ARTICLE

The depletion of F4 subunit € in yeast leads to
an uncoupled respiratory phenotype that is
rescued by mutations in the proton-translocating

subunits of F

Emmanuel Tetaud?®®, Francois Godard®®, Marie-France Giraud®®, Sharon H. Ackerman¢,

and Jean-Paul di Rago®®

2Centre National de la Recherche Scientifique, Institut de Biochimie et Génétique Cellulaires, UMR 5095, F-33077
Bordeaux, France; PUniversité Victor Segalen Bordeaux 2, Institut de Biochimie et Génétique Cellulaires, UMR 5095,
F-33077 Bordeaux, France; “Department of Biochemistry and Molecular Biology, Wayne State University School of

Medicine, Detroit, M| 48201

ABSTRACT The central stalk of the ATP synthase is an elongated hetero-oligomeric structure
providing a physical connection between the catalytic sites in F1 and the proton translocation
channel in Fy for energy transduction between the two subdomains. The shape of the central
stalk and relevance to energy coupling are essentially the same in ATP synthases from all
forms of life, yet the protein composition of this domain changed during evolution of the
mitochondrial enzyme from a two- to a three-subunit structure (y, 3, €). Whereas the mito-
chondrial y- and §-subunits are homologues of the bacterial central stalk proteins, the deliber-
ate addition of subunit € is poorly understood. Here we report that down-regulation of the
gene (ATP15) encoding the e-subunit rapidly leads to lethal Fy-mediated proton leaks through
the membrane because of the loss of stability of the ATP synthase. The e-subunit is thus es-
sential for oxidative phosphorylation. Moreover, mutations in Fy subunits a and ¢, which slow
the proton translocation rate, are identified that prevent e-deficient ATP synthases from dis-
sipating the electrochemical potential. Cumulatively our data lead us to propose that the
e-subunit evolved to permit operation of the central stalk under the torque imposed at the
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normal speed of proton movement through mitochondrial Fg.

INTRODUCTION

All members of the ATP synthase family of proteins are very similar
at the structural level, regardless of evolutionary origin. Historically,
the enzyme has been described in terms of an integral membrane
domain (Fg) and a peripheral domain (F1). The wealth of high-defini-
tion structural data now available (Devenish et al., 2008; Walker,
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2013) reveals that Fy and Fy are divided further into distinct oligo-
meric substructures. The most hydrophobic Fy subunits associate in
a proton-translocating complex, which in its simplest form is com-
posed of one a-subunit adjacent to a ring of 8-15 c-subunits. The
remaining Fq subunits assemble a stalk anchored at one end to the
stationary a-subunit in the membrane and attached at the other end
to the outer periphery of the soluble Fy domain. Fy is largely defined
by a globular structure ([o]; hexamer), which contains the catalytic
sites, and two or three other proteins that constitute a central stalk,
which makes contact with these sites at one end and the c-ring at
the other. Together the c-ring and the central stalk comprise a func-
tional “rotor” that turns relative to nonmoving parts to permit en-
ergy-coupling reactions catalyzed by ATP synthases. For example, in
the direction of ATP synthesis, energy released by proton transloca-
tion through Fq activates the rotor, forcing conformational changes
in the catalytic sites that effect release of ATP from the enzyme.
One of the least-understood aspects of the ATP synthase
coupling mechanism relates to differences in the central stalk
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Strain (acronym) Nuclear genotype mtDNA Source
SDC22 (WT) Mato. ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 arg8::HIS3 p*tArg8™ Duvezin-Caubet et al.
(2003)

SDC6 (Tet-0) Mato ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 arg8::HIS3 p*tArg8™ Duvezin-Caubet et al.
atp16::KanMX + pCM189-ATP16 (2003)

YG1 (Tet-y) Mato ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 arg8::HIS3 p*Arg8™ This study
atp3:KanMX + pCM189-ATP3

YE1 (Tet-¢) Mato ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 arg8::HIS3 p*Arg8™ This study
atp15:KanMX + pCM189-ATP15

S1 (Ae+c-L57F) Mato ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 arg8::HIS3 p*Arg8™ + c-L57F This study
atp15::KanMX

S1+¢ (e+c-L57F) Mato ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 arg8::HIS3 p*Arg8™ + c-L57F This study
atp15::KanMX + pCM189-ATP15

