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The intricate biogenesis of multimeric organellar enzymes of dual genetic origin entails several levels of
regulation. In Saccharomyces cerevisiae, mitochondrial cytochrome ¢ oxidase (COX) assembly is regulated
translationally. Synthesis of subunit 1 (Cox1) is contingent on the availability of its assembly partners, thereby
acting as a negative feedback loop that coordinates COXI mRNA translation with Cox1 utilization during COX
assembly. The COXI mRNA-specific translational activator Mss51 plays a fundamental role in this process.
Here, we report that Mss51 successively interacts with the COXI mRNA translational apparatus, newly
synthesized Cox1, and other COX assembly factors during Cox1 maturation/assembly. Notably, the mitochon-
drial Hsp70 chaperone Sscl is shown to be an Mss51 partner throughout its metabolic cycle. We conclude that
Sscl, by interacting with Mss51 and Mss51-containing complexes, plays a critical role in Cox1 biogenesis, COX
assembly, and the translational regulation of these processes.

Translational regulation is a fundamental mechanism used
to control the accumulation of key proteins in a large variety of
biogenetic and physiological processes in both prokaryotic and
eukaryotic cells (20, 23). Translational autoregulation is a par-
ticular form of regulation exerted by the protein being trans-
lated. It is a well-established control mechanism for bacterio-
phage and prokaryotic systems (15), and it has also been
reported in eukaryotes (4). Usually, the newly synthesized pro-
tein binds to its own mRNA to repress translation (20). How-
ever, repression can also be exerted by nascent chains inter-
acting with the ribosome (49).

Translational autoregulation also occurs in semiautonomous
eukaryotic organelles of ancestral bacterial origin, namely, mi-
tochondria and chloroplasts. During evolution, these or-
ganelles have retained a few genes in their own genomes,
which are transcribed within the organelle, and the mRNAs
are translated on organellar ribosomes. Most proteins synthe-
sized within the organelles are part of large multimeric enzyme
complexes devoted to energy production. These complexes are
formed by subunits of dual genetic origin, nuclear and organel-
lar, and assemble in the organellar membranes. Interestingly,
intraorganellar translation of certain subunits has been pro-
posed to be regulated by the availability of their assembly
partners (1, 39, 54, 55). A distinctive characteristic of these
systems is the involvement of ternary factors, mRNA-specific
translational activators whose availability would be regulated
by the specific gene products. The players and mechanisms
involved remain largely unknown.

We have focused on the characterization, in the yeast Sac-
charomyces cerevisiae, of an assembly-controlled translational
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regulatory system that operates during the biogenesis of cyto-
chrome ¢ oxidase (COX), the terminal enzyme of the mito-
chondrial respiratory chain. The three subunits forming the
COX catalytic core (1, 2, and 3) are encoded in the mitochon-
drial DNA (mtDNA), and the remaining eight subunits are
encoded in the nuclear DNA. Subunits 1 and 2 coordinate the
heme A and copper prosthetic groups of the enzyme. COX bio-
genesis requires the assistance of a large number of ancillary
factors acting at all the levels of the process (11). COX assembly
is thought to be linear, consisting of the sequential addition of
subunits to an initial seed formed by the mtDNA-encoded sub-
unit 1 (Cox1) in both mammalian and yeast cells (11).

The concerted accumulation of COX subunits is regulated
by posttranslational degradation of most unassembled Coxl
and the other highly hydrophobic core subunits (27). Recently,
we along with others have proposed an additional level of
regulation, namely, an assembly-controlled synthesis of Coxl
(1,2,39,56).InS. cerevisiae, COXI mRNA translation is under
the control of Mss51 and Pet309 (8, 30). Mss51 is a key ele-
ment of the regulatory system. Mss51 acts on the 5’ untrans-
lated region (UTR) of COX1 mRNA to promote translation
initiation (39, 56) and additionally acts on a target in the
protein coding sequence of COX1 mRNA, perhaps to promote
elongation (39). Mss51 and newly synthesized Cox1 form a
transient complex (2, 39) that is stabilized by Cox14 (2). We
have postulated that these interactions downregulate Coxl
synthesis when COX assembly is impaired by trapping Mss51
and limiting its availability for COXI mRNA translation (2).
According to this model, the release of Mss51 from the ternary
complex and its availability for Cox1 synthesis probably occur
when Cox1 acquires its prosthetic groups or interacts with
other COX subunits, a step possibly catalyzed by Shyl, a pro-
tein involved in maturation and/or assembly of Cox1 (2, 10,
34). Coal could also participate in Coxl maturation and sta-
bilize the ternary Cox1/Mss51/Cox14 complex until it interacts
with Shyl (34, 40). Further studies are required to understand
how Mss51 is recycled from its posttranslational function to
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TABLE 1. Genotypes and sources of yeast strains

Reference or

Strain Genotype source
W303-1A MATa ade2-1 his3-1,15 leu2-3,112 trpl-1 ura3-1 R. Rothstein®
W303Amss51 MATa ade2-1 his3-1,15 leu2-3,112 trpl-1 ura3-1 Amss51::HIS3 1
W303Apet309 MATa ade2-1 his3-1,15 leu2-3,112 trpl-1 ura3-1 Apet309::HIS3 14
‘W303Acox10 MATa ade2-1 his3-1,15 leu2-3,112 trpl-1 ura3-1 Acox10:HIS3 37
W303Acox11 MATa ade2-1 his3-1,15 leu2-3,112 trpl1-1 ura3-1 Acox11::HIS3 51
W303Ashyl MATa ade2-1 his3-1,15 leu2-3,112 trpl-1 ura3-1 Ashyl::URA3 1
W303Ashyl rev MATa ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 Ashyl::URA3 mss51F19! 1
W303Acox15 MATa ade2-1 his3-1,15 leu2-3,112 trpl1-1 ura3-1 Acox15:HIS3 13
W303Acox] MATa ade2-1 his3-1,15 leu2-3,112 trpl-1 ura3-1 coxl 56
‘W303Acox5a MATa ade2-1 his3-1,15 leu2-3,112 trpl-1 ura3-1 Acox5a::HIS3 14
W303Ao0xal MATa ade2-1 his3-1,15 leu2-3,112 trpl-1 ura3-1 Aoxal::HIS3 16
‘W303Acox14 MATa ade2-1 his3-1,15 leu2-3,112 trpl-1 ura3-1 Acox14::TRP1 2
W303Acox14 Amss51 MATa ade2-1 his3-1,15 leu2-3,112 trpl-1 ura3-1 Acox14::TRP1 Amss51::HIS3 2
‘W303AcoxI11 Amss51 MATa ade2-1 his3-1,15 leu2-3,112 trpl-1 ura3-1 Acox1l::KanMX Amss51::HIS3 This work
W303Acoal MATa ade2-1 his3-1,15 leu2-3,112 trpl-1 ura3-1 Acoal::KanMX4 40
sscl-2 MATa ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 canl-100 GAL2" met2-Al lys2-A2 ssc1-2::LEU2 21
mdjl-5 MATa ade2-1 his3-1,15 leu2-3,112 trpl-1 ura3-1 Amdjl::HIS3 mdjl-5-URA3 53

W303Ashyl Amdjl

MATa ade2-1 his3-1,15 leu2-3,112 trpl-1 ura3-1 Ashyl::URA3, Amdjl::KanMX

This work
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become available for COXI mRNA translation and to fully
clarify how this regulatory mechanism operates.

In this study, we have analyzed protein-interacting partners
of Mss51 in the wild type and a collection of COX assembly
mutants. We found that the native molecular weight (MW) of
Mss51 is dependent on both the status of COX assembly and
the synthesis of Coxl. The mitochondrial Hsp70 (mtHsp70)
chaperone Sscl interacts with Mss51 and with several high-
molecular weight Mss51-containing complexes involving the
COXI mRNA translational apparatus, Cox1, and several Cox1
assembly factors. Mutants defective in Cox1 maturation or in
other aspects of COX biogenesis accumulate distinct ratios of
these complexes. In this way, Cox1 regulates its own translation
through the action of Mss51 and Sscl.

