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Nam9p is a protein of the mitochondrial ribosome. The respiration-deficient Saccharomyces cerevisiae strain
MB43-nam9-1 expresses Nam9-1p containing the point mutation S82L. Respiratory deficiency correlates with
a decrease in the steady level of some mitochondrially encoded proteins and the complete lack of mitochon-
drially encoded cytochrome oxidase subunit 2 (Cox2). De novo synthesis of Cox2 in MB43-nam9-1 is unaffected,
indicating that newly synthesized Cox2 is rapidly degraded. Respiratory deficiency of MB43-nam9-1 is over-
come by transient overexpression of HSP104, by deletion of HSP104, by transient exposure to guanidine
hydrochloride, and by expression of the C-terminal portion of Sup35, indicating an involvement of the yeast
prion [PSI1]. Respiratory deficiency of MB43-nam9-1 can be reinduced by transfer of cytosol from S. cerevisiae
that harbors [PSI1]. We conclude that nam9-1 causes respiratory deficiency only in combination with the
cytosolic prion [PSI1], presenting the first example of a synthetic effect between cytosolic [PSI1] and a mutant
mitochondrial protein.

Most mitochondrial proteins are synthesized in the cytosol
and are subsequently imported into the organelle. However,
mitochondria contain a full transcriptional and translational
machinery, made up of at least 127 imported proteins, which is
responsible for the synthesis of eight major mitochondrially
encoded proteins (32). Point mutations or small intragenic
deletions in mitochondrial genes are termed [mit2] mutations.
Yeast strains that carry this type of mutation are unable to
grow on nonfermentable substrates but differ from the other
respiration-deficient class of [rho2]/[rho0] mutants because
[mit2] mutants retain the capacity for mitochondrial protein
synthesis. nam9-1 was previously identified as a suppressor of
the [mit2] ochre mutation cox2-V25 and was subsequently
shown to suppress other ochre mutations in different mito-
chondrial genes. Wild-type Nam9p is a basic protein of 486
amino acids; in the mutant Nam9-1p, serine 82 is changed to
leucine. The N-terminal domain of Nam9p reveals strong ho-
mology to the class of S4 ribosomal proteins from prokaryotes
and eukaryotes (2–4). In Escherichia coli, S4 plays a key role in
ribosome assembly and influences translational fidelity. Nam9p
contains an additional C-terminal domain that shows no obvi-
ous homology with any known protein. Disruption of NAM9
perturbs mitochondrial DNA integrity and causes respiratory
deficiency (4). Some mutations cause temperature-dependent
loss of mitochondrial 15S rRNA (2). The combined properties
indicate that Nam9p is a component of the mitochondrial
ribosome and that Nam9-1p acts as a nonsense suppressor,
suggesting that it is involved in ensuring translational fidelity
(2, 4). (For a review about mitochondrial ribosomal proteins,
see reference 30.) Here we present direct evidence that both
Nam9p and Nam9-1p are stably bound to the small subunit of
the mitochondrial ribosome.

The Saccharomyces cerevisiae strain MB43-nam9-1 express-
ing Nam9-1p fails to grow at 37°C and shows a delay of growth
at 30°C on nonfermentable substrates. We show that the in-
ability of the strain to respire at 30°C correlates with the lack
of mitochondrially encoded cytochrome oxidase subunit 2
(Cox2) at steady-state level, whereas there is only moderate
reduction of mitochondrially encoded Cox3, apocytochrome b
(Cob), and Atp6, a subunit of the F0F1 ATPase. Although
Nam9p is involved in mitochondrial translation, the mutant
Nam9-1p does not interfere with the translation of Cox2 but
rather with a subsequent step, most likely related to stability or
assembly. These findings place NAM9 in a group of nuclear
genes that exert a posttranscriptional effect on the accumula-
tion of specific mitochondrially encoded subunits of the cyto-
chrome c oxidase complex (5, 31, 50, 56; for a review, see
references 24 and 32).

We reasoned that a screen for multicopy suppressors restor-
ing normal respiration of the nam9-1 strain might reveal novel
components of the mitochondrial translation machinery in-
volved in either the fidelity of translation, the stability, and/or
the assembly of Cox2. Unexpectedly we identified HSP104 as a
strong multicopy suppressor of nam9-1. The cytosolic chaper-
one Hsp104 is not essential for the life of yeast but is induced
during different conditions related to stress (45, 46, 59, 63).
Under stress conditions, Hsp104 promotes the reactivation of
denatured or aggregated proteins (34, 52). The effect of
HSP104 on the phenotype of the nam9-1 strain is exceptional,
because both overexpression and deletion allow growth on
nonfermentable carbon sources. A similar behavior of Hsp104
has been observed only in the context of the replication of the
yeast prion [PSI1]. The non-Mendelian cytoplasmic nonsense
suppressor [PSI1] was identified in 1965 (13; for recent reviews
see references 42, 65, and 80). How [PSI1] could be transmit-
ted in a non-Mendelian fashion without being connected to
any nucleic acid remained unknown for a long time. In 1994,
Wickner proposed that [PSI1], like [URE3], is a yeast prion
(78). [PSI1] is encoded by SUP35, and it is now well estab-
lished that [PSI1] is the prion form of Sup35 (also called
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eRF3) (29, 55, 83). The C-terminal portion of Sup35 is essen-
tial for translational termination and cell viability. The N-
terminal portion of Sup35 is dispensable for life but plays a key
role in [PSI1] formation (54). Sup35 forms a complex with
Sup45 (also called eRF1) that is involved in recognizing ter-
mination codons and releasing the translation product from
the ribosome (68, 83). Recessive suppressor mutations of
sup35 or sup45 relax the control of translational fidelity and
lead to the readthrough of nonsense codons (70, 73).

Hsp104 was found to be essential for the propagation of
[PSI1] in vivo (9). The ability of Hsp104 to actively disaggre-
gate proteins is the key for understanding its effect on [PSI1].
There is evidence that the aggregates formed by [PSI1] are
directly influenced by Hsp104 (29, 54, 64; for models of the
mechanism, refer to references 39 and 44). The combined data
of this study indicate that the genetic interaction of nam9-1
with HSP104 is connected to [PSI1]; the presence of [PSI1] is
a prerequisite for the respiratory deficiency of the nam9-1
strain.

