Phe Val

Arg Gln Arg Gly Thr Lys Phe Tyr
Arg Gln Arg Gly Thr Lys Phe His
Arg Gln Arg Gly Thr Lys [Val His

Ile Gly Lys Asp His Ser Ile Phe Ala
Lys Gly Arg Asp His Thr Leu Phe Ala
Arg Gly Arg As Thr Leu TyrIA!a
rg Tyr Tyr Leu Asp Pro Phe His Pro|

Ly ~Phe Glu Val Lys Gly - - Pro
Arg Phe Glu Arg Leu Gly Arg Asp Arg

Val Ala Leu Arg Arg
Ile Glu Ala Glu -

Pro Val Ser Gln Glu

Asp

Ala

FIG. 5. Similarity between MRP7 and two procaryotic ribosomal proteins. EL27 is the L27 protein from E. coli, and BL27 is the L27
homolog from B. stearothermophilus. The homology begins at amino acid 28 of MRP7 and extends through amino acid 112. Dashes indicate
gaps introduced to optimize the alignment. Identities with MRP7 are boxed.

an rna2 mutant, which fails to process intervening sequences
from pre-mRNAs at the restrictive temperature (46). To-
gether, these results suggest that, unlike many of the cyto-
plasmic ribosomal protein genes, MRP7 does not contain an
intervening sequence.

Several sequence elements have been proposed to be
involved in transcription termination and polyadenylation in
yeast. The putative polyadenylation signal AATAAA (15)
was found within the MRP7 open reading frame, beginning
at nucleotide 1063. Henikoff and Cohen proposed that
TTTTTl'l'ATA is an important sequence for transcription
termination (18) and that the 3' mRNA sequences fit the
consensus CAAGT/CTTTG (19). Although the TTTTTATA
consensus was not found anywhere near the 3' end ofMRP7,
the sequence CAAGCTTTG was found at the end of the
open reading frame and included part of the stop codon
(underlined in Fig. 4). Finally, Zaret and Sherman proposed
a consensus of TAG... .TATGT. ..TTT as a transcriptional
termination signal (74). Two sets of these sequences were
found downstream of the MRP7 coding region (also under-
lined in Fig. 4). At present, we do not know whether any of
these sequences actually function in transcription termina-
tion or polyadenylation of MRP7 mRNA.
MRP7 expression is controlled by catabolite repression. As

a first approach to understanding the regulation of MRP7,
the steady-state levels ofMRP7 transcripts and protein were
determined in [rho'] and [rhoo] derivatives of yeast strain
MH41-7B growing under full repression in 5% glucose,
intermediate repression in 2% galactose, and, for the [rho']
strain, under full derepression in 2% glycerol plus 2%
ethanol. The results of the Northern and Western blot
analyses are shown in Fig. 6. The levels of the 1.5-kb MRP7
transcripts were relatively invariant with respect to either
the degree of repression or the mitochondrial genetic back-

ground. In contrast, the levels of the MRP7 protein were
approximately ninefold higher in derepressed than in re-
pressed cells. It is also noteworthy that the MRP7 protein
accumulated at normal levels in the [rho'] cells, which are
totally devoid of mitochondrial rRNAs and are therefore
unable to assemble ribosomal subunits. These results impli-
cate a strong posttranscriptional component in the response
of MRP7 to catabolite repression. Furthermore, since the
MRP7 protein appears to be stable in the absence of the 21S
rRNA, the control point in this regulation may be at the level
of protein synthesis, not degradation.
Gene dosage compensation of MRP7. Increasing the dosage

0rho rho

Glu Gal GE Glu Gal

A

B

FIG. 6. Catabolite repression of MRP7. Yeast strains MH41-7B
[rho+] and MH41-7B [rho'] were grown in rich medium with one of
the following as a sole carbon source: 5% glucose (Glu), 2%
galactose (Gal), or 2% glycerol plus 2% ethanol (GE). Total RNA (20
,ug) or total cell protein (100 F.g) was loaded in each lane. (A)
Northern blots. (B) Western blots (with alkaline hydrolysis and
trichloroacetic acid precipitation for protein preparation and nonfat
dry milk to saturate blot). Lanes are labeled according to mitochon-
drial genetic background and carbon source used for growth.