MATERIALS AND METHODS

Yeast strains and media. All S. cerevisiae strains used are listed in Table 1.
Wild-type cells and some COX mutants were transformed with integrative plas-
mids containing MSS51 (pSG91/ST9) or the mss51 suppressor, mss51 with the
mutation TI67R (mss517'%7R; pSG91/ST6) in the integrative plasmid YIp351 as
reported (2). The mss51, mss51 coxl5, and mss51 coxI4 null mutants were
transformed with the integrative plasmid pG96/ST13 (2) containing a fusion gene
expressing Mss51-glutathione S transferase (GST). The compositions of the
growth media have been described elsewhere (36). The following media were
used routinely to grow yeast: YPD (2% glucose, 1% yeast extract, 2% peptone),
YP-Gal (2% galactose, 1% yeast extract, 2% peptone), YPEG (2% ethanol, 3%
glycerol, 1% yeast extract, 2% peptone), WO-EG (2% ethanol, 3% glycerol,
0.67% yeast nitrogen base), and WO-Gal (2% galactose, 0.67% yeast nitrogen
base).

Sucrose gradients. The sedimentation properties of Mss51 in sucrose gradi-
ents were analyzed essentially as described previously (2). Mitochondria pre-
pared by the method of Herrmann et al. (19) (4 mg of protein) or spheroplast
extracts (equivalent of six times the optical density at 600 nm) from the different
strains were solubilized in 400 pl of extraction buffer (20 mM HEPES, pH 7.4, 0.5
mM phenylmethylsulfonyl fluoride [PMSF], 1% digitonin, 1.2 mM MgCl,, and
150 mM KClI) on ice for 30 min. Deviations from these extraction conditions are
explained in the text. The clarified extract obtained by centrifugation at 200,000 X
average g force (g,,) for 15 min was mixed with hemoglobin (Hb) and lactate
dehydrogenase (LDH) and applied to 5 ml of linear sucrose gradient (either 7 to
20% or 20 to 40%) containing 20 mM HEPES, 0.5 mM PMSF, 0.1% digitonin,
1.2 mM MgCl,, and 150 mM KCI. Following centrifugation in a Beckman 55Ti
rotor, the gradients were collected in 14 equal fractions. For most 7 to 20%

gradients, the centrifugation time was 12 h at 28,000 rpm. When indicated, we
prepared “expanded” gradients by centrifuging for 15 h at 45,500 rpm. All 20 to
40% sucrose gradients were centrifuged for 12 h at 28,000 rpm. Each fraction was
subsequently assayed for Hb by absorption at 409 nm and for LDH activity by
measuring NADH-dependent conversion of pyruvate to lactate. The distribution
of Mss51 and other proteins was assayed by Western blot analysis. The mass of
Mss51 was determined from the positions of the respective peaks relative to
those of the markers (31). All the gradients were performed at least in triplicate
using independent mitochondrial preparations. The gradients reported are rep-
resentative of each strain because the patterns observed were reproducible.

GST pulldown, protein purification, and identification by MS. Mss51 fused
with the 26-kDa GST with an intercalated thrombin site was expressed from an
integrative plasmid (pG96/ST13) in a strain carrying a null mutant allele of mss51
as previously reported (aW303Amss51/ST13) (2). This strain was respiratory
competent and grew on nonfermentable carbon sources with a doubling time
similar to that of the parental wild-type strain (2). Mitochondria were prepared
from the aW303Amss51/ST13 strain by the method of Herrmann et al. (19).
Mitochondrial proteins (24 mg) were solubilized in 20 mM HEPES, pH 7.4, 0.5
mM PMSF, 1% digitonin, 1.2 mM MgCl,, and 150 mM KClI, and the extracts
were loaded in six sucrose gradients. After centrifugation, 14 equal fractions
were collected from each gradient; the equivalent fractions were pooled and
tested for Mss51 distribution by Western blot analyses. Three fractions around
each peak were pooled and used for GST pulldown experiments. Each set of
pooled fractions was incubated in a rotator with glutathione-Sepharose beads for
4 h at 4°C. After centrifugation at 1,500 rpm for 5 min, the beads were washed
three times with cold phosphate-buffered saline (PBS). The Mss51-GST fusion
protein was eluted with 10 mM reduced glutathione-50 mM Tris-base (pH 8.0)
and concentrated using Vivaspin 500 columns. An aliquot of the concentrate was
separated by blue native polyacrylamide gel electrophoresis (PAGE) as de-
scribed previously (45) and stained with Coomassie blue to confirm the native
size and integrity of the purified Mss51-containing complexes. Analytical 12%
sodium dodecyl sulfate (SDS)-PAGE followed by Coomassie blue staining was
used to visualize the individual protein components of the Mss51-containing
complexes. Replicas of both kinds of gels were used for protein transfer to a
polyvinylidene difluoride membrane and immunodetection with anti-GST (Santa
Cruz Biotechnology, CA) and anti-Mss51 (2) antibodies and with antibodies
specific to Cox1 and Cox2 (Molecular Probes, OR), Cox14 (2), ShyI (32), Mdj1
(25), and Sscl (7). To obtain material for protein identification by mass spec-
trometry (MS), the concentrated GST pulldowns were separated on preparative
native and denaturing PAGE systems and stained with Coomassie blue. The
native complexes and the denatured protein components were excised from the
gel, dried, and sent for protein identification by MS to Midwest Bio Services,
LLC (Overland Park, KS), who used a DECA XP Plus ion trap mass spectrom-
eter (ThermoFinnigan). Full MS and tandem MS (MS/MS) spectra were re-
corded, and Sequest software was used to match MS/MS spectra to the S.
cerevisiae protein database.



VoL. 30, 2010

In vivo and in organello mitochondrial protein synthesis. Mitochondrial gene
products were labeled with [**S]methionine (7 mCi/mmol; Amersham, Piscat-
away, NJ) in whole cells at 30°C in the presence of cycloheximide (1). For in
organello translation, mitochondria were prepared by the method of Herrmann
et al. (19) and labeled with [**S]methionine as described previously (18). Equiv-
alent amounts of total cellular or mitochondrial proteins were separated by
SDS-PAGE on a 17.5% polyacrylamide gel, transferred to a nitrocellulose mem-
brane, and exposed to Kodak X-OMAT X-ray film.

Sedimentation properties of newly synthesized mitochondrial products. In
vivo mitochondrial protein synthesis of wild-type W303-1A cells or cells carrying
a null allele of cox14 were labeled with [*S]methionine at 30°C for 15 min in the
presence of cycloheximide as described previously (1, 2). After synthesis, the cells
were collected by centrifugation and submitted to a rapid cell wall digestion using
10 mg/ml zymolyase and subsequent lysis in the presence of 20 mM HEPES, pH
7.4, 0.5 mM PMSF, 1% digitonin, 1.2 mM MgCl,, and 150 mM KCI. The
insoluble material was pelleted by centrifugation at 200,000 X g for 15 min, and
the extract was loaded into a 7 to 20% sucrose gradient calibrated with Hb and
LDH. After centrifugation at 28,000 rpm for 12 h in a Beckman T55i rotor, the
gradient was collected in 14 fractions. Equivalent amounts of each fraction were
separated by PAGE on a 17.5% polyacrylamide gel, transferred to a nitrocellu-
lose membrane, and exposed to an X-ray film.

Pulldown of newly synthesized mitochondrial products with Mss51-GST. Mi-
tochondria were prepared from an mss5/ null mutant with a chromosomally
integrated plasmid expressing the Mss51-GST fusion protein (2) and the same
strain carrying an additional cox74 null allele. Mitochondria were labeled with
[**S]methionine for 30 min, as described previously (2), and extracted with 1%
digitonin, 20 mM HEPES, pH 7.4, 1.2 mM MgCl,, 150 mM KClI, and 0.5 mM
PMSF. The extract was clarified by centrifugation at 50,000 X g,, for 30 min and
incubated with glutathione-Sepharose beads for 4 h at 4°C. After centrifugation
at 1,500 rpm for 5 min, the supernatant was collected, and the beads were washed
three times with PBS. Mitochondria corresponding to 20 pg of protein, equiva-
lent volumes of the membrane pellet after digitonin extraction, and the super-
natant from the glutathione-Sepharose beads were separated on a 17.5% poly-
acrylamide gel by SDS-PAGE. The amount of washed beads, however,
corresponded to ~500 pg of the starting mitochondria.