MATERIALS AND METHODS

Yeast strains and genetic procedures. S. cerevisiae strains used in this study are
listed in Table 1. Strain MB43-nam9-1, described by Dmochowska et al. (19), and
its derivatives were used throughout this study.

The wild-type NAM9 strain, isogenic to MB43-nam9-1, was generated using
the two-step gene replacement method (36); first, NAM9 was cloned into the
integrative URA3 plasmid pFL34, which was subsequently linearized in the cod-
ing region of NAM9; second, the linearized plasmid was transformed into MB43-
nam9-1. Integration of the plasmid containing NAM9 and URA3 into the MB43-
nam9-1 genome was confirmed by analysis of uracil prototrophy and respiratory
competence. Homologous recombination forced by growth on 5-fluoroorotic
acid resulted in the excision of the plasmid and loss of either NAM9 or nam9-1.
A respiration-competent clone containing NAM9 is referred to as MB43-NAM9.

HSP104 was isolated from a genomic multicopy library based on pFL44 by
complementation of the MB43-nam9-1 growth defect on 1% yeast extract–2%
peptone–2% glycerol (YPGly). Besides isolating wild-type NAM9 three times,
four different genes were found to enable MB43-nam9-1 to grow on nonferment-
able substrates at 30°C but not at 37°C. The plasmid conferring the strongest
suppression at 30°C was termed pA1/4. Sequencing of pA1/4 revealed that it
contained only one complete open reading frame, bearing HSP104. A SaeI
deletion, inactivating HSP104, abolished the effect of pA1/4 on the nam9-1
strain. The suppression was confirmed by isolation and retransformation of the
plasmid into MB43-nam9-1. MB43-nam9-1 harboring pA1/4 is referred to as
MB43-nam9-1[HSP1041].

The disruption of HSP104 was generated in MB43-nam9-1 as previously de-
scribed (9). The 1.2-kb ApaI-BglII fragment within the HSP104 coding region was
replaced by LEU2. The disruption was confirmed by Southern analysis. The
resulting strain is referred to as MB43-nam9-1Dhsp104.

Standard genetic manipulations were performed by published procedures (67).

Diploids were selected by the complementation of auxotrophic markers or by
micromanipulation. The [rho0] derivatives of the different strains were generated
by ethidium bromide (EtBr) treatment (20). Cytoduction experiments were per-
formed by standard procedures using the kar1-1 mutant strain CD112 and the
[rho0] derivative of strain JC25. Cytoductants were selected by the presence of
auxotrophic and mitochondrial markers (4, 12).

MB43-nam9-1[mit2-V25] was generated as follows. MB43-nam9-1[HSP1041]
was turned [rho0], and mitochondria from strain CD112 harboring the mutation
V25 in COX2 (4) were introduced by cytoduction. Subsequently, MB43-nam9-
1[mit2-V25][HSP1041] was depleted from the HSP104-overproducing plasmid
pA1/4 by growth on 5-fluoroorotic acid (36). The derivative of strain JC25
harboring cytoplasm from respiration-deficient MB43-nam9-1 is referred to as
JC25/1.

OT72 and OT74, respectively, are isogenic [PSI1] and [psi2] derivatives of
strain D1142-1A (77). Plasmids pEMBLyex4-SUP35 and pEMBLyex4-3ATG
(72), encoding either full-length Sup35p or its C-terminal domain, were used for
the transformation of MB43-nam9-1.

Media and growth conditions. Rich media contained 1% yeast extract, 2%
peptone, and either 2% glucose (YPD) or 2% glycerol. Minimal medium (2%
glucose, 0.67% yeast nitrogen base without amino acids) was supplemented with
amino acids, uracil, and adenine as required (67). All reagents were from Difco.
When indicated, guanidine hydrochloride (GuHCl; Sigma) was added to a final
concentration of 5 mM. For analysis of the respiratory phenotype, yeast strains
were replica plated on YPGly and incubated for 3 days at 30°C.

In order to prevent glucose repression, the different MB43 strains were grown
on minimal medium containing 0.5% glucose (low-glucose medium) at 30°C for
biochemical characterization. As indicated in the figure legends, yeast grown on
low-glucose medium was harvested either at an optical density at 600 nm
(OD600) of 1.5 to 1.7, the point at which glucose was just consumed, or after an
additional incubation of 12 h. Glucose exhaustion was determined with Glucostix
(Bayer).

Import of in vitro-synthesized Nam9 and Nam9-1p into mitochondria. The
coding sequences of NAM9 and nam9-1, respectively, were amplified with Pfu
polymerase (Stratagene) and cloned into pSP65 (Promega). In vitro transcription
was done as previously described (57). In vitro translation of NAM9 and nam9-1
was performed in a yeast translation extract (25, 26). Import of Nam9p or
Nam9-1p into isolated mitochondria was achieved basically as previously de-
scribed (25). In brief, the translation reaction mixture containing either radio-
labeled Nam9p or Nam9-1p was added to the prewarmed import reaction mix-
ture containing import buffer (0.6 M sorbitol, 50 mM HEPES-KOH [pH 7.0], 50
mM KCl, 10 mM MgCl2, 2 mM KH2PO4, 5 mM methionine), 1 mg of fatty
acid-free bovine serum albumin per ml, 2 mM NADH, 2 mM ATP, 20 mM
creatine phosphate, 0.1 mg of creatine phosphate kinase per ml, and 1 mg of
purified wild-type mitochondria per ml. The control reaction mixture without a
membrane potential (2DC) contained 1 mg of valinomycin per ml. Import was
carried out at 25°C, and aeration was ensured by recurrent agitation of the
import reactions. Import was stopped by the addition of valinomycin (1-mg/ml
final concentration) and chilling on ice. Precursor protein that had not crossed
the mitochondrial membranes was removed by treatment of the intact mitochon-
dria with 100 mg of proteinase K (Boehringer) per ml for 20 min at 4°C.
Proteinase K was inhibited by addition of 1 mM phenylmethylsulfonyl fluoride.
Mitochondria were reisolated, resuspended in import buffer containing 1 mM
phenylmethylsulfonyl fluoride, and precipitated with 5% trichloroacetic acid
(TCA).