MRP7
EL2 7
BL2 7

MRP7
EL2 7
BL2 7

MRP7
EL2 7
BL2 7

MRP7
EL2 7
BL2 7

MRP7
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BL2 7

MRP7
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FIG. 7. Gene dosage compensation of MRP7. 22-2D [rho'] was

transformed with pKF33 (Fig. 3D) or YEp13 as a control. Transfor-
mants were grown on minimal medium with 2% glycerol plus 2%
ethanol, selecting for LEU+. Total RNA (20 ,ug) (A) or total protein
(100 ,ug) (B) was loaded in each lane. The probe for the Northern
blot (A) was the 600-bp XbaI fragment from the MRP7 coding
region. Proteins were prepared by breakage with glass beads and
solubilization with SDS. Nonfat dry milk was used to saturate the
Western blot (B).

of genes for E. coli and yeast cytoplasmic ribosomal proteins
led to the discovery of posttranscriptional events that com-
pensate for higher gene copy number and thereby maintain
balanced production of the ribosomal proteins (16, 31, 40,
44, 66). To determine whether the expression of MRP7 is
also gene dosage compensated, we increased the copy
number of MRP7 by transforming yeast strain 22-2D [rho']
with pKF33, a multicopy plasmid constructed by ligating a
2.6-kb BglII-BamHI fragment carrying MRP7 (Fig. 3D) into
the BamHI site of YEp13. The steady-state level of the
MRP7 transcript was approximately 20-fold higher in cells
transformed with pKF33 than in cells transformed with the
YEp13 vector without an insert (Fig. 7A). The increase in
the RNA level was in agreement with the 20-fold increase in
gene dosage determined by a quantitative Southern blot
(data not shown). In contrast, there was no significant
increase in the level of the MRP7 protein (Fig. 7B). These
results are qualitatively similar to those obtained for most of
the other ribosomal proteins that have been examined;
transcription increases in proportion to gene dosage with
little if any excess accumulation of the ribosomal protein.
Although kinetic labeling experiments will be required to
distinguish among the different posttranscriptional events
that could account for the dosage compensation of MRP7, it
is worth noting again that the apparent stability of MRP7 in
the absence of subunit assembly argues in favor of a com-
pensatory effect on synthesis rather than on protein turn-
over.

Overexpression of MRP7 from a GALI-MRP7 fused gene.
To evaluate further the ability of MRP7 to accumulate in
excess of the amount needed for ribosome assembly, we
placed MRP7 under the control of the GALI promoter (Fig.
3C) in a multicopy vector. In this construction, the upstream
region of MRP7 beginning at -22 was replaced by a 0.8-kb
fragment of GAL] sequence, including the UAS elements,
TATA box, transcriptional start sites, and 55 nucleotides of
the 5' leader to within 4 nucleotides of the GALI transla-
tional start (5). The transcript and protein levels were
compared in cells grown in either 5% glucose or 2% galac-
tose. Both the mRNA and the protein were dramatically
induced by growth in galactose in the strain carrying the
GALI-MRP7 fused gene (data not shown). Within the limits
of the assays, the overexpression of the MRP7 protein was
roughly proportional to that of the mRNA compared with
these levels in the control strain (approximately 30-fold, Fig.
8). Although some increase in the degradation of excess
MRP7 at high levels of expression was suggested by the
appearance of short immunoreactive polypeptides in galac-
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FIG. 8. Expression of MRP7 under the direction of the GALI
promoter. 22-2D [rho'] was transformed with pKF27 (Fig. 3C) or
pB656 as a control. Transformants were grown on minimal medium
with 2% galactose as a carbon source, selecting for Ura+. Total
RNA (20 ,ug) (A) or total protein (100 ,ug) (B) was loaded in each
lane. The probe for the Northern blot (A) was the 600-bp XbaI
fragment from the MRP7 coding region. Proteins were prepared by
breakage with glass beads and solubilization with SDS. Nonfat dry
milk was used to saturate the Western blot (B). The immunoreactive
band migrating above the mature MRP7 protein in the Western blot
is probably the unprocessed MRP7 precursor.

tose-induced cells (Fig. 8B, lane 2), MRP7 did not appear to
be inherently unstable when it is present in large excess in a
presumably unassembled form. In fact, a putative precursor
to MRP7 also accumulated in this strain, as can be seen by
the immunoreactive band with a slightly slower migration
than mature MRP7. These results raise important questions
about why the protein is overproduced with transcripts
derived from the GALI-MRP7 fused gene but not with
transcripts from extra copies of the MRP7 gene itself. In this
regard, it should be noted that the GALI-MRP7 gene fusion
produces transcripts in which the nucleotides from -22 to
the 5' ends of the normal MRP7 mRNA at -43 and -69 are
replaced by 55 nucleotides of the GAL] 5' leader. The
possible involvement of the 5' end of the mRNA in MRP7
regulation is under investigation.