Mss51 solubility in isolated mitochondria. A sample of mitochondria at 4
mg/ml was sonically irradiated and centrifuged at 50,000 X g for 30 min to
separate the soluble and membrane proteins. The membrane pellet was sus-
pended in buffer at a protein concentration of 1 mg/ml and added to a final
concentration of 100 mM Na,CO; (pH 11.3) and 50 mM EDTA. After 30 min
on ice, the sample was centrifuged at 100,000 X g for 15 min at 4°C to separate
the soluble membrane-extrinsic proteins from the insoluble membrane-intrinsic
proteins. Equivalent volumes of each fraction were analyzed by Western blotting
using antiserum against Mss51. Detection of ShyI and cytochrome b, (Cyt b,) in
the different fractions served to control the experiment.

Mss51 purification. Mss51 fused to a thrombin-cleavable trigger factor tag
(TF-Mss51) was purified by the GeneScript Corporation (Piscataway, NJ). Ap-
proximately 5 mg of purified tagged protein per liter of bacterial culture was
obtained. The trigger factor (bacterial chaperone) tag was included to facilitate
correct protein folding, thus enabling efficient soluble protein production of the
Mss51 membrane protein.

Estimation of mitochondrial concentration of Mss51 and Sscl. To estimate
the mitochondrial concentration of Mss51, a standard curve was obtained relat-
ing known amounts of the purified protein Mss51 fused to a trigger factor tag
(TF-Mss51) to the signal detected by Western blot analysis. The concentration of
Mss51p in wild-type mitochondria was calculated upon correction for the addi-
tional molecular weight of the trigger factor and expressed in pmol of Mss51 per
milligram of mitochondrial protein. Similarly, the mitochondrial concentration
of Sscl was estimated by using purified Sscl provided by A. Azem (George Wise
Faculty of Sciences, Department of Biochemistry, Tel Aviv University, Ramat
Aviv, Israel).

Mss51-Sscl binding assays. Equimolar amounts of purified TF-Mss51 and
purified Sscl were mixed in the presence or absence of 1 mM ATP-Mg or
ADP-Mg in a buffer containing 20 mM HEPES, pH 7.4, 150 mM KCl, and 0.5
mM PMSF. Following 30 min of incubation at ambient room temperature, the
mix was supplemented with prewashed Talon Cobalt-Sepharose beads (Clon-
tech) and incubated in a rotator for 1 h at 4°C. TF-Mss51 was bound to the beads
by virtue of a His tag present in the trigger factor N terminus. After binding, the
Sepharose resin was washed twice with cold PBS. The bound material was
subsequently eluted from the beads by thrombin digestion at a site located
between the TF tag and Mss51. The eluted material was analyzed by Western
blotting. A sample containing Sscl but no TF-Mss51 was used as a control and
eluted by addition of Laemmli sample buffer. To analyze the effect of an Sscl
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substrate peptide on the Sscl-Mss51 interaction in vitro, we used a peptide
consisting of a portion of the matrix-targeting sequence of chicken aspartate
aminotransferase (CALLLSAPRR) as described previously (28).

Mitochondrial respiratory chain enzyme spectrophotometric measurements.
Mitochondria were prepared from strains grown in medium containing 2%
galactose, according to the method of Faye et al. (9) except that zymolyase 20T
(ICN Biochemicals Inc., Aurora, OH) instead of glusulase was used for the
conversion of cells to spheroplasts. Mitochondria prepared from the different
strains were used for spectrophotometric assays carried out at 24°C. KCN-
sensitive COX activity was assayed with 50 wg of mitochondria which were
permeabilized with potassium deoxycholate, as described previously (1), by fol-
lowing the oxidation of 50 uM reduced cytochrome ¢ at 550 nm in a medium
containing 20 mM KH,PO, (pH 7.4). The addition of 0.3 mM KCN inhibited the
reaction. Antimycin A-sensitive NADH cytochrome ¢ reductase activity was
assayed in 25 g of mitochondria permeabilized with potassium, deoxycholate as
described previously (1), by measuring at 550 nm the reduction of oxidized 50
M cytochrome ¢ using 0.4 mM NADH as the electron donor in a medium
containing 20 mM KH,PO, (pH 7.4) and 2 mM EDTA. The addition of 0.4 pM
antimycin A inhibited the reaction.

Mitochondrial cytochrome spectra. Mitochondria were prepared from the
wild-type strain W303-1A and the Amss5] and the sscl.2 mutant strains growing
in the presence of galactose at the permissive temperature of 23°C. Isolated
mitochondria were extracted at a protein concentration of 5 mg/ml in 20 mM
Tris-HCI, pH 7.5, 1 M KCl, 1% potassium deoxycholate, conditions that quan-
titatively solubilize all mitochondrial cytochromes (50). Samples of the extract
were either oxidized with ferricyanide or reduced with sodium dithionite, and the
difference spectra were measured at room temperature using a UV-2401PC
Shimadzu spectrophotometer.

Miscellaneous procedures. Standard procedures were used for the preparation
and ligation of DNA fragments and for transformation and recovery of plasmid
DNA from Escherichia coli (44). Yeast cells were transformed by the method of
Schiestl and Gietz (46). The one-step gene insertion method (42) was used to
integrate linear plasmids at the URA3 or LEU2 locus of yeast nuclear DNA.
Protein concentration was measured with Folin’s phenol reagent (29). Proteins
were separated by SDS-PAGE in the buffer system of Laemmli (26), and West-
ern blots were treated with antibodies against the appropriate proteins, followed
by a second reaction with anti-mouse or anti-rabbit immunoglobulin G conju-
gated to horseradish peroxidase (Sigma, St. Louis, MO). A SuperSignal chemi-
luminescent substrate kit (Pierce, Rockford, IL) was used for the final detection.

Statistical analysis. All experiments (sucrose gradients, enzymatic assays, and
Western blot quantifications) were done at least in triplicate using independent
mitochondrial preparations. For the enzymatic assays, data are presented as
means *+ standard deviations (SD) of absolute values. The values obtained for
wild-type and mutant strains were compared by a Student ¢ test, and a P value of
<0.05 was considered significant. For quantification of Western blot signals, the
images were digitalized, and densitometry was performed using the histogram
function of the Adobe Photoshop program. The values measured in three inde-
pendent assays did not differ by more than 5%.

RESULTS

Extraction of high-molecular-weight complexes containing
Mss51. To better understand the functions of Mss51, we have
investigated its native MW and identified its interacting part-
ners in wild-type cells and a collection of strains carrying mu-
tations in COX assembly genes.

The reported native MW of Mss51 in wild-type mitochon-
dria varies depending on the extraction conditions (2, 40). To
standardize these conditions, we tested several KCl, MgCl,,
and digitonin concentrations. When the mitochondrial extract
was prepared with a digitonin concentration of up to 1% in the
presence of 150 mM KCI and 1.2 mM MgCl, and loaded in a
linear 20 to 40% sucrose gradient, most Mss51 was detected in
a peak of approximately 450 kDa, which was slightly asymmet-
rical, suggesting the existence of higher-MW material (Fig.
1A). Under these conditions, a very small portion (less than
5%) of total Mss51 was extracted as a complex of approxi-
mately 120 kDa (Fig. 1A). Increasing the concentration of
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FIG. 1. Effect of Cox1 synthesis, maturation, and stability on Mss51 steady-state levels and native MW. (A) Sedimentation properties of Mss51
extracted from wild-type (W303-1A) mitochondria in a linear 20 to 40% sucrose gradient. Several extraction conditions (table at right) were tested.
(B) Mss51 solubility in isolated W303-1A and [r20°] mitochondria. A sample of mitochondria (M) was sonicated and centrifuged to separate the soluble
(S) and membrane proteins. The membrane pellet was extracted with Na,CO; (pH 11.3) and centrifuged to separate the soluble membrane-extrinsic (CS)
from the insoluble membrane-intrinsic proteins (CP). Equivalent volumes of each fraction were analyzed by Western blotting using antiserum against
Mss51, Shy1, and Cyt b,. (C) Western blot analyses of Mss51 steady-state concentrations in wild-type cells, cells devoid of mtDNA [rh0°], or cells carrying
null alleles of the indicated COX assembly genes (Table 1). An antibody against porin was used to normalize the signals for protein loading.
Quantification of the signals is shown in the lower panel. The bars indicate the mean * SD from at least three independent sets of measurements.
(D) Concentration of Mss51p in wild-type mitochondria. Western blots of the indicated amounts of W303-1A mitochondria (mit) and purified
TF-Mss51p. The density of the signals was used to estimate the concentration of Mss51p in the mitochondrial samples.