TABLE 1. Yeast strains

Strain Nuclear genotype Mitochondrial
genotype

Reference
and comments

MB43-nam9-1 MATa leu2-3,-112 ura3-1 his3 his4C nam9-1 Wild type 19
MB43-NAM9 MATa leu-2,-112 ura3-1 his3 his4C Wild type This study
MB43-nam9-1Dhsp104 MATa leu2-3,-112 ura3-1 his3 his4C nam9-1 hsp104::LEU2 Wild type This study
MB43-nam9-1[HSP1041] MATa leu2-3,-112 ura3-1 his3 his4C nam9-1 [pA1/4] Wild type This study
MB43-nam9-1[mit2-V25] MATa leu2-3,-112 ura3-1 his34 his4C nam9-1 cox2-V25 This study
CD112 MATa kar1-1 ade2-1 his4-15 canR cox2-V25 4
JC25 MATa kar1-1 ade1 his4-15 canR Wild type 12
JC25/1 MATa kar1-1 ade1 his4-15 canR Wild type This study; contains

the cytoplasm of
respiratory-deficient
MB43-nam9-1

V25 (Dcox2) MATa ade1 op1 met3 cox2-V25 37
M3041 (Dcob) MATa ade1 op1 cob-M3041 27
OT72 MATa aro7-1 cyc1 his4-166 leu2-1 lys2-187 met8-1 trp5-48 ura3 [PSI1] Wild type Y. Chernoff, personal

communication
OT74 MATa aro7-1 cyc1 his4-166 leu2-1 lys2-187 met8-1 trp5-48 ura3 [psi2] Wild type Y. Chernoff, personal

communication
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Fractionation of yeast cells and purification of mitochondria. Fractionation of
yeast cells grown at 30°C on low-glucose medium was performed essentially as
previously described (28), except that fractions corresponding to total yeast,
cytosol, and crude mitochondria were collected. The Nycodenz purification step
was omitted. For import experiments, yeast cells were grown and mitochondria
were purified accurately as described (28).

Generation of a polyclonal antibody against Nam9p. NAM9 was amplified by
PCR using Pfu polymerase (Stratagene) and cloned into the E. coli expression
vector pQE60 (Qiagen) in frame with the C-terminal hexahistidine tag. Expres-
sion was induced with isopropyl-b-D-thiogalactopyranoside according to the pro-
tocol of the manufacturer (Qiagen). Nam9p-His6 was purified under denaturing
conditions by chromatography on P11 cellulose (Whatman) followed by affinity
chromatography on Ni-nitrilotriacetic acid resin (Qiagen). A 53-kDa polypeptide
corresponding to Nam9p was electroeluted by preparative sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE), precipitated with acetone,
and used for immunization of a rabbit according to the standard procedure (69).
The antibody against Nam9p (a-Nam9) specifically reacts with a 53-kDa band in
an extract of total yeast proteins and in mitochondrial extracts.

Isolation of mitochondrial ribosomes by density centrifugation and immuno-
precipitation. Mitochondria were solubilized by incubation in IP(1Mg) buffer
(20 mM Tris-HCl [pH 7.5], 50 mM potassium acetate, 20 mM magnesium
acetate, 2 mM dithiothreitol, 1% Triton X-100) for 5 min on ice. The lysate was
clarified by centrifugation at 20,000 3 g for 10 min and is referred to as mito-
chondrial extract. Aliquots containing 100 mg of total mitochondrial protein in a
volume of 60 ml were either precipitated with 5% TCA (total) or loaded on top
of a sucrose cushion [1.0 M sucrose in IP(1Mg) buffer] and centrifuged for 1 h
at 250,000 3 g. The pellet was separated from the supernatant after centrifuga-
tion. Total, supernatant, and pellet were separated by SDS-PAGE followed by
immunoblotting with antibodies as indicated in the figure legends.

Immunoprecipitation reactions were performed with mitochondrial extract
(100 mg of mitochondrial protein in a 600-ml reaction volume) in either IP(1Mg)
buffer or IP(2Mg) buffer (20 mM Tris-HCl [pH 7.5], 50 mM potassium acetate,
2 mM magnesium acetate, 2 mM dithiothreitol, 1% Triton X-100). The reaction
mixtures were incubated under gentle agitation in the presence of protein A-
Sepharose beads (Pharmacia Biotech) preloaded with either anti-Nam9 or the
corresponding preimmune serum. Incubation was carried out for 2 h to overnight
at 4°C. Routinely, 10 ml of serum was incubated with 40 ml of preswollen protein
A-Sepharose beads. Protein A-Sepharose beads were recovered by centrifuga-
tion and washed with IP(1Mg) buffer. The materials bound to protein A-
Sepharose and the corresponding supernatants (unbound) were separated by
SDS-PAGE and analyzed by immunoblotting.

In vivo labeling of mitochondrial translation products. Yeast cells were grown
on low-glucose medium to the point of glucose exhaustion as described above.
The amount of cells corresponding to an OD600 of 0.5 was harvested and
resuspended in 300 ml of buffer P (40 mM KPi [pH 7.0], 0.45% glucose, 0.0077%
Complete Supplement Mixture–methionine [Bio 101]) and incubated on a
shaker for 30 min at 30°C. Cycloheximide was added to a final concentration of
100 mg/ml. After 10 min at 30°C, the reaction mixtures were supplemented with
40 mCi of [35S]methionine (1,000 Ci/mM; ICN Biomedicals), and the incubation
was continued for 30 min. The labeling reaction was stopped by rapid chilling of
the cells on ice and simultaneous addition of unlabeled methionine to a final
concentration of 20 mM. After centrifugation, cells were washed in CM buffer
(40 mM KPi [pH 7.0]–100 mg of cycloheximide per ml–20 mM methionine), and
subsequently total protein was extracted as previously described (81). Pulse-
chase experiments were performed with cells grown on low-glucose medium to
the point of glucose exhaustion as described above. Cell pellets corresponding to
an OD600 of 2.5 were resuspended in 1.5 ml of buffer P. After addition of
cycloheximide (final concentration, 100 mg/ml), labeling was started by addition
of 200 mCi of [35S]methionine (1,000 Ci/mM). After gentle agitation of the
reaction mixtures for 30 min at 30°C, unlabeled methionine was added to a
concentration of 20 mM, and cells were reisolated, washed, and resuspended in
chase buffer (40 mM KPi [pH 7.0], 20 mM methionine, 200 mg of acriflavine per
ml, 100 mg of cycloheximide per ml). At the time points indicated below, aliquots
of the cell suspension corresponding to an OD600 of 0.5 were withdrawn and
analyzed as described below.

