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We report the genetic characterization, molecular cloning, and sequencing of a novel nuclear suppressor, the
NAMY gene from Saccharomyces cerevisiae, which acts on mutations of mitochondrial DNA. The strain
NAMY-1 was isolated as a respiration-competent revertant of a mitochondrial mit mutant which carries the V25
ochre mutation in the oxil gene. Genetic characterization of the NAM9-1 mutation has shown that it is a nuclear
dominant omnipotent suppressor alleviating several mutations in all four mitochondrial genes tested and has
suggested its informational, and probably ribosomal, character. The NAM9 gene was cloned by transformation
of the recipient oxil-V25 mutant to respiration competence by using a gene bank from the NAM9-1 rho® strain.
Orthogonal-field alternation gel electrophoresis analysis and genetic mapping localized the NAM9 gene on the
right arm of chromosome XIV. Sequence analysis of the NAM9 gene showed that it encodes a basic protein of
485 amino acids with a presequence that could target the protein to the mitochondrial matrix. The N-terminal
sequence of 200 amino acids of the deduced NAM9 product strongly resembles the S4 ribosomal proteins from
chloroplasts and bacteria. Significant although less extensive similarity was found with ribosomal cytoplasmic
proteins from lower eucaryotes, including S. cerevisize. Chromosomal inactivation of the NAM9* gene is not
lethal to the cell but leads to respiration deficiency and loss of mitochondrial DNA integrity. We conclude that
the NAM9 gene product is a mitochondrial ribosomal counterpart of S4 ribosomal proteins found in other

systems and that the suppressor acts through decreasing the fidelity of translation.

Mitochondria possess their own translation apparatus
responsible for the synthesis of only a handful of the
hundreds of mitochondrial proteins (for a review, see refer-
ence 59a). The biogenesis of this apparatus depends on the
coordinate expression of both mitochondrial and nuclear
genes (9). Although the whole set of tRNAs required for

mitochondrial translation and the rRNAs of mitochondrial

ribosomes are encoded by the mitochondrial genes, the
mitochondrial ribosomal proteins, as well as other elements
of the mitochondrial translation system, are encoded by
nuclear genes and transported to mitochondria. The proteins
of mitochondrial ribosomes differ from those of cytoplasmic
ribosomes. Thus, two different sets of nuclear genes code for
mitochondrial and cytoplasmic ribosomal proteins (r-pro-
teins). During the last few years, genes for approximately
half of the 70 to 80 yeast cytoplasmic r-proteins have been
isolated and characterized (for a review, see reference 52).
At present, however, very little is known about the structure
and organization of genes for the mitochondrial r-proteins
(MRP genes). So far, sequences for only 10 of 60 to 70 genes
for mitochondrial r-proteins have been published (10, 10a,
14, 23, 33, 45-46, 51, 59). Thus, to gain more insight into the
structure, chromosomal organization, and evolution of MRP
genes, a more comprehensive set of genes should be studied.

The genes for mitochondrial r-proteins characterized so
far were identified either by direct biochemical approaches
or by screening pet respiration-deficient nuclear mutants
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(59). Our approach, called the NAM approach (for nuclear
accommodation of mitochondria), for the identification of
the nuclear genes involved in mitochondrial biogenesis con-
sists of studying suppressors of mitochondrial respiration-
deficient mir mutations (13). The suppressor approach can
also reveal unexpected interactions between particular mito-
chondrial and nuclear genes.

Several nam-type suppressors were identified previously.
NAMI, NAM2, NAM7, and NAMS suppressors are involved
in both translation and splicing (2, 13, 26, 40). The recessive
suppressor mutations nam3 and ribosome series suppressors
(5, 36, 37, 68) seem to be analogous to Escherichia coli
ribosomal ram suppressors in the sense of their allele-
specific, gene-nonspecific mode of action (18). Those sup-
pressors presumably act by decreasing the fidelity of trans-
lation resulting from the changes in mitochondrial r-proteins.
The final proof for that, however, is still lacking. This results
from the failure to isolate and clone the appropriate genes,
which is difficult because the suppressor mutations are
recessive.

This report presents the genetic analysis, followed by
molecular cloning and sequencing, of a novel nuclear gene,
NAM9, which selectively suppresses certain mitochondrial
ochre mutations. This is, to our knowledge, the first success-
ful molecular analysis and sequencing of an informational
nuclear suppressor of mitochondrial DNA mutations. Inter-
estingly, the putative protein encoded by NAM9 belongs to
the superfamily of S4 r-proteins. The strongest similarity
concerns several r-proteins encoded by the chloroplast ge-
nomes of higher plants and algae. Significant homology is
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TABLE 1. S. cerevisiae strains used in this study
Genotype
Strain
Mitochondrial Nuclear
11D rho* mit* o ura3 leu2 his3
777-3A rho*mit* a opl adel met3 opl
DP1-1B/7/50 rho® a hisl trpl
JC8/55 rho® a karl leul can"
MB29-26A/50 rho® a SNTI hisl trpl
MB35-2B/50 rho® o SNTI ura3 leu2 his3 trpl
MB35-21D/50 rho® o ura3 leu2 his3 trpl
2069-10A rho* o metd ade5 ura4 lys2 leud his4 ile7
trplityrl + pheltyr7
UM9 rho*mit* a his4C rad9
UMOIR rho* oxil-V25 a NAM9-1 SNTI his4C rad9
MB19-2A rho*oxil-V25 a NAMY-1 SNTI his4C
MB23-73A rho*oxil-V25 a NAM9-1 SNTI his4 trpl
AB1-4D/V25 rho* oxil-V25 o adel met3 opl
CD111 rho*oxil-V25 a karl leul can"
CD112 rho* oxil-V25 o karl ade2 his4-15 can"
CD114 rho*oxil-V25 o ura3 leu2 his3
CD113 rho* oxil-V25 a ura3 leu2 his3 hisl
CD113/TA18 rho*oxil-V25 a ura3 leu2 his3 hisl/pH13 (URA3
NAMS9-1)
CD113/TA18/51 rho® a ura3 leu2 his3 hisl/pH13 (URA3
NAM9-1)
BS501 rho*oxil-V25 a SNTI ura3 leu2 his3 hisl trpl
o + wura3leu? his3 + +
BS502 rho*oxil-V25 a ura3 leu2 his3 hisl trpl
« ura3 leu2 his3 + +
BS504 rho* mit* a ura3 leu2 his3 _+