KCl to 0.5 M, MgCl, to 10 mM, or detergent to 2% resulted
in disruption of the 450-kDa complex, and most Mss51 was
found in the 120-kDa complex (Fig. 1A). In light of these
results, we decided to perform all our experiments, except as

otherwise indicated, using 1% digitonin mitochondrial ex-
tracts prepared in the presence of potassium (150 mM KCI)
and magnesium (1.2 mM MgCl,) close to physiological con-
centrations.
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The mitochondrial membrane association and steady-state
levels of Mss51 are independent of both Cox1 synthesis and
the status of COX assembly. Mss51 physically interacts with
Cox1 and several COX assembly factors. We have tested
whether Mss51 loses its association with the mitochondrial
inner membrane and becomes less stable in the absence of its
interacting partners. In wild-type mitochondria, Mss51 is
loosely associated with the matrix side of the inner membrane
and remains associated with the membrane after brief sonica-
tion but is solubilized with alkaline carbonate (2) (Fig. 1B).
Mss51 was extracted from [rh0°] (Fig. 1B), coxI5, and cox14
mitochondria (data not shown) under similar conditions, sug-
gesting that in all cases it is a peripheral inner membrane
protein. The soluble Cyt b, and the membrane-intrinsic pro-
tein Shyl were monitored as controls (Fig. 1B).

The steady-state level of Mss51 in cells devoid of mitochon-
drial DNA ([r10°] cells) and hence of COXT mRNA and Coxl1
protein was equivalent to that of wild-type cells (Fig. 1C).
Similarly, cells with null mutations in cox!, pet309, and coxI4
(described above); coxI0 and cox15 (involved in heme A bio-
synthesis); cox/1 (involved in copper delivery to Cox1); oxal
(necessary for Coxl membrane insertion); and coxSa (a COX
subunit that interacts with Cox1 early in the assembly process)
accumulate wild-type levels of Mss51 (Fig. 1C). To estimate
the mitochondrial concentration of Mss51, a standard curve
was obtained relating known amounts of TF-Mss51 (purified
Mss51 fused to a trigger factor tag) to the signal detected by
Western blot analysis (Fig. 1D). Upon correction for the ad-
ditional trigger factor molecular weight, the concentration of
Mss51 in wild-type mitochondria was calculated to be approx-
imately 2.5 pg (55.5 pmol) of Mss51 per mg of mitochondrial
protein. This value is in the range of other COX assembly
factors, such as Scol (27 pmol/mg protein) (3), and signifi-
cantly lower than the ~275 pmol/mg protein that we estimated
for the mtHsp70 chaperone Sscl (data not shown).

The native sizes of Mss51 depend on both COXI mRNA
translation and the status of COX assembly. The native MW
of Mss51 in wild-type and mutant cells was estimated by sed-
imentation of mitochondrial extracts in a 7 to 20% sucrose
gradient to better appreciate differences in the 120- to 450-kDa
area. In wild-type cells, the pattern of Mss51 distribution was
as mentioned above (Fig. 2A). In the absence of COX1 mRNA
and/or Cox1 ([rho°], Apet309, and AcoxI cells), all Mss51 was
detected in the 120-kDa complex (Fig. 2A). Similarly, in
Acox14 cells in which Cox1 is normally synthesized but is un-
stable, Mss51 is detected almost exclusively in the 120-kDa
complex as reported (40). The same result was obtained for
Aoxal cells (Fig. 2A) in which newly synthesized Cox1 is mostly
degraded upon failing to be inserted into the membrane (2).
The small proportion of 450-kDa complex formed in the ab-
sence of Oxal is taken to represent the small portion of newly
synthesized Cox1 that is inserted into the membrane under
these conditions. The pattern of similar extracts in an extended
7 to 20% sucrose gradient showed that in these strains no
Mss51 is detected as a 45-kDa monomer but is always com-
plexed with other protein(s) in a 120-kDa complex (Fig. 2B).

In Acox10, Acox15, and Acox11 cells in which Cox1 cannot be
matured by the addition of either heme A or copper prosthetic
groups, Coxl synthesis is downregulated in the absence of
COX assembly (2), and Cox1 steady-state levels are 10 to 15%
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of the wild type (2). In these mutants, Mss51 was detected in
the 450-kDa peak, which was consistently found to be highly
asymmetrical (Fig. 2A), suggesting the existence of abundant
higher-MW complexes. In Acox5a cells, Cox1 synthesis is also
downregulated (2) although 15% of COX activity is retained
because the enzyme contains the isoform Cox5b. Mss51 ex-
tracted from this strain sedimented similarly to Mss51 ex-
tracted from mutants defective in Cox1 maturation although
more material was detected in the 120-kDa peak (Fig. 2A).

We conclude that Mss51 is a highly stable protein, but its
native size depends on translation and stability of Cox1 as well
as on the status of COX assembly.

The 120-kDa Mss51-containing complex is involved in COX1
mRNA translation. We previously reported that a single copy
of the mss5151°" and mss517'°7R alleles or an additional copy
of wild-type MSS51 partially suppresses the respiratory defect of shy !
mutants by increasing Coxl1 translation (1). In most COX-
deficient strains, mutant or additional copies of MSS51 do not
suppress the COX assembly defect but significantly increase
Coxl synthesis (2). These data suggested that defective COX
assembly may inactivate or reduce the effective concentration
of Mss51 as a COXI mRNA translational activator, thus down-
regulating Cox1 synthesis. The distribution of Mss51 in sucrose
gradients loaded with Ashyl mitochondrial extracts was differ-
ent from all COX mutants reported in Fig. 2A, with equal
amounts in the 450- and the 120-kDa complexes and no
high-MW tail (Fig. 3A). Newly synthesized Coxl could be
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FIG. 3. Quantitative and qualitative changes in Mss51 affect its native MW. (A) Sedimentation properties of Mss51 extracted from mitochon-
dria isolated from the indicated strains in a linear 7 to 20% sucrose gradient. ST9 and ST6 are integrative plasmids expressing MSS51 and
mssSIT17R | respectively. (B) Steady-state levels of Mss51 in the strains used in panel A estimated by Western blot analysis as described in the
legend of Fig. 1A. The bars indicate the mean = SD from at least three independent sets of measurements. WT, wild type.

particularly susceptible to proteolytic degradation in the ab-
sence of Shyl. Alternatively, the higher-MW complexes could
be more unstable in this strain, thus inducing an accumulation
of Mss51 in the 120-kDa complex. In contrast, in the shy!
revertant strain carrying one copy of mss51¥'%°', in an mss51
null mutant carrying one copy of mss517'°’R, and in a shyl
mutant carrying an extra mss517 'R allele, most Mss51 was
detected in the 120-kDa complex (Fig. 3A). The steady-state
level of Mss51 in shyl mutants and revertants was similar to
that of wild-type cells while it was doubled in shy/ mutant and
wild-type cells carrying a second MSS51 allele integrated into
their genomes (Fig. 3B). Similar to shy! revertants, most Mss51
accumulates in the 120-kDa complex in a wild-type strain ex-
pressing a second copy of MSS51, particularly when the second
copy is the mss51"'°"® allele (Fig. 3A). Because these strains
synthesize Cox1 efficiently and have a respiratory ability indis-
tinguishable from wild-type cells carrying a single copy of
MSS51, our results support the possibility that the 120-kDa
Mss51 complex is either competent to support COX1 mRNA
translation or is the source of Mss51 required for such a func-
tion. Our data also provide information about the suppression
mechanism of shyl mutants by MSS5I. The suppressor
mss51%'9" and mss517'¢"® alleles code for proteins that fully
support translation but probably have a lowered affinity for
Cox1 or other components of the 450-kDa complex and thus
accumulate in the 120-kDa complex. Similarly, an excess of
Mss51 in a wild-type strain results in accumulation of the
120-kDa complex, suggesting that the amount of Mss51 in the
450-kDa complex is tightly titrated by other components of
the complex, probably by Cox1 levels. In summary, our results
strongly suggest that shy! suppression is due to the increased
ability of Mss51 mutant proteins to be released from the 450-
kDa complex. They presumably become more readily available
for COX1 mRNA translation, an effect that is similarly pro-
duced by increasing the concentration of Mss51. Overexpres-
sion of HAP4, the catalytic subunit of the nuclear transcrip-
tional activator HAP complex, also suppresses shyl mutations
(10). The suppression mechanism involved an increase in the
amount of Coxl-interacting nuclear-encoded COX subunits
and was additive to the MSS51 effect (10). In the overexpressor
strain, Mss51 accumulates in the 450-kDa complex and exten-

sively in the heavier fractions (Fig. 3A), further supporting a
mechanism of suppression different from that of MSS57.