S2 (Ae+a-A120V)  Mato ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 arg8::HIS3 p*Arg8™ + a-A120V This study

atp15::KanMX

TABLE 1: Genotypes of yeast strains.

composition between bacterial and mitochondrial enzymes. In
the mitochondrial enzyme, it is made of three subunits (y, §, and
€), whereas only two (y and €) are present in bacterial ATP syn-
thase (Devenish et al., 2008; Walker, 2013). The y-subunits of F,
are homologous, and mitochondrial subunit & is homologous to
bacterial subunit . However, mitochondrial subunit € has no
counterpart in the bacterial enzyme, identifying it as one of many
so-called “supernumerary” ATP synthase subunits that most
likely appeared with the establishment of mitochondria as inter-
nal organelles during evolution of the eukaryotic cell. (Unless
otherwise stated, € in the text and figures denotes the supernu-
merary subunit of mitochondrial Fy.) The work reported here de-
fines more clearly the importance of € in energy coupling.

The Fq e-subunit of Saccharomyces cerevisiae is encoded by the
nuclear gene ATP15. Previous work (Guelin et al., 1993; Lai-Zhang
et al., 1999) using different atp15-deletion (Ag) mutants reported
that the yeast grew at poor to modest rates on nonfermentable
substrates, which meant that cells had a variable level of respiratory
competence. This finding was unexpected because the e-subunit of
mitochondrial Fq is not a vestigial element inherited from the
prokaryotic progenitor but instead represents a new protein func-
tion acquired during evolution of the eukaryotic enzyme, and it was
assumed to be indispensable for energy-coupled oxidative phos-
phorylation. However, it is important to note that all of the work
thus far investigating the functional relevance of the e-subunit in
mitochondrial Fy used Ae strains, which are pleiotropic mutants.
When cultured on fermentable carbons, upward of 70% of Ae cells
fail to maintain mitochondrial DNA (mtDNA) and instead convert to
respiratory-deficient p%/p~ derivatives. Prompted by the notion that
the functional relevance of mitochondrial F4 subunit € would remain
ambiguous until conditions were established under which the effect
on respiration caused by the primary nuclear mutation (atp15-dele-
tion allele) could be assessed in an otherwise respiratory wild-type
(p*) background, we transformed Ae yeast with a plasmid for doxy-
cycline-regulated expression of wild-type ATP15. Our results show
that yeast cultures down-regulated for production of the e-subunit
retain partial respiratory activity as a direct function of suppressor
mutations in a mitochondrial-encoded Fq protein (a- or c-subunit)
that rescues the uncoupling defect imposed by the elimination of
subunit €. The effect of the e-subunit on energy coupling and struc-
ture/function relationships in mitochondrial ATP synthase is dis-
cussed with respect to the more primitive (e-less) bacterial enzyme.
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RESULTS

A 25% depletion in subunit ¢ leads to a total uncoupling

of mitochondria

We constructed yeast strain YE1 (henceforth referred to by its acro-
nym Tet-g), which has a null allele in place of the e-subunit gene
(ATP15) in the chromosome and carries a doxycycline-repressible
form of the gene on a low-copy plasmid (see Materials and Methods
and genotypes in Table 1). Without the drug, Tet-e grew in nonfer-
mentable glycerol/ethanol media like its parental strain (SDC22) and
displayed normal subunit € levels. Down-regulation of ATP15 ex-
pression was achieved using doxycycline at a concentration (10 uM)
known to not affect the respiratory capacity of wild-type yeast
(Duvezin-Caubet et al., 2003). The respiratory growth of Tet-¢ re-
mained normal for 6 h after the addition of doxycycline to the cul-
ture medium and then stopped abruptly (Figure 1A, arrowhead).
Samples were removed at this time point from both the -Dox and
+Dox Tet-¢ cultures, and mitochondria were isolated. Western blots
revealed that the amount of the e-subunit decreased by ~25% at the
time of doxycycline-induced growth arrest compared with control
mitochondria from Tet-€ cells grown in the absence of doxycycline
(Figure 1B). The amount of the § subunit was reduced by ~50% in
mitochondria from growth-arrested +Dox cells, whereas the levels
of other nuclear gene products evaluated (subunits o, v, Atp4, d,
porin, Aac) were quite similar for the two samples. The three mito-
chondrial-encoded proteins a-Atp6, c-Atp?, and cytochrome b were
reduced in samples from +Dox versus —Dox cells, but the effect was
less severe than with the §-subunit.