Miscellaneous. Molecular biology techniques were performed by standard
procedures (58). Yeast cells were transformed by the lithium acetate method (6).
Protein concentration was estimated with bicinchoninic acid assay using bovine
serum albumin as a standard (Pierce Chemical Co.). Samples containing radio-
labeled Nam9p or Nam9-1p were analyzed on SDS–8 or 10% PAGE gels,
followed by autoradiography.

For immunoblotting, proteins were separated by SDS-PAGE (40) or Tris-
Tricine gels (62) and transferred electrophoretically to nitrocellulose. After in-
cubation with antibody, visualization was with 125I-protein A (33) or anti-rabbit
monoclonal antibody coupled to alkaline phosphatase (Promega). The poly-
clonal antibody against Hsp104 was from Stressgen, and the monoclonal anti-
bodies against Cox2 and Cox3 were from Molecular Probes. All other antibodies
were from the collection of G. Schatz, Biozentrum, Basel, Switzerland.

Mitochondrial translation products were analyzed by SDS–12 or 16% PAGE,
followed by autoradiography (49). In order to assign the radioactive band cor-
responding to Cox2, strains V25 (37) and M3041 (27) containing stop mutations
in the COX2 and COB genes, respectively, were used. Autoradiograms were

quantified using ImageQuant, version 1.1, with local average background cor-
rection (Molecular Dynamics, Sunnyvale, Calif.). Kinetics of import were ana-
lyzed assuming a simple first-order process using Kaleidagraph 3.09 (Synergy
Software).

RESULTS

Nam9p and Nam9-1p are bound to the mitochondrial ribo-
some. Strain MB43-nam9-1 shows a respiratory growth defect;
however, the cells do not become [rho0] (19). In order to
determine possible differences between Nam9p and Nam9-1p,
we have compared their cellular localization and biochemical
properties. Nam9p and Nam9-1p were expressed at similar
levels, and both proteins were localized in the mitochondrial
fraction after separation of the cytosol from the mitochondria
(Fig. 1A). The minor levels of Nam9p and Nam9-1p observed

FIG. 1. Both Nam9p and Nam9-1p are localized in the mitochondria. (A)
MB43-NAM9 and MB43-nam9-1 strains were grown on low-glucose medium,
harvested at the point of glucose exhaustion, and fractionated as described in
Materials and Methods. Two hundred micrograms of protein from total extract
(tot), 200 mg of protein from postmitochondrial supernatant (cyt), and 20 mg of
protein from crude mitochondria (mit) were analyzed by SDS-PAGE followed by
immunodecoration with antibodies specific for Nam9p, Hsp104, mitochondrial
malate dehydrogenase (Mdh1), and cytosolic hexokinase. (B) Nam9p and
Nam9-1p were synthesized in a yeast translation system in the presence of
[35S]methionine (for details, see Materials and Methods). In vitro import reac-
tions into mitochondria were performed for the indicated times with either
radiolabeled Nam9p or Nam9-1p in the presence (1DC) or absence (2DC) of
a membrane potential. Precursor that had not crossed the mitochondrial mem-
branes after the import reaction was removed by treatment with proteinase K. std
5% and std 10% correspond to 5 and 10% of the import reaction, respectively.
(C) Kinetics of the import reactions shown in panel B. The amount of imported
Nam9p or Nam9-1p is given as a percentage of the total amount of Nam9p or
Nam9-1p added to the import reaction. E, Nam9p; F, Nam9-1p.
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in the cytosolic preparation were due to mitochondrial impurities,
as shown by the similar distribution of Mdh1, a mitochondrial
marker protein (Fig. 1A). The cytosolic marker proteins hex-
okinase and Hsp104 were absent from the mitochondrial frac-
tion. Reflecting the steady-state distribution, in vitro-translated
Nam9p and Nam9-1p were imported into isolated yeast mito-
chondria with similar efficiencies and in a potential-dependent
manner (Fig. 1B). No shift in molecular mass was observed by
SDS-PAGE after import, suggesting that Nam9p and Nam9-1p
contain a noncleavable presequence (Fig. 1B). Comparison of
the import kinetics of Nam9p and Nam9-1p revealed half times
of 9.7 and 7.8 min, respectively, a difference that is within
experimental error (Fig. 1C). The combined data confirm that
Nam9p is a mitochondrial protein and show that the point
mutation nam9-1 does not affect the expression level or intra-
cellular localization.

When mitochondrial ribosomes were isolated by sucrose
density centrifugation, both Nam9p and Nam9-1p comigrated
with a core ribosomal marker protein, suggesting that both
proteins were bound to the ribosome (Fig. 2A). This result was
confirmed by coimmunoprecipitation with an antibody specific
for Nam9p. Incubation of mitochondrial extracts with Nam9p
antibody not only leads to the quantitative depletion of Nam9p
and Nam9-1p but also depletes Mrp13, a protein of the small
ribosomal subunit, suggesting that Nam9p and Nam9-1p were
tightly bound to the ribosome (Fig. 2B). However, a protein of
the large ribosomal subunit (Mrp20) was only partially de-
pleted from mitochondrial extracts by coimmunoprecipitation
with Nam9p antibody. Conditions dissociating the two ribo-
somal subunits resulted in the coimmunoprecipitation of only
Mrp13, whereas Mrp20 remained in the supernatant (Fig. 2B).
The results indicate that Nam9p and Nam9-1p are quantita-
tively bound to the small subunit of the mitochondrial ribo-
some.