DISCUSSION

Immunological screening of a Xgtll yeast genomic library
with monoclonal antibodies enabled us to identify MRP7,
the nuclear gene for a large-subunit protein of the mitochon-
drial ribosome. Gene disruption ofMRP7 has shown that the
protein product is essential for mitochondrial translation.
Haploid strains carrying only a disrupted allele ofMRP7 are
unable to grow on nonfermentable carbon sources and
appear to be genotypically [rho-] in crosses to strains with
known mitochondrial genetic defects. A linkage between
mitochondrial translation and the maintenance of wild-type
mitochondrial DNA in Saccharomyces cerevisiae was sug-
gested earlier by the high frequency of [rho-] in cultures
grown in the presence of antibiotics that block translation on
mitochondrial ribosomes (2, 68, 70). More recently, Myers et
al. (38, 39) corroborated these results by creating stringent
mutations in genes for essential components of the mito-
chondrial translation system. The results presented here
provide another example in which disruption of mitochon-
drial translation results in loss of wild-type mtDNA.
A functional copy of MRP7 was isolated by colony hy-

bridization of a YCpSO yeast genomic library. The plasmid-
borne copy of MRP7 was able to complement the genomic
disruption. Analysis of the MRP7 sequence revealed an open
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reading frame of 371 amino acids. The specified polypeptide
had a calculated molecular weight of 43,223, which is slightly
higher than the size of the MRP7 protein estimated by
electrophoresis in the presence of SDS. This discrepancy is
consistent with the assumption that MRP7 is translated as a
precursor polypeptide with a cleavable amino-terminal
leader sequence. Since alignment with the E. coli large-
subunit ribosomal protein L27 began at amino acid 28 of the
MRP7 sequence, a mitochondrial targeting sequence in an
MRP7 precursor is unlikely to be longer than 27 residues.
There is 49% amino acid identity between the 84 amino acids
of EL27 and the aligned region of MRP7. The overall
relatedness of the two proteins is much lower (11%), how-
ever, mainly because there is no alignment with the carboxy-
terminal 259 residues of MRP7. Considering only the regions
where alignments are clear, the amino acid conservation
between MRP7 and EL27 is the highest described to date for
a comparison between a mitochondrial and an E. coli ribo-
somal protein. In fact, only two of the four yeast mitochon-
drial ribosomal proteins examined so far show significant
sequence relatedness to a bacterial counterpart (39, 42). A
putative mitochondrial r-protein in Drosophila melanogaster
is related to E. coli S12 with 41% amino acid identity in the
aligned region (49).
The high level of sequence conservation between L27 and

MRP7 suggests that many of the functional properties of L27
will hold true for MRP7. L27 has been identified as a
constituent of the peptidyl transferase center on the basis of
cross-linking experiments with either peptidyl- or ami-
noacyl-tRNA affinity labels and also with derivatives of
antibiotics believed to act at the peptidyl transferase center
(41). Immunoelectron microscopy has localized L27 on the
central protuberance of the large subunit (29). Antibodies
that bind to L27 prevent reassociation of subunits to form
the 70S particle (37), and L27 can be cross-linked to S9 of the
small subunit (64), indicating a location at or near the subunit
interface of the ribosome. As a member of the "late assem-
bly group," L27 is not required in the early stages of
assembly of the 50S particle (44), nor does it bind to free 23S
rRNA. It remains to be determined whether any of these
characteristics of L27 are in fact embodied in MRP7.
While the relatedness to L27 implicates MRP7 as a com-

ponent of the peptidyl transferase center, most of the poly-
peptide bears no obvious sequence relatedness to known
ribosomal proteins and its possible functional significance
remains obscure. A similar distinction between conserved
and unique elements has recently been seen in the yeast
mitochondrial RNA polymerase, which is related to the
RNA polymerases of T3, T7, and SP6 bacteriophages (35).
In the yeast polymerase, the carboxy-terminal two-thirds of
the protein contains the major conserved domains, and the
amino-terminal third, a stretch of about 400 amino acids,
does not align with the phage molecules. It seems reasonable
to ascribe common functions to the conserved domains and
organelle-specific functions to the additional, apparently
unique sequences present in the MRP7 and the mitochon-
drial RNA polymerase molecules. Such composite proteins
could have evolved along several different paths, but one of
the more attractive possibilities is that multifunctional or-
ganellar proteins originated from fusions between smaller
genes encoding proteins with separate functions. Gene fu-
sion events have been proposed as the evolutionary origin of
the TRP5, HIS4, and ADE3 gene products in yeast, each of
which is a single protein with multiple enzymatic activities
(24). Also relevant in this regard is the recent discovery that
MRP15, a nucleus-encoded mitochondrial ribosomal protein

in Neurospora crassa, contains sequence similarities to S4
and S5, two functionally related proteins of the E. coli
ribosome (J. E. Heckman, personal communication). Multi-
functionality, if it is a relatively common feature of mito-
chondrial ribosomal proteins, could be an explanation for
why these proteins are on average larger than their counter-
parts in E. coli.