Respiratory responses to metabolites and drugs measured for
mitochondria from —Dox cells were within normal range (Figure 1C
and Table 2). Compared to the maximal respiratory activity, which
was measured in the presence of an uncoupling agent (carbonyl
cyanide m-chlorophenyl hydrazone [CCCP]), the rate of mitochon-
drial oxygen consumption was 17% with NADH alone (state 4 respi-
ration) and increased to 53% after addition of ADP (state 3 respira-
tion). Instead, with NADH alone, the rate of oxygen consumption in
mitochondria from +Dox cells was essentially equal to the CCCP-
stimulated rate. Oligomycin, which blocks proton translocation
through the Fg, restored mitochondria to the slower state 4 respira-
tion rate expected under conditions in which the respiratory sub-
strate (NADH) is available but not the phosphorylation substrate
(ADP). Hence the partial depletion of subunit &, which was induced
by doxycycline, correlated with 100% mitochondrial uncoupling due
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FIGURE 1: A block in ATP synthase subunit € expression is rapidly followed by Fy-mediated proton leaks that dissipate
the mitochondrial membrane potential. The consequences of a block in subunit & expression were followed using a
strain (Tet-¢) in which this protein is under the control of a doxycycline-repressible promoter. (A) Growth curves of Tet-¢
in rich glycerol/ethanol medium at 28°C in the presence (+Dox) or absence (-Dox) of doxycycline. Mitochondria were
extracted from the two cultures at the time indicated by the arrowhead and used in the experiments shown in the
subsequent panels. (B) Mitochondrial proteins were separated via SDS-PAGE and probed with antibodies against the
indicated proteins. Setting the amount of each protein in Tet-e cells grown in the absence of doxycycline at 100%, the

relative levels of the proteins in Tet-e cultured in the presence of the drug (+Dox) are plotted in the bar graph. The
results shown are means of three experiments, and the vertical lines denote the SD in the data. (C) Oxygen
consumption. The additions were 0.15 mg/ml mitochondrial proteins (mito), 4 mM NADH, 400 uM ADP, 3 pg/ml
oligomycin (oligo), and 4 pM CCCP. (D) Energization of the mitochondrial inner membrane. Variations in AY were
monitored by the fluorescence quenching of rhodamine 123. The additions were 0.5 pg/ml rhodamine 123, 0.15 mg/ml
proteins (mito), 10 pl of ethanol (EtOH), 4 pg/ml oligomycin (oligo), 2 mM potassium cyanide (KCN), and 4 pM CCCP.
Oxygen consumption and fluorescence traces are representative of three to five experimental trials.

specifically to proton leakage through Fq. This finding was corrobo-
rated in experiments that used rhodamine 123 as a reporter of mito-
chondrial membrane potential (A¥; Figure 1D). In mitochondria
from untreated Tet-¢ cells, supplying the respiratory chain with elec-
trons from ethanol produced a large fluorescent quenching of the
dye that collapsed after subsequent addition of potassium cyanide.
In contrast, the mitochondria partially depleted of subunit € could
not be energized with ethanol until the proton leak in Fo was blocked
by the addition of oligomycin to the reaction sample. The severity of
the uncoupling defect observed for doxycycline-treated Tet-¢ cells
was not unexpected because the steady-state level of the §-subunit
was reduced by half in these cells (Figure 1B; see earlier discussion),
and we knew from previous work (Duvezin-Caubet et al., 2003) that
decreasing the amount of F; § by 50% was sufficient to uncouple
yeast mitochondria completely. Assays of oligomycin-sensitive mito-
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chondrial ATPase activity in the two samples showed that although
comparable rates were obtained in the absence of the inhibitor, the
sample from +Dox cells was less sensitive than normal to oligomycin
(77 vs. 89% inhibition; Table 3). The latter finding suggests that there
is a higher percentage of Fy in the free, oligomycin-insensitive state
in mitochondria isolated from +Dox yeast, which was predicted
given the fact that these cells are partially depleted for two proteins
(subunits 8 and €) that are known to be critical factors in mitochon-
dria for physically coupling Fq to Fo.