Translation of mitochondrially encoded proteins—steady-
state levels and de novo synthesis. The steady-state levels of
four mitochondrially encoded proteins (Cox2, Cox3, Cob, and
Atp6) and of a selection of nucleus-encoded mitochondrial
proteins were determined in strains MB43-NAM9 and MB43-
nam9-1 grown under conditions that ensure expression of the

respiratory chain components. In the nam9-1 strain, Cox3 and
Cob levels were reduced to about 30%, and the Atp6 level was
reduced to about 75%, compared to the wild-type control.
However, Cox2 was undetectable in the nam9-1 strain (Fig.
3A). This result indicates that Nam9-1p differentially affects
the steady-state levels of the mitochondrial translation prod-
ucts and suggests that the complete lack of Cox2—and possibly
other respiratory chain components not tested here—accounts
for the respiratory deficiency of the nam9-1 strain. Despite the
reduction in steady-state levels, there was no significant effect
of Nam9-1p on the de novo synthesis of any of these mito-
chondrially encoded polypeptides in vivo (Fig. 3B). Thus, the
nam9-1 strain does not fail to synthesize Cox2. Rather, the lack
of Cox2 at steady state must be due to an event downstream of
translation. Cox2 is synthesized with a 15-amino-acid N-termi-
nal presequence that is cleaved in the intermembrane space
(35, 66). We were unable to detect the precursor form of de
novo-synthesized Cox2 in the nam9-1 strain, suggesting that
the N terminus of Cox2 had reached the intermembrane space
before it was degraded (Fig. 4A). Processing of Cox2 prior to
its degradation has been observed previously (60).

A direct effect of Nam9-1p on proteins synthesized in the
cytosol would not be expected, and indeed mitochondria iso-
lated from the nam9-1 and the corresponding wild-type strain
contained similar amounts of nucleus-encoded Nam9p and
Nam9-1p, Mdh1, and Atp1 (Fig. 3A; compare also Fig. 1 and
2). However, the steady-state levels of the nucleus-encoded
respiratory chain components Cox4 and Atp4 were reduced
to about 40% of the wild-type control. The result is most like-
ly explained by the imbalance of respiratory-chain subunits,
which results in incomplete assembly and subsequent degrada-
tion of unassembled subunits, as has been previously observed
by others (41, 50).

Both overexpression and inactivation of HSP104 suppress
the effect of nam9-1 on mitochondrial function. In order to
identify components that cooperate with Nam9p during syn-
thesis and assembly of the mitochondrially encoded subunits of
the respiratory chain, we performed a multicopy suppressor
screen. The plasmid conferring the strongest suppression con-
tained a single open reading frame encoding the cytosolic

FIG. 2. Nam9p and Nam9-1p localize to the small subunit of mitochondrial ribosome. (A) Extracts of crude mitochondria (100 mg) from MB43-NAM9 or
MB43-nam9-1, respectively, were either precipitated with TCA (T) or separated into ribosomal pellet (P) and supernatant (S) by centrifugation through a sucrose
cushion. After SDS-PAGE and Western blotting, samples were analyzed by immunodecoration with antibodies specific for Nam9p, Hsp60 (mitochondrial matrix), or
Mrp49 (mitochondrial large ribosomal subunit). (B) Association of Nam9p with the mitochondrial ribosome was assessed by coimmunoprecipitation of the ribosomal
components with antibodies specific for Nam9p (aNam9). Preimmune serum was used in the control reaction (control). Coimmunoprecipitation reactions were
performed with 100 mg of total mitochondrial protein (T) under conditions that either stabilize (1Mg) or destabilize (2Mg) the interaction between the two ribosomal
subunits. B, material bound to aNam9; U, material unbound to aNam9. T, B, and U were analyzed by Western blotting followed by immunodecoration with antibodies
against Nam9p, Hsp78 (mitochondrial matrix), Mrp20 (mitochondrial large ribosomal subunit), and Mrp13 (mitochondrial small ribosomal subunit).
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chaperone Hsp104 (63). The effect of HSP104 was confirmed
by transformation of the nam9-1 strain with a 2mm plas-
mid containing HSP104 (Fig. 5) and was also observed when
HSP104 was expressed from a low-copy-number plasmid lead-
ing to only moderate overexpression (data not shown). Sur-
prisingly, about 75% of the MB43-nam9-1 colonies retained

the capability to respire when subsequently depleted of the
plasmid expressing HSP104 (data not shown). This unusual
behavior has been previously reported in the context of the
yeast prion [PSI1], a structural variant of the cytosolic trans-
lation termination factor Sup35 that causes suppression of
some nonsense mutations and behaves in a non-Mendelian
fashion (13, 53, 54, 79). [PSI1] can be cured by transient
overexpression as well as by deletion of HSP104 (9, 54) and
also by treatment with low concentrations of GuHCl (22, 47,
75). Intrigued by the resemblance of the Hsp104 effect on
nam9-1, we disrupted HSP104 in MB43-nam9-1. Indeed, in the

FIG. 3. The absence of Cox2 in MB43-nam9-1 is due to an event downstream of translation. (A) The steady-state levels of mitochondrially encoded proteins were
assessed in strains MB43-NAM9 and MB43-nam9-1, respectively. Crude mitochondria (50 mg of protein) were analyzed by immunoblotting with antibodies directed
against Nam9p, Cox2, Cox3, Cox4, Atp1, Atp4, Atp6, and mitochondrial malate dehydrogenase (Mdh1). In order to determine the relative amounts of the various
proteins in the nam9-1 and NAM9 strains, respectively, the amount of each protein present in the NAM9 strain was set to 1. Numbers to the right give the ratios between
the nam9-1 and the NAM9 strains. (B) In vivo synthesis of mitochondrially encoded proteins in MB43-NAM9 and MB43-nam9-1, respectively. Mitochondrial translation
was performed in the presence of [35S]methionine and cycloheximide as described in Materials and Methods and analyzed by SDS–12% PAGE. To ascertain the
position of Cox2 and Cob in SDS-PAGE, the first two lanes show the mitochondrial translation products of the [mit2] strains M3041 (Dcob) and V25 (Dcox2), containing
stop mutations in COB and COX2, respectively. As a result, the full-length translation products of the respective genes are absent. Var1, ribosomal protein. The Atp8
and Atp9 bands and the Cox3 and Atp6 bands are not separated from each other.