Mss51 interacts with newly synthesized Cox1 in wild-type
cells and in COX assembly mutants. Mss51 interacts with
newly synthesized Coxl. We asked whether this interaction
occurs within the 450-kDa complex and how it is affected in the
absence of Cox1 stability in a coxI/4 null mutant. In vivo *3S
labeling of mitochondrial translation products followed by
their sedimentation in a sucrose gradient revealed that in the
two strains, all mitochondrial products appear in high-MW
complexes (Fig. 4A and B). Specifically, Cox1 is distributed in
wild-type cells around a 450-kDa peak, cosedimenting with
MssS51 (Fig. 4A). However, the Cox1 distribution is highly
asymmetric, with a significant amount of material in the heavy
fractions forming an extensive tail (Fig. 4A). In the absence of
Cox14, Cox1 is normally synthesized and distributed although
only traces of Mss51 are detected in the heavy fractions, and it
mostly accumulates in the 120-kDa peak (Fig. 4B). This sug-
gests that the Mss51-Cox1 interaction occurs but is highly un-
stable in the absence of Cox14.

The interaction of Mss51 with newly synthesized Cox1 in the
absence of Cox14 was also tested in Amss5] and AcoxI4
Amss51 strains expressing fully functional Mss51 fused to GST
(2). Mitochondria were labeled in organello with [**SJmethi-
onine, extracted with digitonin, and adsorbed onto glutathione-
Sepharose beads. The proteins that were recovered from the
beads indicated a selective enrichment of labeled Cox1 in the
wild-type strain (Fig. 4C) as reported previously (2). A signif-
icant but poorer enrichment of Cox1 was detected in the ab-
sence of Cox14 (Fig. 4C), probably due to instability of the
Mss51-Cox1 interaction.

The mitochondrial Hsp70 chaperone Sscl is present in both
the 450-kDa and 120-kDa Mss51-containing complexes. To
identify the functional partners of Mss51 and to gain insights
into how it transitions through the several functions in which it
is involved, we purified both the 450-kDa and the 120-kDa
complexes. For this purpose, we used mitochondria isolated
from a Amss51 strain expressing Mss51-GST (2). In this strain,
the steady-state level of Mss51 expressed from an integrated
plasmid is double that in a wild-type strain (Fig. 5A). As ex-
plained above, the excess of Mss51 favors the accumulation of
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FIG. 4. Mss51 interacts with newly synthesized Cox1 prior to its
maturation and stabilization in the membrane. Sedimentation proper-
ties in a 7 to 20% sucrose gradient of *>S-labeled newly synthesized
mitochondrial proteins from wild-type W303-1A (WT) (A) and Acox14
cells (B). The mitochondrial translation products are identified on the
left. In the lower panel, the same samples were used for Western blot
analyses using antibodies against Mss51 and Cox4. (C) Pulldown of
35S-labeled newly synthesized Cox1 using extracts from Amss51 and
Amss51 Acox14 strains expressing Mss51-GST. Mitochondria (M) (20
wng) and equivalent volumes of the membrane pellet after digitonin
extraction (P) and of the bead-unbound material (S) were separated by
SDS-PAGE and processed as described for panel A. The amount
of washed beads (B) corresponded to ~500 pg of the starting mito-
chondria.

the protein in the 120-kDa complex. For this reason, Mss51-
GST sediments in a sucrose gradient in the two major peaks of
450 and 120 kDa (Fig. 5B). The sizes of these complexes are
slightly larger than in a wild-type strain, as expected for the
inclusion of the large GST tag on Mss51.

The three main fractions that were part of the 120-kDa peak
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(fractions 10 to 12) were pooled and used for a large-scale GST
pulldown assay. The material adsorbed to the GST beads was
run in a blue native gel, and an approximately 120-kDa com-
plex was detected (Fig. 5C, left). The material was also sepa-
rated in an SDS gel and stained with Coomassie blue (Fig. 5C,
right). Two bands were detected, cut, and submitted to MS
analyses by Midwest BioServices (Overland Park, KS). The
bands were identified as Mss51 (with GST) and Sscl (Fig. 5C).
The same results were obtained by analyzing the Mss51-con-
taining 120-kDa complex in a strain devoid of mitochondrial
DNA (Amss51/MSS51-GST-[rho"]) (Fig. 5D). Western blot
analyses failed to detect other proteins in this complex includ-
ing Cox1 and Cox14 (data not shown). The Mss51-Sscl inter-
action was confirmed by a gel retardation assay after incuba-
tion of mitochondrial extracts with an excess of anti-Sscl
antibody (Fig. 5E), in which an anti-Shy1 antibody was used as
a negative control (Fig. SE). Sscl is the more abundant
mtHsp70 chaperone. The existence of this complex suggests
cooperation between its two components to support Cox1 bio-
genesis.

Subsequently, the 450-kDa complex was also pulled down
from fractions 5 to 7 of the gradient shown in Fig. 5B, sepa-
rated in a blue native gel, and stained with Coomassie blue
(Fig. 5F, left). The Coomassie-stained 450-kDa band was ex-
cised and analyzed by MS, which showed the consistent pres-
ence in three independent attempts of Mss51, Cox1, Cox14,
and Sscl (data not shown). Shyl and Coal were not detected
in these complexes. The MS results also provided some hits for
other proteins including ATPase subunits o and B, the hsp60
chaperone, and Cox2, although not consistently. To confirm
the MS results, the pulled down 450-kDa complex was sepa-
rated by SDS-PAGE and used for Western blot analyses.
Mss51, Sscl, Cox1, and Cox14 were detected while we failed to
detect Cox2, Shyl and Mdjl (Fig. SF, right). Additionally,
although the pulldown efficiency was low, the interaction of
Mss51 with Sscl was also detected in a AmssS1 strain carrying
a chromosomally integrated MSS57-hemagglutinin (HA) gene
(Fig. 5G) in which the Mss51 sedimentation pattern is similar
to that of a wild-type strain (data not shown).

Mutations in Sscl affect Mss51 native MW and significantly
reduce the efficiency of COX biogenesis. SSC! is a gene essen-
tial for vegetative growth (6). To further explore the role of
Sscl in Mss51 metabolism, we have analyzed Cox1 synthesis
and Mss51 native MW in the ssc].2 mutant strain (21) which
carries a temperature-sensitive allele of SSC1. At 37°C sscl.2
cells are defective in the import and folding of precursor forms
of mitochondrial proteins affecting cell growth (21) (Fig. 6A).
We have now observed that although at the permissive tem-
perature (23°C) sscl.2 cells grow in fermentable carbon
sources at a wild-type rate, as reported previously (21), they
grow poorly in respiratory medium (YPEG) (Fig. 6A). The
respiratory defect at 23°C could not be accounted for by a loss of
mtDNA because we used freshly purified cultures virtually free of
[rh0°] cells. Analyses of total mitochondrial cytochromes in this
strain showed a mild decrease in cytochrome b, part of the bc,
complex, and more marked reduction of heme a+aj,, the pros-
thetic groups of COX (Fig. 6B). Consistent with these observa-
tions, NADH cytochrome ¢ reductase activity, which measures
the activity of the first portion of the mitochondrial respiratory
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chain, was mildly reduced to ~80% while COX activity was low-
ered to ~35% of wild-type values (Fig. 6C).

We investigated whether mitochondrial protein synthesis
could be affected in the sscl.2 mutant grown at 23°C. Consis-
tently, sscl.2 cells were able to perform mitochondrial protein
synthesis normally albeit at a slightly lower rate than wild-type
cells (Fig. 6D). The synthesis alteration particularly affected
Cox1 (Fig. 6D). This could be a direct effect or, as in bona fide
COX mutants, a reflection of Cox1 translational downregula-
tion secondary to the COX defect observed in sscl.2 cells.