Differential effects on mtDNA stability

in Ae versus Ay or Ad null mutants

The oligomycin-sensitive uncoupling defect we observed in response
to partial depletion of the e-subunit is similar to the phenotype oth-
ers reported for yeast in which the cellular level of y- or 8- subunit

Energy coupling in mitochondrial F1Fy | 793



Strain Asc/TMPD + CCCP NADH + CCCP NADH + ADP NADH + oligo NADH

(acronym) Dox (nAtO2/min/mg) (nAtO,/min/mg) (nAtO,/min/mg) (nAtO,/min/mg) (nAtOy/min/mg) p~° (%)
YE1 (Tet-¢) - 1617 £ 325 1031 £ 169 546 + 107 217 £79 181 £55 2+1
YE1 (Tet-g) + 1708 £ 203 118270 975+ 94 195+ 31 966 + 84 441
S1 (Ae+c-L57F) - 21807 1240+ 179 792 £ 109 216 £ 32 753+ 86 1212
S1+¢ (c-L57F) - 1430 £+ 302 912 + 260 444 + 55 221 +£55 202 £ 56 3+1

The strains were grown in rich glycerol/ethanol medium in the presence/absence of 10 pM doxycycline (Dox). Oxygen consumption was measured using isolated
mitochondria. The additions were 0.15 mg/ml mitochondrial proteins, 4 mM NADH, 150 uM ADP, 12.5 mM ascorbate (Asc), 1.4 mM N,N,N’,N’-tetramethyl-p-

phenylenediamine (TMPD), 3 pg/ml oligomycin (oligo), and 4 uM CCCP. n=3-7.

TABLE 2: Oxygen consumption of mitochondria.

ATP synthase ATPase (nmol P;/min/mg)
Strain (acronym) Dox (nmol/ATP/min/mg) -Oligo +Oligo Inhibition (%) p~/° (%)
YE1 (Tet-¢) - 697 141 3030+ 163 341 +17 89 +1 2+1
YE1 (Tet-¢) + ND 3063 216 706 £ 66 77 +£2 4+1
S1 (Ae+c-L57F) - 188 £ 22 1133+ 191 1010+ 179 1M+2 12+£2
S1+¢ (c-L57F) - 488 + 96 3102+ 77 323+£9 90+ 1 3+1

The strains were grown in rich glycerol/ethanol medium in the presence/absence of 10 pM doxycycline (Dox). ATP synthesis was measured in freshly isolated mito-
chondria using 0.15 mg/ml mitochondrial proteins, 4 mM NADH, and 1 mM ADP. For the ATPase assays, mitochondria kept at —-80°C were thawed and the reaction
performed in absence of osmotic protection and at pH 8.4 in the absence or presence of 6 pg/ml oligomycin (Oligo). The percentage of inhibition of ATPase activity

by oligomycin is indicated.

TABLE 3: ATP synthesis/hydrolysis activities of mitochondria.

protein was effectively reduced, by either dilution through the cre-
ation of heterozygous diploids (Ay/y or A8/§; Xiao et al., 2000) or the
use of a repressible promoter (Duvezin-Caubet et al., 2003). Hence
a partial deficit in any one of the three rotor subunits can interfere
with the mitochondrial A¥ by allowing protons to leak through F.
The circumstances are exacerbated in yeast null mutants that are
completely deleted for one or another rotor subunit protein. Perti-
nent to our work, previous characterization of such strains revealed a
dichotomy in mtDNA phenotypes that could not be explained. On
one hand, Ay and A3 cells rapidly lost mtDNA and converted 100%
to the p~/p° state (Giraud and Velours, 1997, Lai-Zhang et al., 1999).
Instead, cultures of Ae mutants harboring one (Guelin et al., 1993) or
another (Lai-Zhang et al., 1999) null allele in place of ATP15 con-
tained a significant subpopulation (~30%) of p* cells. We investigated
the discrepancy in mtDNA phenotypes in Ae versus Ay or Ad yeast in
experiments that monitored, side by side, the conversion of p* cells
to the p~/pP state as each of the three rotor subunits became limiting.
Three of the four yeast strains used in this study (Tet-y, Tet-§, and
Tet-€) produced one of the rotor subunits from a plasmid-borne,
doxycycline-repressible gene; the fourth corresponded to the paren-
tal strain (SDC22), in which the rotor protein genes are all under con-
trol of their respective native promoter in the chromosome. All four
strains were grown in rich galactose supplemented with 10 uM doxy-
cycline, conditions under which p=/p° cells can survive and divide. At
the time doxycycline was added, p~/p° levels were <2% for each
strain (Figure 2). After five to seven doublings of the cell density, the
Tet-8 and Tet-y cultures were already almost completely invaded by
p~/p° cells (90-95%), whereas 70% of Tet-¢ cells were still scored p*.
After 20 generations, the Tet-8 and Tet-y cultures were composed
exclusively of p7/p° cells, whereas the Tet-¢ cultures still contained a
substantial subpopulation of p* cells, with a 50% peak after 12-15
generations, followed by a progressive decline to 25% after 40 gen-
erations. Conversely, the p/p° level remained <5% in SDC22 cul-
tures during the course of the entire experiment.
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Mutations in Fg-subunit genes enable yeast to maintain
mtDNA in the absence of the F, g-subunit