FIG. 4. Deletion as well as overexpression of Hsp104 stabilizes Cox2 in the
nam9-1 strain. (A) Stability of newly synthesized Cox2 in MB43-NAM9, MB43-
nam9-1, MB43-nam9-1Dhsp104, and MB43-nam9-1[HSP1041]. Cells were
pulse-labeled with [35S]methionine in the presence of cycloheximide, and a chase
reaction was performed for the times indicated (see Materials and Methods).
The mitochondrial translation products from cells, corresponding to an
OD600 of 0.5, were analyzed by SDS–16% PAGE. M3041 (Dcob) and V25
(Dcox2) were used as references for the migration of Cox2 and Cob, respec-
tively. Note that Cox2 and Cob migrate in the reverse order in SDS–16% PAGE
compared to SDS–12% PAGE (compare to Fig. 6). (B) Steady-state levels of
Cox2 in strains MB43-NAM9, MB43-nam9-1, MB43-nam9-1 hsp104, and MB43-
nam9-1[HSP1041]. The respective strains were grown on low-glucose medium
and harvested either at the point of glucose exhaustion (glucose 1/2) or after an
additional incubation of 12 h (glucose 2) as described in Materials and Methods.
Total protein was extracted from cells corresponding to an OD600 of 0.5. Western
blots were decorated with antibodies directed against the mitochondrial matrix
protein aconitase (Aco) and cytochrome c oxidase subunit 2 (Cox2).

FIG. 5. Respiratory deficiency of MB43-nam9-1 is suppressed by the absence
of or by overproduction of Hsp104. The respective derivatives of MB43 (com-
pare to Table 1) were transferred to YPGly plates and incubated for 3 days at
30°C. In order to determine the content of Hsp104 and Nam9 or Nam9-1p, the
strains were grown on low-glucose medium and harvested at the point of glucose
exhaustion (see Materials and Methods). Total protein was extracted by alkaline
lysis and analyzed by Western blotting using antibodies specific for Hsp104 and
Nam9p.

7224 CHACINSKA ET AL. MOL. CELL. BIOL.



absence of Hsp104, the nam9-1 mutant became respiration
competent, and suppression was even stronger than by over-
production of Hsp104 (Fig. 5). The steady-state level of Nam9p
and Nam9-1p was unaffected by varying the amount of Hsp104
and the ability of the cells to respire (Fig. 5). The effect of
Hsp104 on the respiratory competence of the nam9-1 strain
suggests that the posttranslational defect in Cox2 biogenesis
should be cured by both deletion and overexpression of
HSP104. To test this prediction, the stability of newly synthe-
sized Cox2 was tested in the isogenic NAM9, nam9-1, nam9-
1Dhsp104, and nam9-1[HSP1041] strains. Newly synthesized
Cox2 was significantly more stable in the NAM9 than in the
nam9-1 strain. Deletion and overexpression of HSP104 stabi-
lized newly synthesized Cox2 in the presence of Nam9-1p (Fig.
4A). We finally tested the effect of Hsp104 on the steady-state
level of Cox2. The NAM9, nam9-1, nam9-1Dhsp104, and nam9-
1[HSP1041] strains were grown on low-glucose medium and
were harvested either at the point of glucose exhaustion or
after an additional incubation of 12 h. The four strains con-
tained the mitochondrial marker protein aconitase in similar
amounts (Fig. 4B). When the presence of glucose allowed
growth by fermentation, Cox2 was detectable only in the
NAM9 wild-type strain (Fig. 4B, glucose 1/2). However,
after glucose was consumed and respiration was required for
growth, Cox2 was detectable in wild-type cells and in nam9-
1Dhsp104 and nam9-1[HSP1041] cells. Deletion of HSP104
led to a higher steady-state level of Cox2 than its overexpres-
sion (Fig. 4B, glucose 2). This is in agreement with the finding
that the nam9-1 phenotype was more strongly suppressed in
the nam9-1Dhsp104 strain than it was in nam9-1[HSP1041]
strain (compare above). The combined data suggest that both
deletion and overexpression of HSP104 enable the nam9-1

strain to grow on nonfermentable substrates, because Cox2
and possibly other mitochondrial proteins are stabilized.

The nam9-1 phenotype is dependent on the cytoplasmic
prion [PSI1]. Growth on low concentrations of GuHCl cures
yeast from [PSI1] and the prion [URE3] (22, 75, 78). When
MB43-nam9-1 was grown on low concentrations of GuHCl, the
respiratory growth defect was suppressed. Respiratory compe-
tence persisted in 85% of [rho1] cells after removal of GuHCl
from the growth medium and was stable, as two independent
clones showed no reversion to respiratory deficiency (Fig. 6A
and data not shown; for the problem of detecting reversion to
[PSI1] in nam9-1 strains, compare to Discussion below).

The prion hypothesis predicts that curing of MB43-nam9-1
would not result in an irreversible genetic change but could be
reversed by reintroduction of the prion. In S. cerevisiae, trans-
fer of a prion from a donor to an acceptor strain can be
achieved by cytoduction, a form of mating by which cytoplasm
and mitochondria of a donor are transferred to a recipient
strain without fusion of the nuclei. The kar1-1 strain JC25,
defective in nuclear fusion, was turned [rho0] by treatment with
EtBr and subsequently used for the cytoduction experiments
(12). First, cytosol from the original, respiration-deficient
MB43-nam9-1 was transferred to JC25[rho0], resulting in
JC25/1. Second, JC25/1 served as donor strain for the recipient
strain MB43-nam9-1[rho0], obtained by transient overexpres-
sion of HSP104 followed by treatment with EtBr. Transfer of
cytoplasm from JC25/1 resulted in respiratory deficiency of
MB43-nam9-1. When the same experiment was performed
after JC25/1 was transiently grown on GuHCl, MB43-nam9-1
was respiration competent after cytoduction (Fig. 6B). We
conclude that respiratory deficiency of MB43-nam9-1 depends