a ura3 leu2 + trpl

11

34

38

8

Meiosis of MB23-73A x 11D
Meiosis of MB29-26A/50 x 11D
Meiosis of MB29-26A/50 x 11D
D. C. Hawthorne

57

Revertant of UM9

Meiosis of DP1-1B/7/50 x UM9R
Meiosis of DP1-1B/7/50 x MB19-2A
39

Cytoductant from JC8/55 x AB1-4D/V2S

Cytoductant from JC25/60 x CD11
Cytoductant from 11D/50 x CD111

Cytoductant from MB35-21D/50 x CD112

CD113 transformed with pH13
EB treatment of CD113/TA18
Diploid MB35-2B/50 x CD114
Diploid MB35-21D/50 x CD114

Diploid 11D X 4a

found to the Bacillus subtilis and E. coli r-protein S4 and also
to the S13 r-protein from Saccharomyces cerevisiae cytosol.

MATERIALS AND METHODS

Media. Yeast YPGA, YP10, YPGALA, N3, NOEB40,
WO, and WO10 media were those described by Dujardin et
al. (13). When necessary, WO minimal medium was supple-
mented with the appropriate amino acids. For sporulation,
SP1 medium containing 0.25% yeast extract, 0.1% glucose,
and 0.98% potassium acetate was used. E. coli cells were
grown on Luria-Bertani media.

Strains. A list of most of the strains of S. cerevisiae used
is shown in Table 1. Three hundred and thirty-four mit
mutants used for testing specificity of the suppressor were
derived from several laboratories. Most of them were iso-
lated in the 777-3A background. The cob-box, oxil,, and oxi2
mutants tested were, with a few exceptions, those listed by
Kruszewska and Stonimski in Table 4 of reference 37. The
complete list of the mit mutants tested can be obtained upon
request.

For the transformation with the gene bank, diploid recip-
ient strain BS501 was used. For the transformations with
NAM9 which carried plasmids derived from pADI1, the
haploid recipient CD113 strain and the diploid BS502 strain
were used. The BS504 diploid strain was used for the
integrative transformation with the disrupted copy of the
NAM?9 gene. The genotypes and origins of strains are given
in Table 1.

For E. coli transformation, the strain XL1 endA! hsdR17
supE44 thi-1 N recAl gyrA96 relAl Alac IF proAB lac9 AM15
TnlO0 tetR was used.

Plasmids. For the yeast vector, YCp50 centromeric plas-

mid was used (53). The source of the URA3 gene was pFL44,
which was provided by F. Lacroute. E. coli pUC18 plasmid
was used for disruption experiments (49).

Testing the specificity of the suppressor. Specificity of the
suppressor was tested as described by Kruszewska and
Stonimski (37). Three hundred and thirty-four mitr mutants
were crossed on complete glucose medium (YPGA) by a
replica-cross technique to three different NAM9-1 rho®
strains, UM9R/50, MB19-2A/50, and CD113/TA18/51. The
first two strains carried the NAM9-1 allele in the chromo-
some as well as the SNTI mutation very closely linked to
NAM?Y-1. The last strain carried the NAM9-1 allele on a
plasmid and was devoid of the SNTI mutation. All the mit
mutants were also crossed in parallel to three different
control wild-type rho® strains with the same genetic back-
ground except the NAM9-I and SNTI mutations: UM9/50,
JC8/55, and CD113/TA18/53. The plates with replica crosses,
after 1 day of incubation at 28°C, were replicated on N3
glycerol complete medium, and the growth of diploids on
this medium was scored after 5 days of incubation at 28°C.
The growth on glycerol medium of a diploid from a cross of
a given mutant in the first set of crosses including the
suppressor and the lack of growth in the case of the diploid
with the same mutant in the second set of crosses with the
wild-type control strain indicated suppression of the mutant.

Other genetic procedures. Synchronous crosses, induction
of the rho® mutations, and cytoduction experiments were
performed as described by Dujardin et al. (13).