Samples of the p* Tet-¢ cells that had accumulated in galactose me-
dia after 40 generations in the presence of doxycycline (Figure 2)
formed either medium-sized (S1) or small (S2) colonies on rich glyc-
erol/ethanol medium (Figure 3A), and both types of clones failed to
grow on glucose plates lacking uracil (Figure 3B). The latter condi-
tion indicated that strains S1 and S2 had lost the URA3-plasmid
(pCM189-ATP15) bearing the doxycycline-repressible gene for wild-
type subunit & and were, in fact, e-subunit null (Ag) strains. Missense
mutations were identified in Fg subunits ¢ (c-L57F) and a (a-A120V)
of strains S1 and S2, respectively (see Materials and Methods). S1
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FIGURE 2: Kinetics of p=/p° cell production. The Tet-y, Tet-3, and
Tet-¢ strains and their parental strain SDC22 (WT) were grown in rich
galactose in the presence of 10 pM doxycycline. The cultures were
refreshed several times with the same medium to produce a total of
40 generations, which was estimated by measuring the turbidity at
650 nm. The contents in p/p° cells were determined at the indicated
number of generations.
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FIGURE 3: Mutations in Fy a- and c-subunits can bypass the need for
subunit €. (A) Samples of the Tet-¢ galactose cultures after
40-generation growth in the presence of doxycycline (Figure 2)
produce colonies that grow on rich glycerol/ethanol medium.
Arrowheads indicate medium-size (S1) and small (S2) clones that carry
mutations in subunit ¢ (c-L57F) and subunit a (a-A128V), respectively.
(B, C) Growth of Tet-g, S1, and S1 retransformed with the Tet-€ gene
on glucose plates lacking uracil (B) and in liquid glycerol/ethanol
medium (C).
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(Ae+c-L57F) was notably impaired for growth in liquid glycerol/etha-
nol medium in comparison with the plasmid-bearing Tet-e cells from
which it originated but could be restored to the control level after
reintroduction of pPCM189-ATP15 (Figure 3C, S1+¢).

The ¢-L57F mutation slows Fy activity

Respiration in the S1 (Ae+c-L57F) mitochondria was only partially
uncoupled, as evidenced by a significant stimulation by both ADP
and CCCP (Figure 4A and Table 2). These mitochondria could sus-
tain a significant A¥ with ethanol without adding oligomycin
(Figure 4B), and 27% the control level of ATP synthesis activity was
observed (Table 3). These data provide evidence that the ¢-L57F
mutation enables partial recovery of the physical and functional cou-
pling of Fq to Fy defect imposed by the absence of subunit . How-
ever, although Western blots revealed the presence of near-normal
to modestly reduced amounts of ATP synthase subunits a, v, 9§,
Atp4, d, a, and c in S1 mitochondria (Figure 4C), F1Fy complexes
minus the e-subunit could not detected by blue native PAGE (BN-
PAGE) by in-gel activity assays or Western blotting with antibody
against the B subunit of Fy (Figure 4D). Instead, Western blots
showed evidence of high-molecular weight oligomers of the hydro-
phobic Fq proteins, subunits a and c. Such findings indicate that the
S1 variant produces an e-minus form of the ATP synthase that is
fragile and dissociates in response to detergent extraction and/or
gel electrophoresis.