FIG. 6. The nam9-1 mutation leads to respiratory deficiency only in the presence of a prion-like element. In order to test the respiratory competence of the
MB43-nam9-1 derivatives (Table 1; see also Materials and Methods), the respective strains were transferred to YPGly plates and incubated for 3 days at 30°C. (A)
MB43-nam9-1 was grown on YPGly (lane 1), YPGly containing 5 mM GuHCl (lane 2), and YPGly after transient growth on YPD containing 5 mM GuHCl (lane 3).
(B) As outlined in the scheme, JC25 was turned [rho0] by treatment with EtBr and the resulting strain, JC25[rho0], was used as a recipient for the cytoplasm of
respiration-deficient MB43-nam9-1. Strain JC25 containing the cytoplasm of respiration-deficient MB43-nam9-1 was termed JC25/1 and was used as the donor strain
in a second cytoduction, either directly or after transient exposure to 5 mM GuHCl. The recipient strain for the second cytoduction was MB43-nam9-1[rho0], generated
as follows: MB43-nam9-1 was transformed with a plasmid overexpressing Hsp104, the plasmid was cured, and finally the strain was treated with EtBr. For details
compare Results and Materials and Methods. (C) Diploids generated by crosses of respiration-competent MB43-nam9-1[mit2-V25] with the [rho0] derivatives of the
[PSI1] strain OT72, the [psi2] strain OT74, JC25, and JC25/1. The presence of a prion-like element in panels B and C is indicated by an asterisk.
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on the presence of an element that can be reintroduced by
cytoduction and is eliminated by treatment with GuHCl.

The possibility that [PSI1] causes respiratory deficiency
when combined with nam9-1 was directly addressed with
the following experiment. The C-terminal portion of Sup35
(Sup35-C) is sufficient for translation termination and does not
become trapped in nam9-1 aggregates. Sup35-C exerts a dom-
inant effect that eliminates [PSI1]-mediated nonsense suppres-
sion (54, 71, 72). When Sup35-C was expressed in MB43-
nam9-1, the strain became respiration competent (Fig. 7). The
expression of full-length Sup35 did not affect the respiration-
deficient phenotype of nam9-1 (Fig. 7). The results identify the
prion-like element contained in respiration-deficient MB43-
nam9-1 as a structural variant of Sup35.

Because of its dominant character, nam9-1-mediated sup-
pression of [mit2] mutations can be studied in heterozygous
diploids (compare also to the introduction). In order to deter-
mine the effect of [PSI1] on yeast harboring nam9-1 and a
[mit2] mitochondrial genome, we used the isogenic strains
OT72 and OT74, which differ exclusively in their [PSI1] status:
OT72 is [PSI1], and OT74 is [psi2] (Y. Chernoff, personal
communication). The [rho1] mitochondrial genomes of OT72
and OT74 were eliminated by treatment with EtBr. Subse-
quently, MB43-nam9-1[mit2-V25], cured of the prion, was
crossed with OT72[rho0] or OT74[rho0]. Only the [psi2] diploid
was able to grow under respiratory conditions (Fig. 6C). JC25
and JC25/1 (compare to Fig. 6B) were used in an analogous
experiment. A cross of MB43-nam9-1[mit2-V25] with JC25/
1[rho0] resulted in a respiration-deficient diploid. In contrast,
the diploid formed by the cross of JC25[rho0] with MB43-
nam9-1[mit2-V25] was able to respire (Fig. 6C). The combined
data show that the presence of [PSI1] negatively affects the
function of mitochondria containing both mutant Nam9-1p
and a [mit2-V25] mitochondrial genome. The effect of [PSI1]
transferred from the well-characterized OT72 strain is indis-
tinguishable from the effect of the factor present in the cyto-
plasm of respiration-deficient MB43-nam9-1.

DISCUSSION

Effect of Nam9-1p on mitochondrial translation products.
The mutant nam9-1 shows the genetic characteristics of an
informational ribosomal suppressor. Using a cell-free in vitro
system, it was shown that the respective suppressor mutants of
the cytosolic S4 homologues generate an abnormally high level
of errors during translation (48, 76). It is likely that Nam9-1p

also increases the frequency of amino acid substitutions in
mitochondrial translation products, leading to their decreased
stability. A general decrease in stability of the mitochondrially
synthesized proteins might well explain their reduced steady-
state levels in the nam9-1 strain.

The fact that mitochondria lack Cox2 in the presence of
Nam9-1p suggests an additional, more specific effect on a post-
translational event in the biogenesis of this subunit. Like seven
of the eight mitochondrially synthesized proteins, Cox2 is em-
bedded in the mitochondrial inner membrane (24, 32). The
mitochondrial translation machinery thus can be regarded
as a specialized apparatus, ensuring the production of inte-
gral membrane proteins and their assembly into complex mul-
timeric structures. To this end, mitochondria contain mem-
brane-bound translational activators interacting specifically
with 59 untranslated leaders of the mitochondrial mRNA (24).
It has been suggested that translational activators and the 59
untranslated region are required to tether mitochondrial trans-
lation complexes to the inner mitochondrial membrane, ensur-
ing stability and correct assembly of mitochondrially encoded
membrane proteins (60).

A number of mutations in nuclear genes affect posttransla-
tional events in the biogenesis of Cox2 (32). We now report
that a mutation in Nam9p also affects the stability of newly
synthesized Cox2, while having only a moderate effect on its
translation efficiency. This identifies Nam9p as the first exam-
ple of a mitochondrial ribosomal protein involved in the sta-
bility of a mitochondrially encoded protein. The finding sug-
gests that Nam9p, like translational activator proteins and the
59 untranslated region of the mRNA, is involved in produc-
tively attaching the ribosome to the mitochondrial inner mem-
brane. Nam9-1p might be defective in this process, leading to
problems in the biogenesis of Cox2 and possibly other respi-
ratory-chain components. It is interesting in this context that
Nam9p contains a large C-terminal domain that is absent from
the known bacterial and eukaryotic homologues.