For cytochrome spectra, the cells were grown for 2 days at
28°C on YPGA plates. The spectra were recorded with a
Cary 128 spectrophotometer as described by Claisse et al.
(6).
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Transformation and plasmid isolation. Yeast strains were
transformed by the lithium acetate method (31). Yeast DNA
was isolated by the method of Nasmyth and Reed (48). E.
coli transformation was done by the CaCl, method (43).
Plasmid DNAs from E. coli were isolated by the alkaline
lysis procedure (4) or by lysis with Triton X-100 (7).

DNA manipulations. Standard recombinant DNA tech-
niques were used (43). Specific DNA fragments were recov-
ered from the gel slices by electroelution. Probes were
radiolabelled by using the random primer system (15). Hy-
bridization of the DNA bound to nitrocellulose membranes
was done as recommended by Maniatis et al. (43). Blots with
yeast chromosomes separated by orthogonal-field-alterna-
tion gel electrophoresis were kindly provided by R.
Maleszka (University of Canberra, Australia). Sequencing
was done by using M13 vectors and the dideoxy-chain
termination method (56).

Construction of the yeast gene bank. The gene bank was
constructed from the DNA of the yeast strain MB19-2A/50
(Table 1). Total DNA was isolated by sodium dodecyl sulfate
lysis of the yeast spheroplasts, followed by overnight pro-
teinase K treatment, phenol-chloroform extraction, and eth-
anol precipitation. After RNase digestion, the DNA was
phenol extracted again and ethanol precipitated. DNA was
partially digested with endonuclease Sau3A and fractipnated
on a 10 to 40% (wt/wt) sucrose gradient. DNA was recovered
from sucrose by ethanol precipitation. Fractions containing
10- to 20-kb fragments were combined and used for ligation
with YCpS0 vector linearized with BamHI and treated with
alkaline phosphatase (60). The ligation mixture was used to
transform E. coli, yielding 7,700 single colonies. The fre-
quency of the recombinant plasmids in the bank was 65%.
The average insert size was estimated to be 14 kb.

RESULTS

Isolation and genetic analysis of the NAM9-1 mutant. The
suppressor NAM9-1 was isolated by Smolinska (57) after
strong ethyl methanesulfonate treatment of the mit mutant
which carries the V25 ochre mutation (sequenced by Fox
and Staempfli [16]) in the oxil gene coding for subunit II of
cytochrome oxidase. The NAM9-I mutant strain was se-
lected as a glycerol-positive colony on glycerol medium at
28°C. The mutant displayed a temperature-sensitive pheno-
type. It did not grow at all at 36°C on three different types of
media containing a nonfermentable substrate (glycerol, eth-
anol, and lactate) and grew very poorly on the same types of
media at 18°C. The NAM9-1 mutation restored cytochrome ¢
oxidase activity, cytochrome aa, in the spectrum, and the
occurrence of the coxII polypeptide band among the mito-
chondrial translation products (data not shown).

The nuclear dominant character of the NAM9-/ mutation
was established by genetic methods (13). Analysis of tetrads
resulting from respiration-competent diploids issued from
the cross of NAM9-1 rho® x NAM9™ rho* oxil-V25 (UM9R/
50 x AB1-4D/V2S) showed monogenic segregation of the
NAM9-1 mutation. The 2:2 segregation of the NAMY9-I
mutation was confirmed by the analysis of tetrads from the
cross of a NAM9-1 rho* oxil-V25 strain devoid of the rad9
mutation (MB19-2A) with the wild-type NAM9* rho® strain
(DP1-1B/7/50). All 90 tetrads analyzed in this cross showed
2%:27 (respiration) segregation, which reflected 2:2 segrega-
tion of the NAM9-1 suppressor.

The nuclear dominant character of the NAM9-1 suppres-
sor was also confirmed by quantitative analysis of the
diploids from the above-mentioned cross. Of 480 diploid
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colonies tested, only 3.5% were glycerol negative. The latter
ones proved to be spontaneous rho~ mutants. Thus, the
suppressor did not show mitotic segregation characteristic of
mitochondrial mutations.

Specificity of the NAM9-1 suppressor action. The first
approach to establish the mechanism of suppressor action
was testing its specificity. The action of the NAM9-1 sup-
pressor on 334 different mitochondrial mutations in the oxil,
oxi2, and oxi3 genes was tested as described in Materials and
Methods. The results are summarized in Table 2. The
specificity of the chromosomal NAM9-1 suppressor was
tested with three different suppressor strains. In spite of
differences in genetic background, all of them showed iden-
tical action spectra.

Inspection of Table 2 shows that the NAM9-1 action is
allele specific and gene nonspecific, suppressing some mu-
tations in all four mitochondrial genes tested. Of 334 muta-
tions tested, 16 were suppressed by NAM9-1. Its action
spectrum resembled that of the nam3 suppressor (37). Like
the latter suppressor, NAM9 suppressed some mutations in
the nonsplit oxil and oxi2 genes, as well as mutations in the
mosaic genes oxi3 and cob-box. In the latter genes, NAM9
acted exclusively on intron mutations in maturase-encoding
regions, like ribosomal recessive suppressors. However, the
action spectrum of NAM9-1 was significantly narrower than
the spectrum of ribosomal recessive suppressors. All muta-
tions suppressed by NAMY-1 were those suppressed by
nam3, but the latter suppressor acted on a total of 35
mutations from the same collection. The NAM9 action
spectrum differed markedly from the spectrum of the NAMI
suppressor, which is the only previously isolated gene-
nonspecific, allele-specific nuclear dominant suppressor of
mit mutations. NAMI acts exclusively on mutations local-
ized in mitochondrial introns, which suggested direct in-
volvement in splicing (2, 24). The NAM9 action spectrum
refuted the direct involvement in splicing of NAM9 suppres-
sor and suggested its purely informational, probably ribo-
somal, character. Table 3 shows that only ochre mutations,
but not all of them, are suppressed. This will be analyzed in
the Discussion.