To explore the possibility that the presence of Sscl in Mss51-
containing complexes could be disrupted in the ssc1.2 mutant,
we analyzed the sedimentation properties of both proteins in
wild-type and mutant mitochondria extracted from cells grown
at 23°C. In wild-type cells, most Sscl is part of a 100-kDa
complex (Fig. 6E), and only traces were detected in higher-MW
complexes when the film was overexposed (data not shown),
while most Mss51 was detected in the 450-kDa complex (Fig.
6E). Contrary to wild-type cells, ssc1.2 cells showed an Mss51
sedimentation pattern similar to COX assembly mutants de-
fective in Cox1l maturation or assembly. Mss51 distributed
around the 450-kDa peak and around the 120-kDa peak and
was mainly detected in the heavy-MW fractions as a large tail
of the 450-kDa complex (Fig. 6E). The distribution pattern of
Sscl in the sscl.2 mutant was also modified from wild-type
cells. At the permissive temperature, a considerable portion of
Sscl was detected in the 100-kDa complex, but a significant
amount was detected in heavier-MW fractions (Fig. 6E). We
conclude that the ssc/-2 mutation affects Mss51 native MW,
thus supporting the requirement of the mtHsp70 chaperone
for proper Mss51 function and normal efficiency of COX bio-
genesis.

Mss51 and Sscl interact with the mitochondrial transla-
tional apparatus together with Cox14 and the cochaperone
Mdjl. Mss51 interacts with both the COX1 mRNA and with
the newly synthesized Cox1 (2, 39). We hypothesized that it
could perform its functions by transiently interacting with the
COXI mRNA translational machinery. The Mss51 material in
the high-MW tail detected in sucrose gradients is particularly
prominent in strains deficient in Cox1 maturation and/or as-
sembly, such as AcoxI1 (Fig. 2A). In these strains, Mss51 could
be trapped with the COX! mRNA translational machinery
with other Coxl biogenetic factors, including Sscl. To test
these possibilities, we searched for Mss51-interacting partners
in complex(es) heavier than 450 kDa using the double Acox!1/
Amss51 mutant expressing GST-tagged Mss51. In this strain,
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the steady-state level of Mss51 is twice that of a AcoxII strain
(data not shown), and an excess of the protein accumulated in
the 120-kDa complex (Fig. 7A), as mentioned earlier. Other-
wise, Mss51-GST distributed on a 7 to 20% gradient with a
pattern relatively similar to that of Mss51 extracted from
Acox11 cells (Fig. 2A and 7A), with an extensive amount of
material in the heaviest fractions. Mrps51, a component of the
small ribosomal subunit, cosedimented in these fractions (Fig.
7A). The three heaviest fractions were pooled and used in a
GST pulldown assay. The efficiency of the assay was approxi-
mately 60% because ~40% of Mss51-GST was detected in the
supernatant corresponding to the unbound material (Fig. 7A,
lower panel). Proteins from the small (Mrps51) and large
(Mrpl36) ribosomal subunits were detected in the pulldown
material (Fig. 7A, lower panel). A significant amount of Cox14
and Sscl was also pulled down at a proportion close to that of
Mss51 (Fig. 7A). A small portion of Mdjl was also consistently
pulled down. Mdjl is a mitochondrial Dnal type chaperone
that cooperates with Sscl in its folding functions (53). Consis-
tent with our results, Mdjl and Sscl were previously reported
to form a complex with nascent mitochondrial polypeptide
chains, probably to exert a chaperone function during ongoing
translation and thus control the productive folding of the newly
synthesized mitochondrial proteins (53). Shyl, which is part of
large complexes and interacts with Cox1-containing subassem-
blies downstream from the roles of Mss51 in COX biogenesis
(2, 34), was detected exclusively in the supernatant but not in
the pulldown material (Fig. 7A). None of the analyzed pro-
teins, including Mss51, were detected bound to non-GST-con-
jugated Sepharose beads (Fig. 7A).

The nature of the interaction of Mss51 and the other partner
proteins with the mitochondrial ribosomes was further charac-
terized in a AcoxII strain expressing nontagged Mss51. The
accumulation of Mss51 in the heavier fractions was sensitive to
both 50 pg/ml puromycin, which induces the release of unfin-
ished polypeptide chains, and to high RNase concentrations
(600 U/ml), which fully disrupt the integrity of the ribosomes
(38). Under these conditions most Mss51 from Acox!I mito-
chondria accumulated in the 450-kDa complex (Fig. 7B), sug-
gesting that the interaction of Mss51-Sscl1-Cox14 with the
translational apparatus occurs before newly synthesized Cox1
is released from the ribosome and that such an interaction
possibly occurs through the nascent polypeptide.

The 120-kDa and 450-kDa complexes remain stable in the
presence of ATP. The various functions performed by Sscl, as
in all other chaperones of the Hsp70 family, rely on their ability

of gels were excised and submitted to MS analysis. The identified proteins are labeled in the margins. E corresponds to total extract. (D)
Sedimentation properties of Mss51-GST extracted under native conditions from mitochondria isolated from the same strain as in panel B but
devoid of mitochondrial DNA. The indicated fractions (10 to 13) were pooled and submitted to GST pulldown. In the right-hand panel, the
pulled-down material was separated by BN-PAGE, processed for Western blot analyses, and probed with antibodies against Mss51 and Sscl. (E)
The 120-kDa complex in panel B was incubated with or without an excess of a rabbit polyclonal anti-Sscl antibody for 2 h. An antibody against
Shyl was used as a negative control. The samples were separated by BN-PAGE, and Western blots were probed with a mouse monoclonal
anti-GST antibody. (F) GST pulldown of pooled fractions 5 to 7, containing a 450-kDa complex were separated by BN-PAGE and Coomassie blue
stained (left). The 450-kDa complex was also separated by SDS-PAGE and processed for Western blot analyses using antibodies against the
indicated proteins. E corresponds to total extract. (G) Mitochondria (Mt) isolated from a Amss51 strain expressing MSS57-HA were extracted, and
the extract (E) was used for immunoprecipitation assays using anti HA-Sepharose-4B. The unbound material in the supernatant (S) and the
material bound to the beads (HA) were separated by centrifugation and analyzed by Western blotting using antibodies against Sscl and Mss51.

Plain beads (SB) were used to control for unspecific binding.
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FIG. 7. Mss51 interacts with the mitochondrial translational appa-
ratus. (A) Sedimentation properties in a linear 7 to 20% sucrose
gradient of Mss51-GST and a protein from the small ribosomal subunit
(Mrps51) extracted from mitochondria isolated from the AcoxI!
Amss51 strain expressing Mss51-GST. The first three fractions of the
gradient were pooled and used for GST pulldown. Plain Sepharose
beads (SB) were used as a control. The lower panel shows a Western
blot analysis of the pulldown material (PD) and the unbound material
in the supernatant (S). The blots were probed with antibodies against
the indicated proteins. (B) Sedimentation properties of Mss51 ex-
tracted after a 5-min treatment with 50 pg/ml puromycin or in the
presence of 600 U/ml RNase A from Acox/! mitochondria.

to bind to unfolded segments of proteins in an ATP-depen-
dent, reversible manner.

In order to study whether the interaction of Mss51 with Sscl
in the 120-kDa complex was dependent on ATP binding and/or
hydrolysis, we explored the effect of ATP addition and deple-
tion on the Mss51 native MW in a [rh0°] strain. To this end, we
prepared both mitochondrial extracts in buffer containing 1
mM to 5 mM ATP and equimolar Mg>* concentrations and
extracts from mitochondria treated with 10 U/ml apyrase to
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deplete ATP in the matrix (Fig. 8A). In all cases, the sedimen-
tation patterns of Mss51 were similar (Fig. 8A).

We further examined the nature of the direct binding be-
tween Mss51 and Sscl in vitro. Equimolar amounts of purified
TF-Mss51 and Sscl proteins were mixed in the absence or
presence of 1 mM Mg-ADP or Mg-ATP. Following purifica-
tion of the Mss51-Sscl complex (see Materials and Methods),
the interacting proteins were detected by Western blotting.
Mss51 and Sscl were found to interact similarly under all the
conditions tested (Fig. 8B). Moreover, the in vitro Mss51-Sscl
interaction was not affected by the preincubation of Sscl with
a peptide substrate (see Materials and Methods) in the pres-
ence of either ADP or ATP (data not shown). Our results
suggest that Mss51 does not bind to the substrate binding cleft
of Sscl and thus is not an Sscl client protein.