Respiration-deficient MB43-nam9-1 harbors a prion variant
of Sup35. We present evidence that MB43-nam9-1 contains
the prion [PSI1] or a related variant of Sup35. Respiratory
deficiency of MB43-nam9-1 can be cured by overexpression
and deletion of HSP104 or growth on low concentrations of
GuHCl, exactly the same conditions that cure [PSI1] (9, 22, 46,
47, 54, 75). Consistent with a prion mechanism, transfer of
[PSI1] cytoplasm to a [psi2] nam9-1 strain causes respiratory
deficiency. Finally, expression of Sup35-C abolishes the respi-
ratory deficiency of MB43-nam9-1, suggesting that depletion of
functional Sup35 is responsible for the phenotype. It has been
postulated as a genetic criterion for the presence of a yeast
prion that overproduction of the protein leads to an increased
de novo appearance of the respective prion (80). The fre-
quency of spontaneous [PSI1] formation is on the order of
1025 to 1026, as determined by positive-selection systems (47).
The frequency becomes at least 1 order of magnitude higher
when Sup35 is overexpressed (8, 17). In contrast to the original
studies on the reversion of [psi2] to [PSI1], the detection of de
novo [PSI1] formation in MB43-nam9-1 must be based on loss
of respiratory competence, a negative-selection system. Nega-
tive selection, however, is inapplicable for the detection of the
expected low frequency of reversion. It has been recently dis-
covered that [PSI1] variants cause phenotypes of different
severity (16). [ETA1] is a weak, unstable variant of [PSI1] that
is cured by overexpression and deletion of HSP104 (82). [PSI1]
introduced to respiration-competent MB43-nam9-1 from strain
OT72 reinduces respiratory deficiency. However, the original
respiration-deficient MB43-nam9-1 isolate is not recognized by
the [PSI1] tester strain BO512-4C (B. Ono, personal commu-

FIG. 7. Respiratory deficiency of MB43-nam9-1 can be overcome by expres-
sion of the C-terminal portion of Sup35. MB43-nam9-1 derivatives were trans-
ferred to YPGly plates and incubated for 3 days at 30°C. MB43-nam9-1 was
transformed with empty control vector ([2]), pEMBLyex4-3ATG ([SUP35-C]),
pEMBLyex4-SUP35 ([SUP35]), and pA1/4 ([HSP1041]) (Table 1; see also Ma-
terials and Methods).
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nication), which detects [PSI1] on the basis of SUQ5 ade2-1
suppression (data not shown). The genetic interaction between
nam9-1 and [PSI1] is not restricted to a specific genetic back-
ground. We found that overexpression of HSP104 affects re-
spiratory competence of a nam9-1[mit2-V25] strain derived
from strain MHY500 (7), which is entirely unrelated to strain
MB43 (data not shown).

How does cytosolic Sup35 affect mitochondrial function?
The cytosolic translation termination factor Sup35/[PSI1] af-
fects mitochondrial protein synthesis in the presence of the
mitochondrial nonsense suppressor nam9-1. The finding is un-
expected because Sup35/[PSI1] and Nam9-1p are localized in
different compartments of the cell. It is currently unknown
what exactly connects the two proteins; however, one might
envisage different scenarios. Possibly the physical presence of
[PSI1] aggregates interferes with mitochondrial function. It
has been reported that proteins can become trapped in [PSI1]
aggregates (14). Depletion of a protein interacting with Nam9p
might account for respiratory deficiency in the presence of
nam9-1. It is also conceivable that [PSI1] aggregates might
change the level of cytosolic chaperones available for the trans-
location of proteins to mitochondria, and as a consequence,
the relative level of one or more components of the mitochon-
drial translation machinery might change. In this context, it is
interesting that members of the Hsp70 chaperone family have
been implicated in the maintenance of [PSI1] (10, 51). How-
ever, because expression of the C-terminal domain of Sup35
rescues respiratory deficiency of MB43-nam9-1 and for the
reasons outlined below, we favor the hypothesis that a reduced
level of functional Sup35 in combination with nam9-1 causes
the phenotype.

A remarkable number of suppressors of [mit2] mutations in
the mitochondrial DNA are part of the cytosolic translation
machinery, suggesting that events in the cytosol exert great
influence on the control of the translation process within mi-
tochondria (1, 23, 43). Moreover, the majority of mutations in
Sup35 and its partner protein Sup45 affecting termination
of cytosolic translation cause respiratory deficiency (73, 74).
Sup35 and Sup45 are distributed throughout the cytoplasmic-
ribosome-enriched fractions (18) but are absent inside mito-
chondria (38). Interestingly, sup35 mutations are inherited in a
Mendelian fashion, suggesting that the mitochondrial pheno-
type is not caused by a prion-like conformation adopted by the
encoded mutant proteins. Recently it has been discovered that
a mutant of Atp17 is able to suppress the respiratory deficiency
of a Sup35 mutant (L. N. Mironova, personal communication).
However, expression of the suppressor in the background of
wild-type SUP35 leads to respiratory deficiency of a [psi2] but
not of the corresponding [PSI1] strain. The finding presents
another link between mitochondrial respiration and [PSI1],
but the effect is opposite to nam9-1, which is manifested only
in [PSI1] yeast.

[PSI1] wild-type strains exhibit enhanced tolerance to heat
and chemical stress compared to the corresponding [psi2]
strains (21), and it has been suggested that [PSI1] might be an
evolutionarily beneficial state (61). Increased stress tolerance
might be caused by [PSI1]-induced allosuppression generating
one or more novel proteins bearing an extra C-terminal do-
main (21, 44). One or more nucleus-encoded proteins involved
in the translation and stability of mitochondrially encoded pro-
teins might be expressed in a C-terminally extended version(s)
when low levels of functional Sup35 allow readthrough of non-
sense codons. Either the presence of the extended transla-
tion product or the absence of the “normal” translation
product might cause respiratory deficiency in combination
with nam9-1. Candidates for cytosolic translation products af-

fected by [PSI1] are components involved in mitochondrial
translational fidelity (11, 15) as well as in export, turnover, or
assembly of mitochondrially synthesized proteins (32). We
have now started to determine specific differences in the mi-
tochondrial protein content of nam9-1[PSI1], nam9-1[psi2],
and the corresponding NAM9 wild-type strains. Our prelimi-
nary results indicate induction as well as repression of a de-
fined set of nucleus-encoded proteins in the presence of nam9-
1[PSI1]. The identification of these proteins should help us to
understand the mechanism by which nam9-1 and [PSI1] inter-
act and improve our understanding of the general interplay
between mitochondrial and cytosolic translation.
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