Cloning of the NAM9 gene. To get a better insight into the
nature of the NAM9-1 suppressor and the mechanism of its
action, we cloned the NAM9 mutant gene. A recombinant
plasmid bank from the NAM9-1 rho® strain MB19-2A/50 was
constructed in the shuttle centromeric YCp50 plasmid as
described in Materials and Methods. The bank was screened
by transforming the recipient yeast diploid strain BS501
which carries the target oxi/-V25 mutation to respiration
competence (Table 1). This strain was particularly suitable
because its level of reversion in respect to the oxil-V25
mutation was very low (5 X 107%). Among the 7,650 Ura™*
transformants selected, 5 clones showed a glycerol-positive,
plasmid-dependent phenotype. Further analysis resulted in
two recombinant plasmids, designated pAD1 and pAD2.
They carried 10.4- and 14.6-kb inserts, respectively (Fig. 1).
As preliminary restriction analysis had shown that both the
inserts had the 10.4-kb fragment in common, the smaller of
the two plasmids was used for further molecular analysis. As
revealed by Southern blot hybridization, the insert was of
yeast genomic origin and it was localized by the orthogonal-
field alternation gel electrophoresis technique on chromo-
some XIV (data not shown).

To prove that the cloned suppressor gene was NAM9-1
and not another hypothetical suppressor acting on the target
oxil-V25 mutation, the action spectrum of the suppressor
present in the recombinant plasmids was tested. The cloned
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TABLE 2. Action spectrum of the NAM9-1 suppressor on mit mutations*
No. of mit Suppression efficiency
Gene mutations: Mutation Position in Chromosomal NAM9- NAM9-I-carrying
(protein) suppressed gene plasmid
Tested Suppressed UMO9R/50 CD113/TA18/51 CD113/TA18/51
oxil (COX2) 29 5 V10 Exon + ++ ++
V25 Exon ++ +++ +++
V44 Exon + ++ ++
V248 Exon +++ +++ +++
V2s3 Exon ++ +++ +++
oxi2 (COX3) 23 4 Vs3 Exon € € +
V76 Exon € + +
V85 Exon + ++ +++
V503 Exon ++ +++ +++
oxi3 (COX1) 95 1 V221 Intron ail ++ +++ +++
cob-box (cytb) 187 6 G5026 Intron bi2 + ++ ++
M2075 Intron bi2 + +++ +++
M2101 Intron bi2 ++ +++ +++
M2491 Intron bi2 ++ +++ +++
M2573 Intron bi2 + +++ +++
M4476 Intron bi2 + +++ +++

“ Three hundred and thirty-four different respiration-deficient mutations localized in four different mitochondrial genes (see Materials and Methods) were tested
for the efficiency of suppression (¢ = marginal, + = weak, ++ = moderate, and +++ = strong suppression) in three different nuclear backgrounds; only 16
mutations were suppressed. There is a general agreement between the suppression directed by NAM9-1 which carries plasmid CD113/TA18/51 (last column) and

that by the chromosomal NAM9-I gene (preceding columns).

gene suppressed the same 16 mutants as the NAM9-I chro-
mosomal suppressor (Table 2), thus arguing strongly for the
identity of both genes. The latter conclusion was also
substantiated by the genetic mapping of the NAM9-I sup-
pressor mutation in the cross with the metd rho® strain

TABLE 3. Nucleotide specificity of mitochondrial mutations
suppressed by NAMY-1¢

Mutation Sequence Reference
Suppressed T
V25 GGA CAA ACT 16
(G1ln)
A
G5026 AAT TAT TTA 17
(Tyr)
A
M2075 AAT TTA TCA 17
(Leu)
A
M2573 AAT TAT TTA 17
(Tyr)
Not suppressed A
Wwo1 ATT TTA ACT 41
(Leu)
A
GSS GGT TTA AAA 41
(Leu)
A
M6821 TTA TAT TAT 64
(Tyr)
I
G171 GGA CAG ATG 41
(Gln)

¢ All mutations suppressed to create TAA stop codons. However, several
TAA stop codon mutations are not suppressed. The context surrounding the
TAA codon, the original sense codon, and the mutated nucleotide are shown.
The remainder of the mutations listed in Table 2 were not sequenced.