The nature of the direct or indirect interaction of Mss51 with
Sscl in the 450-kDa complex was probed in wild-type mito-
chondrial extracts prepared in buffer containing 1 to 5 mM
ATP and equimolar Mg concentrations. The presence of Mg-
ATP did not change the Mss51 sedimentation pattern in su-
crose gradients around the 450-kDa peak (Fig. 8C). These
results suggest that under our experimental conditions, Sscl
could bind to Mss51 or other components of the 450-kDa
complex with high affinity, thus resulting in rapid rebinding
even in the presence of ATP in the extract. Alternatively, the
Sscl binding could involve a direct interaction with Mss51 as in
the 120-kDa complex, through an Sscl domain other than the
substrate binding domain.

The association of Mss51 with the translational apparatus
is regulated by ATP binding and the action of Mdjl. The
presence of Mdjl in the high-MW complexes containing Sscl,
Mss51, Cox14, and ribosomal subunits suggested that the in-
teraction of these proteins with the COX7 mRNA translational
apparatus could be modulated by ATP binding to Sscl and
subsequent hydrolysis. Mdjl is known to bind to the ATP-
bound conformation of Sscl to activate its ATPase activity
(53).

To test the effect of ATP on the association of Mss51 with
the translational apparatus, we explored the sedimentation
properties of Mss51 in Acox11 mitochondrial extracts prepared
in the presence or absence of 1 mM Mg-ATP. The presence of
Mg-ATP resulted in a dramatic reduction of the higher-MW
material (Fig. 8C). Similar results were obtained when ATP
was replaced by the nonhydrolyzable ATP analog AMP-PNP
(5'-adenylyl-beta, gamma-imidodiphosphate). Our results sug-
gest that the presence of ATP and not its hydrolysis is sufficient
to induce the release of the Ssc1/Mss51/Cox1/Cox14 complex
from its interaction with the translational apparatus.

FIG. 6. Mutations in SSCI alter COX biogenesis and Mss51 sedimentation properties. (A) Wild-type strain W303-1A and a strain carrying the
temperature sensitive mutant allele ssc/.2 were grown overnight in liquid YPD medium at the permissive temperature of 23°C. Tenfold serial
dilutions of the two strains were plated on solid YPD or YPEG medium and incubated at both 23°C and the nonpermissive temperature of 37°C.
Pictures were taken after 3 days of incubation. (B) Total mitochondrial cytochrome spectra from mitochondria isolated from the wild-type strain,
a null mutant Amss57, and the sscl.2 mutant cells grown at 23°C. (C) COX and NADH cytochrome ¢ reductase (NCCR) were measured
spectrophotometrically in mitochondria isolated from cells grown at 23°C. (D) In vivo mitochondrial protein synthesis in W303-1A and ssc1.2 cells
performed at 23°C. Newly synthesized mitochondrial proteins are identified on the margin. In the right panel, the signals were quantified by
densitometry and plotted at the indicated ratios. The bars indicate the mean * SD from three independent sets of measurements. (E) Sedimen-
tation properties of Mss51 and Sscl from wild-type and ssc/.2 mitochondria isolated from cells grown at 23°C in a linear 7 to 20% sucrose gradient.

The samples were processed as described in the legend of Fig. 1A.
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FIG. 8. Nature of binding of Sscl to its partners in the Mss51-containing complexes. (A) Sedimentation properties of Mss51 extracted in the
presence or absence of 1.2 mM MgCl, plus 1 mM ATP (ATP-Mg) from mitochondria isolated from a [rh0°]strain. (B) In vitro binding of
recombinant Ssc1 and Mss51. Sscl and His-TF-Mss51 were mixed and incubated in the presence or absence of the indicated nucleotides (Nt). The
complex was purified with cobalt-Sepharose beads, followed by thrombin digestion to elute Mss51 and interacting Sscl, as described in Materials
and Methods. The proteins were detected by Western blotting using antibodies against Mss51 and Sscl, respectively. (C) Sedimentation properties
of Mss51 extracted in the presence or absence of 1 mM ATP-Mg or AMP-PNP-Mg from mitochondria isolated from wild-type, Acox11, Acoal,
Ashyl, Ashyl Amdjl, and mdjl-5 strains, overexpressing MDJI when indicated.

Recent results have independently linked Mdj1 to Cox1 bio-
genesis. MDJ1 was identified as a high-copy-number suppres-
sor of Acoal (40). We confirmed this result and additionally
showed that MDJ1 overexpression failed to suppress the respi-
ratory deficiency of shy! and coxI4 cells (data not shown). To
gain an understanding of the mechanism of Acoal suppression
by MDJ1 overexpression, we explored the native MW of Mss51
in Acoal cells and Acoal cells overexpressing MDJI. The sed-
imentation pattern in sucrose gradients of Mss51 extracted
from Acoal mitochondria did resemble the pattern of AcoxSa
mutants (Fig. 8C). The Ssc1/Mss51/Cox1/Cox14 450-kDa com-
plex is formed in the absence of Coal, further supporting the
absence of Coal in this complex. These results are apparently
at variance with the previously reported interaction of Mss51/
Coal/Cox14 (34, 40). However, we cannot eliminate the pos-
sibility that transient interactions involving Coal could occur,
for example, to facilitate some step of Cox1 maturation co- or
posttranslationally.

Overexpression of MDJI in the Acoal strain slightly changed
the pattern of Mss51 distribution, reducing the amount accu-
mulated in the heavier fractions (Fig. 8C), probably enough to
provide Cox1 for downstream COX assembly steps and bypass,
albeit poorly, the absence of Coal. A similar result was ob-
served when the Acoal mitochondrial extracts were prepared
in the presence of 1 mM Mg-ATP. This effect acted synergis-
tically with MDJI overexpression (Fig. 8C).

To further confirm the involvement of Mdj1 in this process,
we introduced a null mdjl mutation in Ashyl cells. The Mss51
sedimentation pattern in Ashy! cells displays an approximately
equivalent distribution between the 120- and 450-kDa com-
plexes, with no detectable material accumulated in the heavier

fractions (Fig. 3A and 8C). Deletion of mdjl in this strain
resulted in a significant accumulation of Mss51 in the heavy
fractions. Similar results were obtained using the mdjl-5 mu-
tant strain that carries a temperature-sensitive allele of mdj!
and grows poorly in respiratory medium even at the permissive
temperature (53).

Taken together, these results suggest that the association of
Mss51-Sscl-Cox1-Cox14 with the translational apparatus is
regulated by the presence of ATP and the chaperoning action
of Mdjl.

DISCUSSION

Here, we have further characterized the players and mech-
anism underlying a translational autoregulatory system oper-
ating during the biogenesis of mitochondrial COX in the yeast
S. cerevisiae. By virtue of this system, translation of COXI
mRNA on mitochondrial ribosomes is autoregulated by newly
synthesized, unassembled Cox1 by trapping the specific COX!
mRNA translation factor Mss51 in high-MW complexes, thus
restricting its availability for further translation. This system
would allow coordination of Cox1 synthesis with its utilization
during assembly. Here, the matrix mtHsp70 chaperone Sscl is
shown to interact with several high-MW Mss51-containing
complexes, which are proposed to serve in coordinating the
translational regulation of COX biogenesis.

Sscl is required for mitochondrial protein import and fold-
ing and plays significant roles in both protein quality control
and the prevention of heat-induced protein aggregation (52).
Sscl also functions in the biosynthesis of mitochondrially syn-
thesized proteins and the assembly of at least the ribosomal
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protein Varl and ATPase subunits (19). Specific partner pro-
teins or cochaperones regulate Sscl activity (52). Mgel cata-
lyzes nucleotide exchange, while Mdj1 increases the low intrin-
sic ATPase activity of Sscl. Although only Mge1 assists Sscl in
protein import, Mgel and Mdjl are required for efficient fold-
ing chaperone function (52). Additionally, Sscl and Mdj1 form
a complex with nascent polypeptide chains on mitochondrial
ribosomes, probably to facilitate their proper folding during
translation (53). Our pulldown experiments of heavy-MW
complexes containing the Cox1-specific chaperones Mss51 and
Cox14, ribosomal subunits, and the two chaperones Sscl and
Mdjl are in agreement with these results and point toward
cooperation of general and specific chaperones in the folding
and stabilization of newly synthesized Coxl1.