Since E. coli mutants lacking L27 are viable, albeit with
severe impairment of growth, L27 is not absolutely essential
for ribosome assembly and function (7). In contrast to this,
we have classified MRP7 as an essential protein on the basis
of our characterization of MRP7 null mutants, which are
completely devoid of mitochondrial protein synthesis. It
should be noted, however, that we have not determined
whether the loss of protein synthesis is a direct effect of the
MRP7 deficiency or an indirect consequence of the conver-
sion to [rho-]. Our experiments only show that MRP7 is
essential for levels of mitochondrial translation above the
threshold necessary for maintenance of [rho'] mtDNA. The
molecular basis for the linkage between mitochondrial trans-
lation and the maintenance of [rho'] mtDNA has not been
established with respect to either how much protein synthe-
sis is required or what the essential product(s) might be.
The biosynthesis of ribosomes is tightly coordinated in

procaryotes and eucaryotes. In E. coli, translational feed-
back regulation appears to be a major factor in balancing the
synthesis of ribosomal proteins to rRNA. Several operons
are autoregulated at the translational level by regulatory
ribosomal proteins. The feedback is operon specific and
mediated through the interaction of the regulatory ribosomal
protein with its own mRNAs. Thus, when these operons are
amplified in the cell, mRNA levels increase proportionally,
but there is no significant increase in the synthesis of many
of the ribosomal proteins encoded by the operon. Interest-
ingly, L27 is apparently not subject to translational autoreg-
ulation (60); the rate of L27 synthesis increased by a factor of
1.75 in merodiploids, with a twofold increase in the dosage of
the gene for L27.

Posttranscriptional events are also important in balancing
the accumulation of cytoplasmic ribosomal proteins in yeast.
The basic observation is similar to that described above for
E. coli; amplification of genes for ribosomal proteins leads to
overexpression of the mRNAs but with little if any accumu-
lation of excess protein. While there is evidence for transla-
tional modulation in the synthesis of some of these proteins
(43, 67), the accumulation of others is clearly controlled by
rapid degradation of excess copies of the proteins (1, 12, 33,
67). Autoregulation seems not to be a factor, with the
possible exception of feedback of RPL32 on the splicing of
its own pre-mRNA (8).
Our analyses of the steady-state levels of mRNA and

protein in response to increased gene dosage and catabolite
repression provide convincing evidence for posttranscrip-
tional regulation of MRP7 expression. The response to
catabolite repression is characterized by a ninefold change in
the level of the protein and little, if any, change in the level
of the mRNA. Significantly, the imbalance between protein
and mRNA occurs in wild-type cells as part of a normal
physiological response. When imbalances were created by
increasing the copy number ofMRP7 approximately 20-fold,
there was a corresponding increase in the level of the mRNA
but only a marginal increase in the amount of the MRP7
protein in the cells. Thus, accumulation of MRP7 is compen-
sated for during increases in gene dosage, as are most other
ribosomal proteins that have been examined in this manner.
Although it would be interesting to know, for comparison,
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whether oversynthesis of L27 leads to its accumulation in
merodiploid E. coli strains (60), we are not aware of any
definitive information about the steady-state levels of L27 in
these strains.

Although pulse and pulse-chase labeling experiments will
be required to determine conclusively whether the levels of
MRP7 are controlled at the level of synthesis or degradation,
two experimental observations support the idea that MRP7
is regulated translationally. First, the protein accumulates at
normal levels in the absence of ribosome assembly, an
unusual property for ribosomal proteins, which characteris-
tically do not accumulate as free proteins. Second, MRP7
accumulates in excess when it is translated from a GALI-
MRP7 hybrid mRNA. These results strongly suggest that the
MRP7 protein is relatively stable in an unassembled form
and that it accumulates in proportion to its rate of synthesis.
As a working model, we propose that transcription from
MRP7 is constitutive and that catabolite repression and gene
dosage compensation are mediated through translational
controls.
The regulatory properties of MRP7 appear to differ from

those of the three other nuclear genes for mitochondrial
ribosomal proteins that have been characterized thus far.
Although all four genes respond to catabolite repression to
about the same extent, MRPI, MRP2, and MRPl3 are
transcriptionally regulated (39, 42), whereas MRP7 levels are
modulated posttranscriptionally. The significance of this
difference may be elucidated through further analysis of
MRP7 and characterization of additional genes for mito-
chondrial ribosomal proteins.
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