(MB23-73A X 2069-10A/50) on the right arm of chromosome
X1V, 28 centimorgans (cM) from the met4 gene.
Localization of the NAM9-1 gene in the insert. The pAD1
plasmid contained the 10.4-kb insert with many convenient
restriction sites. We mapped the region required for mit
mutation suppression by deletion analysis (Fig. 1). The set of
plasmids, derived from pAD1, was introduced into the yeast
strains which carry the oxil-V25 target mutation, and the
growth of transformants was tested on glycerol medium.
Deletions resulting in the loss of suppression were in the 3’
region of the inserts. BamHI, Bglll, and HindIII sites,
present in this region, were found to be located within the
suppressor gene. The shortest plasmid which retained the
suppressor activity (pH13) had a 4.7-kb insert (Fig. 1).
Inactivation of the chromosomal wild-type NAM9™ allele.
The NAM9 gene exists in a single copy per haploid genome
as indicated by Southern analysis (data not shown). To
generate a null mutation of the NAM9 gene and to examine
its effects on cell function, we used the one-step gene
disruption method (55). )
The 2.1-kb EcoRI fragment of pH13 was transferred to
pUC18, and its internal 0.35-kb Bg/II-BamHI fragment was
replaced by a 1.1-kb Bgl/II fragment derived from the pFl44
plasmid which contained the URA3 marker (Fig. 2). The new
plasmid. was digested with EcoRI and HindIII and used for
transformation of the homozygous diploid BS504 NAM9*/
NAMY9™ ura3/ura3. The Ura* transformants were examined
for the NAM9*::URA3 disruption by Southern analysis
(data not shown). The four diploid Ura™ transformants were
sporulated, and 52 tetrads derived from them were dis-
sected. All four spores were viable with Ura, segregating
2*:27.The Ura* ascospores contained the disrupted copy of
the NAM9™ allele and the Ura™ ascospores contained the
intact copy, as was confirmed by Southern analysis (data not
shown). In all tetrads tested, the Ura™ phenotype cosegre-
gated with a respiration deficiency. This shows that the
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FIG. 1. Restriction maps of the pAD1 and pAD2 plasmids and their derivatives tested for suppression activity on the mitochondrial target
mutation oxi/-V25. Thinner lines denominate YCp50 vector DNA, while the thicker ones stand for S. cerevisiae DNA fragments. +, active
suppression present; —, active suppression absent. Abbreviations for restriction sites are as follows: B, BamHI; Bg, Bglll; C, Clal; E, EcoRI;
H, Hindlll; P, Pvull; S, Sall. In plasmid pAD2, in the fragment which extends pAD1, restriction sites for BamHI, EcoRI, and Clal are

omitted.

inactivation of the NAM9™ gene is not lethal to the cell but
leads to a deficiency in mitochondrial function. The
NAMY9*::URA3 allele mapped on chromosome XIV, 28 cM
from the met4 marker. This was independent evidence that
integration was in the NAM9* chromosomal locus. The fact
that the NAM9::URA3/NAM9™ heterozygous diploids were
respiration competent indicates that the inactivated allele is
recessive to its wild-type counterpart.

It was also shown that the inactivation of the NAM9* gene
leads to the formation of 100% of cytoplasmic petites (either
rho~ or rho®, since all the diploids resulting from the
crosses of Ura* Gly~ ascospore clones with the wild-type
rho® tester strains yielded Gly™ diploids. Thus, the intact
NAM?Y gene is necessary not only for the expression of the
mitochondrial genome but also for its maintenance, and the
disruption of the gene leads to a rapid loss of mitochondrial
DNA integrity.

Sequence analysis of the NAM9-1 suppressor gene. The
sequence of the 2,400-bp subfragment of the NAM9-con-
taining insert from the pHI13 plasmid was determined
by the dideoxy-chain termination method. The sequencing
strategy is given in Fig. 3. The DNA sequence and the
deduced amino acid sequence of the NAM9-1 gene product
are shown in Fig. 4. Examination of all six registers in the
sequence revealed only one long open reading frame (ORF).

It begins with an ATG codon and ends with a TGA opal stop
codon and is able to encode a protein of 485 amino acids.
The sequence surrounding the predicted initiator codon
shows the presence of an A at position —3 and another A at
position +4, a feature suggested to be favorable for the
efficient initiation of translation (35). The predicted NAM9-1
gene product is a basic protein (pK; = 10.22) with a cal-
culated molecular mass of 56,509 Da. The N-terminal stretch
of 34 amino acids is devoid of acidic residues but con-
tains positively charged and hydroxylated amino acid resi-
dues, properties that are consistent with a possible role as a
leader sequence for mitochondrial targeting (29). The codon
bias of 485 codons in the ORF of NAM9 is 0.09 (3). This low
bias indicates that the NAM9 gene is expressed at a low
level.

The sequence preceding the start of translation of NAM9
lacks a perfect consensus TATA box. However, at positions
—48, —71, —139, and —240, four potential TATA boxes
can be found. The sequences proposed to be important for
the efficient termination of translation in yeast, TAG. . .
TAGT. . .TTT (65), are present downstream of the coding
region.

A computer-assisted search for proteins resembling
NAM9, performed with FASTA and FASTP programs (42)
on the MiPS Library release no. 25, discovered several
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FIG. 2. Schematic representation of the disruption of the NAM9
gene. The marked EcoRI fragments confirmed the presence of
wild-type and disrupted copy in the Southern hybridization (data not
shown). Abbreviations for restriction sites are the same as for Fig.
1. The thin line represents pUC18 vector, and the black areas
represent the coding region of NAM9.