The nuclear and mitochondrial chromosomal genotypes of the
strains S1 and S1+¢ are identical (Ae+c-L57F), the difference being
that the latter strain is transformed with plasmid pCM189-ATP15, in
which the wild-type gene for subunit € is subject to down-regulation
by doxycycline. In the absence of drug, S1+¢ yeast are replete with
the e-subunit and provide a cell model to study the ¢-L57F substitu-
tion as a stand-alone mutation. Strain S1+¢ grew as well as the con-
trol Tet-¢ cells in rich glycerol/ethanol medium (Figure 3C). State 4
respiration was also normal in S1+& mitochondria and was stimu-
lated efficiently (4.5-fold) by CCCP (Table 2). However, state 3 respi-
ration (Table 2) and ATP synthesis (Table 3) were both diminished, by
~20-30%, compared with the control, notwithstanding the fact that
BN-PAGE (Figure 4D) revealed control amounts of fully assembled
ATP synthase in the S1+¢ strain. These data suggest that, by itself,
the c-L57F mutation reduces the rate of proton translocation through
Fo without any effect on F1Fq coupling and assembly.

DISCUSSION
Energy coupling in the ATP synthase occurs by means of an elon-
gated hetero-oligomeric structure called the central stalk, which
makes contact at one end with the catalytic sites in the soluble F,
domain and at the other end with the proton-translocating unit in
the membrane (Devenish et al., 2008; Walker, 2013). In the mito-
chondrial enzyme, the central stalk is made of three subunits (y, 8,
and ¢) instead of two as found in bacterial ATP synthase (y and ¢).
Bacterial subunit € is homologous to mitochondrial subunit §,
whereas the mitochondrial e-subunit has no counterpart in bacteria.
Our investigation into the functional relevance of mitochondrial €
provides information that helps explain the appearance of this novel
protein with the evolution of mitochondrial ATP synthase. The re-
sults also offer valuable insight into previous publications in which
the phenotype of yeast strains lacking the chromosomal gene en-
coding the e-subunit (Ag) was described but could not be explained
fully.

Deleting the yeast gene for one of the two conserved, central
stalk proteins (y or 8) destroys oxidative phosphorylation in the cell
(Paul et al., 1994; Giraud and Velours, 1997; Lai-Zhang et al., 1999).

Energy coupling in mitochondrial F1Fy | 795



Mito NADH
100 L 100
80t 80
=)
S1 <
601 8 60
o~ 5 =
o 3
= Tet-e+Dox * @
2 ol et OX 8 40
i, S
cccp ™
201 20
0

60 120 180 240

Time (sec)

Mito

Mito Mito Mito
Y EtOH Y Y Y
Y
EtOHOligo EtOH EtOH
Y
Oli
Y igo
A
A A Ol%go HeN
KCN e KCN
Tet-€ Tet-E+Dox | S1 S1+€

Time (sec)

50 100 150 50 100 150 50 100 150 50 100 150
Time (sec) Time (sec) Time (sec)

D % <

© © @ © ©
X X X X X7 X X7 X
@ o AT & A% o KP & &

Vs, E -
V4 . -
o

ATPase activity Anti a-Atp6 Anti c-Atp9 Anti Atp2
Western-blot
BN-PAGE

FIGURE 4: Properties of the ¢-L57F mutation. All of the experiments shown were performed using mitochondria
prepared from cells grown in rich glycerol/ethanol medium. (A) Oxygen consumption. The additions were 0.15 mg/ml
mitochondrial proteins (mito), 4 mM NADH, 150 uM ADP, and 4 uM CCCP. (B) Energization of the mitochondrial inner
membrane. Variations in A¥ were monitored by the fluorescence quenching of rhodamine 123. The additions were
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traces are representative of three to five experimental trials. (C) Steady-state levels of different mitochondrial proteins in
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digitonin (2 g/g), separated by BN-PAGE, and either assayed for in-gel ATPase activity or transferred to membranes for
Western blotting with the indicated antibodies. V4 and V,, monomeric and dimeric species of ATP synthase (complex V),

respectively.

Instead, poor to modest growth on nonfermentable substrates has
been reported for yeast Ae strains (Guelin et al., 1993; Lai-Zhang
etal., 1999). Another complicating feature is that primary mutations
in any of the three central stalk proteins promote the loss of mtDNA.
The mtDNA instability is most severe in Ay and Ad yeast, which con-
vert 100% to p~/p° cells (Giraud and Velours, 1997, Lai-Zhang et al.,
1999; Duvezin-Caubet et al., 2003, 2006; this study). This phenom-
enon is best described as a survival tactic based on the fact the
proton-translocating subunits of Fy are mitochondrial gene prod-
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ucts, and the seal provided by the central stalk can be compromised
if the structure of this element in incomplete (Lai-Zhang et al., 1999;
Duvezin-Caubet et al., 2006; Godard et al., 2011). By eliminating
mtDNA, the p~/p° derivatives of Ay and A8 yeast lose the capacity to
synthesize an integral membrane Fy domain that can collapse the
AY by leaking protons.