Beyond its interaction with nascent Cox1 polypeptides in the
translational apparatus, Sscl remains bound to Mss51/Cox1/
Cox14 in a 450-kDa complex in which Mdj1 was not detected. The
450-kDa complex, abundant in wild-type cells, could represent a
Cox1-containing complex serving as a reservoir of stable Cox1
ready to be matured and/or to progress in the COX assembly
process when required. At this stage, Cox1 synthesis is com-
pleted, and the protein is presumably inserted into the mito-
chondrial membranes with the assistance of the Oxal machin-
ery (17). The accumulation of Mss51 in the 120-kDa complex
in an oxal null mutant suggests that Coxl insertion into the
mitochondrial inner membrane is necessary for the proper
formation of the 450-kDa complex. In this complex, Sscl could
remain bound to Coxl to maintain its proper folding during
insertion or to present it to matrix-localized proteolytic systems
in the case of unproductive folding that would prevent mem-
brane insertion. Consistently, cells lacking the Mbal ribosomal
receptor or harboring a mutant Oxal variant, in which Coxl1 is
more exposed to the hydrophilic matrix milieu than wild-type
cells, display a more prominent association of Cox1 and Sscl
(38). The release of Ssc1/Mss51/Cox1/Cox14 from its complex
with the translational machinery is promoted by the presence
of ATP and does not seem to necessarily require ATP hydro-
lysis: it was equally promoted by ATP and AMP-PNP in
Acox11 mitochondria although it was significantly enhanced by
Md;j1 overexpression in Acoal cells. These results suggest that
Mdj1 could act in this scenario as a chaperone rather than an
enhancer of the Sscl chaperoning activity.

The role of Sscl in COXI mRNA translational regulation
that we are describing here constitutes a new Sscl task in
mitochondrial biogenesis. The requirement of Sscl for proper
Mss51 function is supported by the observation that mutations
in Sscl affect Mss51 native MW and significantly reduce the
efficiency of COX biogenesis. On the other hand, Sscl and
Mss51 can also form a very stable binary complex. This com-
plex accumulates in wild-type cells expressing either two copies
of the wild-type MSS51 gene or fully functional mutant forms
of MSS51 originally identified as shy! suppressors (1, 2). In the
absence of COXI mRNA and/or Coxl1, all Mss51 is bound to
Sscl in the 120-kDa binary complex, which seems to be the
reservoir of Mss51 when not engaged in its functions in Cox1
biogenesis. It may be the source of Mss51 that is competent for
translation. Notably, a physical interaction of Mss51-Sscl had
been reported in three affinity purification/MS high-through-
put studies (5, 12, 24).

The study of the interactions involving Sscl, Mss51, and
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other Cox1 biogenetic factors in cells carrying different lesions
in the COX assembly process has provided an understanding
of the functional significance of these interactions. The results
obtained helped refine our model of Cox1 translational auto-
regulation coupled to the availability of its assembly partners
during COX biogenesis. We envision an Mss51/Sscl cycle rul-
ing the regulatory system. When assembly is limited by lack of
Cox1 maturation or absence of assembly partners, Mss51 is
sequestered not only in the 450-kDa complex (Fig. 9) but also
in a significant amount in the high-MW translational complex
(Fig. 9) The amount of Mss51 available for activation of trans-
lation by interacting with the COXI 5" UTR would then be
limited, as previously proposed (2, 39, 56). Our results do not
eliminate the possibility that the interaction of Mss51 with
Cox1 itself could be necessary for elongation of the nascent
polypeptide and that in addition it could regulate Cox1 syn-
thesis (39).

In our model depicted in Fig. 9, a small portion of the total
amount of Mss51 is present in the 120-kDa binary complex
with Sscl in wild-type cells. When required for COX assembly,
Mss51 molecules contained in this pool would interact with the
5" UTR of the COX1 mRNA to promote its translation (39,
56). During Coxl synthesis, Mss51 would interact with the
nascent polypeptide, probably promoting its elongation (39)
together with the chaperones Sscl and Mdjl, which would
ensure the proper folding of the nascent polypeptide. Cox14 is
envisioned to be added to the high-MW translational complex
at a later step because Cox1 is synthesized at wild-type rates in
the Acox14 mutant (2). Its incorporation to the complex would
serve to stabilize the Ssc1/Mss51/Cox1/Cox14 complex. The
release of Mss51 from this complex is possibly catalyzed by the
incorporation of the COX assembly factors Shyl and Coal,
thus allowing Cox1 to proceed to downstream events in the
COX assembly process (1, 2, 34, 39, 40). In this way, Mss51
becomes available for new rounds of translation. It remains
open whether Mss51 is released from the 450-kDa complex
bound to Sscl or whether a new Sscl molecule binds Mss51
following its release.

At present, we do not know whether Mss51 plays a role in
COXI mRNA translational activation complexed to Sscl. Us-
ing a yeast three-hybrid assay, we had shown that a portion of
Mss51 corresponding to the 140 N-terminal amino acids of the
mitochondrially imported protein had the ability to interact
with the 5" UTR of COXI mRNA (56). This portion of Mss51
consists of a hydrophilic domain, which probably protrudes
into the mitochondrial matrix where the interaction occurs in
vivo. Sscl could interact with this portion of the protein to
maintain it in a state competent for RNA binding. Similarly, we
do not currently know whether the Mss51/Sscl complex is
eventually disrupted and both proteins reunite with the trans-
lational apparatus to support Cox1 elongation and folding or if
they remain complexed through the process. Further investi-
gation, currently being implemented in the lab, is required to
answer these questions.

Our current results, however, suggest that Mss51 does not
interact with Sscl as one of its classical client proteins. Both
extracted 120-kDa and 450-kDa complexes are stable in the
presence of ATP. In vitro binding assays using recombinant
proteins also demonstrated a direct Mss51-Sscl interaction
whose efficiency was not significantly affected by the inclusion
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of ATP or ADP into the assay or by preincubation of Sscl with
a substrate peptide. Because classical Sscl-substrate complexes
are unstable in the presence of ATP and because their forma-
tion is prevented by preincubation of Sscl with a substrate
peptide, our results suggest that Mss51 does not interact with
the Sscl substrate binding domain. Several mitochondrial pro-
teins, including Mgel (33) and Mdjl (43), have been reported
to interact with the ATPase domain of Sscl to act as cochap-
erones by modulating Sscl activity. The mitochondrial inner
membrane protein Tim44, a component of the mitochondrial
import machinery, also interacts with the ATP binding domain
of Sscl in an ATP-regulated manner (41, 47) and together with
Mgel forms the protein translocation motor (48). The yeast
mitochondrial endonuclease Endo.Scel also binds to the ATP
binding domain of Sscl, preferentially to the ADP-bound con-
formation, forming a heterodimer (35). Within this complex,
Sscl was shown to be involved in modulating the enzymatic
activity of the endonuclease (22, 35). The Ssc1-Mss51 interac-
tion in the 120-kDa complex resembles the Endo.Scel-Sscl
binding in that neither case seems to involve the Sscl substrate
binding domain. The precise role of Sscl in the Mss51 120-kDa
complex remains to be characterized although our results sug-
gest that it could be required to maintain Mss51 competent for
translation, as discussed earlier.

In conclusion, the S. cerevisiae mitochondrial Hsp70 chap-
erone Sscl is involved in the COX assembly-controlled trans-
lational autoregulation of Cox1 by interacting with the COXI
mRNA translational factor Mss51 and high-MW complexes
containing Mss51 and Coxl. The partnership of Sscl with
Mss51 could mediate the coordination of the translational and
posttranslational Mss51 functions. To date, chaperones of the
Hsp70 family have not been involved in organellar transla-

tional autoregulatory processes. The key involvement of Sscl
in the process described here represents a new level of sophis-
tication among the organellar strategies for coordinating the
synthesis of structural proteins with their utilization for assem-
bly during the biogenesis of multimeric complexes.
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