proteins belonging to the S4-S13 family of the small ribo-
somal subunit which are found in chloroplasts of algae or
higher plants, procaryotes, and cytoplasmic ribosomes from
the yeast. In our computer search, we have been able to add
to this family genes from Dictyostelium discoideum and
Trypanosoma species, which have not been, until now,
classified as S4 ribosomal proteins (58, 62). The alignment of
the most conserved regions of the nine representatives of the
S4 family (residues 62 to 142 of the NAMS9 protein) is shown
in Fig. 5. Five residues (E-R-L-R-S) are completely invari-
ant, and 18 residues show conservative replacements. Figure
6 demonstrates that all nine proteins are members of the
same class, since any one of them is significantly similar to
all the remaining ones, as judged by the 36 pairwise compar-
isons in which all display a z value greater than 5. Among all
the pairwise comparisons performed, the greatest similar-
ities are observed within three subsets. The first one com-
prises, as expected, three proteins coded by chloroplast
genomes from two higher plants and one alga (several other
S4 proteins from tobacco, maize, and spinach chloroplasts
belong to this class, but they are almost identical to the
preceding ones and therefore are not shown). The second
subset comprises S4 proteins from B. subtilis and E. coli
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(note that the former is systematically more similar to the
chloroplast proteins than the latter). The third subset com-
prises the cytoplasmic ribosomal S13 protein from S. cere-
visiae, the gene for which has been isolated as an omnipotent
suppressor SUP46 (63), the r-protein rpl024 from Dictyo-
stelium discoideum (58), and a putative protein coded by an
OREF interspersing the region encoding fructose biphosphate
aldolase in Trypanosoma brucei (62). The three latter pro-
teins are practically as similar to each other as are the
chloroplast or procaryote S4 proteins, and there is no doubt
that they are homologous. Mitochondrial ribosomal NAM9
displays a greater similarity to the chloroplast-procaryote
group than to its cytoplasmic counterparts, including the
yeast. This closer resemblance of NAM9 to chloroplast/
procaryote proteins is consistent and significant since all the
z values are between 9 and 16 instead of between 5 and 6
(Fig. 6). We have verified our calculations by using a
different computer program based on the profile analysis
developed by Gribskov et al. (21). The quality parameter is
always 10 units greater in the comparison of NAM9 with
chloroplast and/or procaryote proteins than with the cyto-
plasmic counterparts (data not shown). Possible implications
of these relations will be analyzed in the Discussion.

Sequence comparisons described here indicate that the
NAMS9 protein is a mitochondrial ribosomal homolog of the
S13 protein of yeast cytoplasmic ribosomes and the S4
r-proteins from E. coli and chloroplasts. However, all the S4
proteins discussed here are much smaller than the NAMY
gene product, being approximately 200 amino acids long and
having a molecular mass of about 23 kDa. This is also true
for the SUP46 protein, which is only 196 amino acids long
(63). In contrast, NAM9 protein extends for some additional
250 amino acids beyond the region of homology. The func-
tion of this long C-terminal extension is unknown, but it is
probably essential for the NAM9 activity since the disrup-
tion which abolishes it is located in this region.

DISCUSSION

We describe here the genetic characterization, molecular
cloning, and sequence analysis of the previously unreported
NAM9 suppressor gene, which alleviates the effects of
several mutations in different mitochondrial genes in S.
cerevisiae.

The deduced 485-amino-acid NAM9 gene product exhibits
all the general properties of an r-protein that can function in
the mitochondrial matrix. Moreover, the N-terminal part of
the NAM9 protein, approximately 200 amino acids long,
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FIG. 3. Restriction map and sequencing strategy for NAM9. The
arrows indicate the length and direction of the sequences deter-
mined by the method of Sanger (56) by using M13 clones. The
NAM9 OREF is indicated by the hatched area.
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AAT CTG GAG TCA CAG (AA TAT AAC GCA TTA AAG GGA TGC ACA CAG GAA GGT ATC TIG AGA AAG CIT TTA AAT GTA GAG AAG GAA ATA GGT
Asn Yeu Glu Ser Gln Gln Tyr Asn Ala Leu Lys Gly Cys Thr Gln Glu Gly Ile Leu Arg Iys Leu Leu Asn Val Glu Lys Glu Ile Gly

AAG TOG AAT AAT GAG OOC TTG TCG ATA GAT GAA CTC AAA CAG GGT CTC CCT GAG ATC CAG GAC TCT CAG TTG TTA GAA AGT CTA AAT AAC
Lys Ser Asn Asn Glu Pro Leu Ser Ile Asp Glu Leu Lys Gln Gly Ieu Pro Glu Ile Gln Asp Ser Gln Leu Glu Ser Leu Asn Asn

Leu
GCT TAT CAA GAG TTT TIC AAA TOC GGT GAA ATT AGA AGA GAA ATC ATT TCT AAA TGT CAG CCT GAC GAG TTG ATT TCA CTG GCT ACA GAA
Ala Tyr Gln Glu Phe Phe Iys Ser Gly Glu Ile Arg Arg Glu Ile Ile Ser Lys Cys Gln Pro Asp Glu Ieu Ile Ser Leu Ala Thr Glu

ATG ATG AAT CCT AAC GAA ACC ACA AAA AAA GAA TTA TCT GAT GGA GOC AAA TOC GCT TTA AGA ICT GGA AAA GAT CAT AGC GGA AAG OGT
Met Met Asn Pro Asn Glu Thr Thr Iys Iys Glu Leu Ser Asp Gly Ala Lys Ser Ala Leu Arg Ser Gly lys Asp His Ser Gly Lys Arg