In contrast, Ae yeast convert only partially to cytoplasmic petite
derivatives such that the constitution of stable cultures is a hetero-
geneous mixture of p* and p~/p° cells (~30:70 split). The degree of
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mtDNA instability makes it impossible to distinguish the effects on
respiration attributed solely to the missing e-subunit. For this reason
we used a transformed Ag yeast strain (Tet-€) for our experiments
that carried a doxycycline-repressible form of the e-subunit gene,
ATP15, on a plasmid. In the absence of drug, Tet-e is p* and behaves
just like the parental control strain (SDC22), in which ATP15 is ex-
pressed from its native promoter in the chromosome. Instead, a
doxycycline-induced block in subunit € production was rapidly fol-
lowed by a growth arrest in nonfermentable media (Figure 1A). At
the point of growth arrest, the mitochondria were only partially de-
pleted of subunit € (25% depletion; Figure 1B), had a normal con-
tent of mtDNA, but were totally uncoupled due to Fp-mediated
proton leaks (Figure 1, C and D, and Table 1).

The correlation of 25% reduction in the e-subunit with 100% mi-
tochondrial uncoupling in growth-arrested Tet-¢ cells supports the
idea that a full complement of € protein is required to support en-
ergy coupling in the organelle. However, this conclusion is difficult
to reconcile with the phenotype of simple Ae strains, which lack
completely the e-subunit but retain partial respiratory competence
(Guelin et al., 1993; Lai-Zhang et al., 1999). A solution to the puzzle
was revealed from experiments in which Tet-e cells were cultured for
40 generations with a fermentable carbon source (galactose) in a
rich medium that also contained doxycycline (Figure 2). Because
rich galactose media can support the growth of respiratory-deficient
yeast that are auxotrophic for uracil, it was no surprise to find that
many cells from the original culture had lost the URA3-linked plas-
mid, which rendered them equivalent to untransformed Ae yeast
that were incapable of producing any e-subunit (Figure 3B). Remark-
ably, whereas after two or three generations ATP15 plasmid-replete
Tet-¢ cells stopped growing on respiratory substrates in media that
contained 10 pM doxycycline (Figure 1A), the cured cells that were
recovered after extensive culturing in a rich fermentable medium
supplemented with the drug formed two populations (S1 and S2) of
respiring colonies on glycerol/ethanol plates (Figure 3A).

Suppressor mutations were identified in the mitochondrial genes
coding for subunits of the proton translocation machinery in strains
S1 and S2. For S1, a missense mutation was found in ATP? that re-
sulted in phenylalanine substitution for Leu-57 in the c-subunit, and
for S2 a genetic lesion was located to ATPé that caused an A120V
mutation in subunit a. Because the respiratory function of S2 was
much worse relative to S1, only the latter strain was investigated in
detail (Figure 4 and Tables 2 and 3). Experiments with S1 that que-
ried the characteristics of respiration and energy coupling in the ATP
synthase revealed significant levels of coupled enzyme activities that
indicated the assembly in mitochondria of an e-deficient F1Fy com-
plex that did not leak protons. The fact such complex was not de-
tected by BN-PAGE analysis of digitonin-extracted mitochondria
(Figure 4D) suggests that the physical association of Fy with Fq is
compromised significantly in S1 yeast. Under conditions in which the
c-L57F mutation could be investigated in the context of an otherwise
normal FqFq structure (S1+¢ strain), the results showed that in this
configuration the ATP synthase is fully coupled but reduced in ca-
pacity to translocate protons across the membrane (Tables 2 and 3).

Having shown that combining either the c-L57F or a-A120V mu-
tation with the null allele for subunit e enables yeast to retain mtDNA,
we suggest that similar mutations may have occurred in the genetic
background of the Ag strains that have been described (Guelin et al.,
1993; Lai-Zhang et al., 1999), which permitted a subpopulation of p*
cells to persist. In contrast, it has not been possible to recover p*
derivatives of Ay and Ad that are respiratory competent. Previously
we showed that the mtDNA instability in AJ yeast can be suppressed
by mutations in the mitochondrial genes for subunits ¢ and a, but
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FIGURE 5: Contact zones between the different subunits of the
central stalk in yeast Fy. Left, surface-rendered model of the yeast F4
showing only v (light gray, rendered at 20% transparency), 5 (orange),
and & (magenta) subunits. Right, the surface of the -subunit was
removed and in its place the red and blue dots show the positions of
atoms in § that are within 3.5 A of the y- and e-subunits, respectively.
PyMOL was used to calculate the atomic distances and make the
Figure with the coordinates from the x-ray structure of yeast F1Cqo
ATP synthase (2WPD.pdb).

whereas these maintain the mitochondrial inner membrane in a
proton-impermeable state, such mutant ATP synthases fail to ensure
proton-linked energy-transducing activities (Godard et al., 2011).