GAA ACT ATG GAC GAA AAT ATA CAG ACC ACT TTC AAA ACT AGG ATG AGT GAT ATT TCT GAT GGT TCA CTA ACG TTC GAC OCC AAA TGG QCC
Glu Thr Met Asp Glu Asn Ile Gln Thr Thr Phe Iys Thr Arg Met Ser Asp Ile Ser Asp Gly Ser Leu Thr Phe Asp Pro Lys Trp Ala

AAA AAT TTA AAA TAT CAT GAT OCG ATT AAA TTA TCT GAA TTG GAA GGT GAT GAA CCA AAA GCA CGT AAA TTG ATA AAC TTG OOG TGG CAG
Lys Asn Ieu Iys Tyr His Asp Pro Ile Lys Leu Ser Glu Ieu Glu Gly Asp Glu Pro Lys Ala Arg Lys Ieu Ile Asn Leu Pro Trp Gln
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16

46

76

316

346

376

406

436

Pro

GTC GCT OGA COCA GGC CAA TCC GAA GTA ATT TCA
Val Ala Arg Pro Gly Gln Ser Glu Val Ile Ser
™A

466

FIG. 4. Nucleotide sequence of the NAM9 gene. The gene is shown with its upstream and downstream flanking sequences. The nucleotide
sequence is numbered on the left. The deduced amino acid sequence of the NAM9 ORF is indicated under the DNA sequence and numbered

on the right.

displays highly significant similarity to various members of
the S4 superfamily of r-proteins from different organisms
(Fig. 5 and 6). These findings allow us to conclude that
NAMY codes for a mitochondrial r-protein which is an
analog of the yeast cytoplasmic S13 r-protein as well as the
S4 r-proteins from chloroplasts and bacteria.

The resemblance of the effects of the NAM9-1 mutation to
the effects of the mutations in the E. coli ramA and the yeast
SUP46 genes gives further support to this conclusion. The
ramA mutation in the E. coli gene coding for the S4 protein
and the SUP46 mutation in the yeast gene coding for the S13
cytosolic r-protein are both, like the NAM9-/ mutation,
gene-nonspecific, allele-specific informational suppressors,
acting by decreasing the accuracy of translation (30, 44, 54,
67). In line with our conclusion that the NAM9 suppressor
gene encodes the mitochondrial ribosomal counterpart of the
S4 protein is the action spectrum of the NAM9 suppressor.
Table 3 shows that all mutations which are suppressed by

NAM9Y-1 are ochre, resulting from a single nucleotide sub-
stitution. Interestingly, several other TAA stop codon mu-
tations are not suppressed. The molecular basis of the
selective effects of NAM9-1 is not known, but several
hypotheses can already be eliminated. (i) It is not the nature
of the original codon and/or amino acid, which gave rise to
the stop codon since the mutation M2075 is suppressed while
W91 and G55 are not (and all create TAA from TAT);
furthermore, the mutation M2573 is suppressed while M6821
is not (TAA from TAT). (ii) It is not the nature of the
upstream codon, ATT in M2075 (which is suppressed) and in
W91 (which is not suppressed). (iii) It is not the nature of the
downstream codon, since V25 is suppressed while W91 is
not and both have ACT. It is well established that informa-
tional suppression depends on the nucleotide context sur-
rounding the suppressed stop codon (see discussion in
reference 37). Inspection of Table 3 suggests such a possible
context effect. All the suppressed mutations have the same
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FIG. S. Alignment of nine r-proteins from different organisms belonging to the S4 family. Sequences were aligned by using the program
CLUSTAL (28) (Sharp, 1988). Abbreviations: Cryptcp, chloroplast S4 proteins from Cryptomonas sp. (12); Mapolcp, chloroplast S4 proteins
from Marchantia polymorpha (50); Orysacp, chloroplast S4 proteins from Oryza sativa (20); Ecolirp, S4 protein from E. coli (1); Scnam9 S.
cerevisiae NAMO protein (this work; Fig. 4); Scsup46, S13 protein from the cytosolic yeast ribosome (63a); Bsubtrp, r-protein from B. subtilis
(25); Dirpv12, Dictyostelium r-protein (58); Trybhpu, Trypanosoma brucei hypothetical protein (62). Boxed residues show similarity within
the single group of Dayhoff classification. Residues boxed with double lines show identity among all nine sequences. The numbers refer to
the NAM9 protein.

nucleotide 5’ and 3’ around the TAA (either T...T or until it is further substantiated, since the sample of mutations
A. . .A), while none of the nonsuppressed ones displays this sequenced is still limited.

property (G171, which is A...A, is amber, not ochre). What we have cloned and sequenced is the active suppres-
However, this context effect should be viewed with caution sor gene (NAMY-1) and not the wild-type gene (NAM9*),

Orysacp Mapolcp Bsubrp Ecolirp Scnam9 Scsup46 Dirprl2 Trybhpu

Cryptcp 60 108 47 21 15 13 11 18
68 79 47 39 11 9 8 11
Orysacp 82 40 23 14 17 11 13
82 43 25 11 10 8 10
Mapolcp 40 18 12 12 10 15
34 38 9 9 8 9
Bsubrp 51 18 15 14 15
58 12 9 8 12
Ecolirp 12 12 8 11
9 8 5 8
Scnam9 5 5 8
5 -] -]
Scsup46 78 66
56 83
Dipri2 88
57
Trybhpu

FIG. 6. Sequence similarity matrix for nine r-proteins from different organisms belonging to the S4 family. The figure shows 36 pairwise
comparisons between the r-proteins from plant chloroplasts, bacteria, yeast mitochondria, yeast cytosol, and protists. The statistical
significance of each comparison of two sequences was estimated by the RDF program of Lipman and Pearson (41), which generates the z value
(similarity score, mean of random scores)/standard deviation of random scores (Ktup = 1,100 shuffled sequences). The upper values are the
z values corresponding to the initial scores, and the lower values are z values corresponding to the aligned scores. A z value > 4 is believed
to be biologically significant. Other abbreviations are as in the legend to Fig. 5.
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FIG. 7. The restoration of respiratory growth on glycerol me-
dium due to the NAM9-1 mutation. (1) CD113 (NAM9™ oxil-V25,
haploid); (2) CD113 transformed with the control YCp50 vector;
(3) BS501 (NAM9*/NAM9* oxil-V25, diploid); (4) BS504/TA3-1B
(NAM9™*::URA3, haploid); (5) CD113 transformed with pH13 plas-
mid which carries NAM9-1; (6) MB19-2A (NAM9Y-1 oxil-V25, hap-
loid); (7) MB19-2A/50 x AB1-4D/V25 (NAM9-1/NAM9™ oxil-V25,
diploid); (8) 11D, wild-type mit™*, haploid. The genotypes of strains
are given in Table 1. The plate was incubated for 4 days at 28°C.

which is devoid of suppressor activity. In E. coli, one of the
ram mutations which acts as an informational suppressor is
due to the replacement of glutamine 58 by leucine 58 (61).
The experiments leading to the establishment of the molec-
ular basis of the NAM9-1 mutation are in progress.

Our data clearly demonstrate that NAM9-1 is dominant.
This is in contrast to the S4 ram mutations in E. coli, in
which the ambiguity mutants are recessive (19). We found
that the growth of the heterologous diploid NAM9-1/NAM9*
oxil-V25 is even better than that of haploid NAM9-1 oxil-
V25 (Fig. 7). This can be explained by the presence of both
types of r-proteins, one ensuring the suppression of the stop
codon (NAM9-1) and the other ensuring the nonambiguous
translation of the remaining mRNAs.

The NAMY protein is approximately twice as large as its
counterparts found in the other systems. At present, we do
not know the role of the extra C-terminal part of the NAM9
protein, which lacks significant homology to any known
sequence. However, the disruption experiments presented
here indicate that this part of the NAM9 gene product is
indispensable for mitochondrial function and maintenance of
the mitochondrial genome. The disruption of the NAM9 gene
with the URA3 marker in its 3’ half led to the respiration-
deficient phenotype and the mitochondrial petite (rho™ or
rho®) genotype. Respiration deficiency accompanied by a
rapid loss of mitochondrial genome integrity was found to be
a characteristic feature of the inactivation of the genes
coding for the elements of the mitochondrial translation
apparatus (33, 40, 47).

Interestingly, of four yeast mitochondrial r-proteins re-
ported so far to reveal significant homology to some E. coli
r-proteins, three (MRP7, MRPL20, and MRPS28p) are much
larger than their bacterial counterparts (10, 14, 33). Simi-
larly, for the NAMY protein, the sequence homology in-
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cluded only the N-terminal part of the protein. Multifunc-
tionality has been postulated to be a possible explanation for
why these proteins are larger than their E. coli counterparts.
Single proteins with multiple enzymatic activities were al-
ready reported for yeasts, and it was proposed that they
might have arisen by fusion of the genes for smaller proteins
(32).

It was already suggested that there are two groups of
mitochondrial r-proteins with different degrees of evolution-
ary divergence: those with conserved primary sequence
domains due to functional constraints and those which
evolve faster (46). On this basis, NAM9 protein in its
N-terminal half can be assigned to the first group. A good
conservation of the S4 protein throughout different systems
is consistent with its crucial role for the ribosome assembly
found in E. coli. In reconstitution experiments, E. coli
r-protein S4 is among the first components to bind with the
16S rRNA in its 5’ domain, which appears to be essential for
the structural integrity of the 30S subunit (66).

The evolutionary origin of mitochondria was the subject of
many controversies, but at present the endosymbiotic theory
of their descendence appears the most plausible (20, 22). The
strongest arguments in favor of this theory came from the
resemblance of the mitochondrial and procaryotic transla-
tion systems as well as from the finding that some mitochon-
drial enzymes resemble their bacterial counterparts more
than their cytoplasmic analogs acting in the same eucaryotic
organism. It is relevant in this regard to underline the fact
that the NAM9 protein is significantly more similar to its
bacterial and chloroplast homologs than to the eucaryotic
cytoplasmic ones (Fig. 6).

In conclusion, we found here that the nuclear NAM9 gene
codes for a mitochondrial r-protein belonging to the super-
family of S4 r-proteins common to chloroplasts, bacteria,
and lower eucaryotes. The NAM9-1 suppressor acts by
decreasing the fidelity of translation due to the changes in the
mitochondrial ribosomal counterpart of S4, but the exact
mechanism of the suppressor action, which is selective for a
specific subset of ochre mutations, remains to be elucidated.
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