Information on the atomic structure of ATP synthases supports
an explanation for phenotypic differences between Ae and AS yeast
strains. Partial structures of the enzyme show that most of the con-
tacts between the central stalk and the proton translocation appara-
tus in the membrane involve the &-subunit (Stock et al., 1999;
Dautant et al., 2010). Hence transduction of the proton motive
force to the Fq catalytic sites largely depends on subunit 8. However,
within the central stalk, the e-subunit provides more than half of the
atomic contacts for the §-subunit (Figure 5, blue vs. red spheres). It
follows that the stability of  in the protein structure is likely compro-
mised under conditions in which the e-subunit is missing (e.g., Ag).
Accelerated degradation of unbound subunit § in doxycycline-
treated Tet-¢ is supported by Western analysis, which shows a re-
duction in the levels of this protein in comparison with mitochondria
from control cells (Figure 1B).

We propose that the e-subunit evolved as a means of securing
the contact between y and §, which otherwise might be compro-
mised by the torque imposed on subunit 8 when the c-ring rotates.
Consistent with this idea is that the c-L57F mutation acquired by Ae
yeast to sustain coupled oxidative phosphorylation did so by slowing
the rate of proton-linked activities in the enzyme, as this may have
been necessary to reduce the amount of strain on the structure.

MATERIALS AND METHODS

Strains and media

Escherichia coli XL1-Blue strain (Stratagene, Santa Clara, CA)
was used for the cloning and propagation of plasmids. The
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S. cerevisiae strains used and their genotypes are listed in Table 1.
The following rich media were used for the growth of yeast: 1%
(wt/vol) yeast extract, 1% (wt/vol) peptone, 40 mg/| adenine, 2%
(wt/vol) glucose, 2% (wt/vol) galactose, or 2% (wt/vol) glycerol. The
glycerol medium was buffered at pH 6.2 with 50 mM potassium
phosphate, and 2% (wt/vol) ethanol was added after sterilization.
We also used complete synthetic medium (CSM; 0.17% [wt/vol]
yeast nitrogen base without amino acids and ammonium sulfate,
0.5% [wt/vol] ammonium sulfate, 2% [wt/vol] glucose, and 0.8%
[wt/vol] of a mixture of amino acids and bases from ForMedium,
Norfolk, UK). The solid media contained 2% (wt/vol) agar.

Construction of a yeast strain expressing the subunit €
under the control of a doxycycline-repressible promoter

The coding sequence of the subunit € gene (ATP15) was amplified
by PCR using DNA from strain W303-1B as a template and the prim-
ers ATP15tet1 (5"-cgcggatccATGTCTGCCTGGAGGAAAGCTG-3))
for the sense strand and ATP15tet2 (5’-ataagaatgcggccgcCTATTTT-
GTTATTGGAGTGGGTTC-3") for the antisense strand. The PCR
product was digested with BamHI-Notl and ligated into the vector
pCM189 (Duvezin-Caubet et al, 2003) to produce plasmid
pZVT1/13. The cloned gene was verified by DNA sequencing. The
SDC22 strain (Duvezin-Caubet et al., 2003) was transformed with
pZVT1/13 and selected on synthetic complete medium lacking ura-
cil. SDC22 containing pZVT1/13 was transformed with the deletion
cassette of ATP15 obtained by PCR amplification using DNA from
strain YPL271w (Aatp15 from the European Saccharomyces cerevi-
siae Archive for Functional Analysis, Frankfurt, Germany) as a tem-
plate and the primers ATP15-300 (5-AGCATTGTACTAGTTCT-
CTCG-3) for the sense strand and ATP15+300 (5-AGAA-
GGGGTGACCAAAGACCG-3) for the antisense strand according
to a previously described procedure (Wach et al., 1994). The trans-
formants were selected on YPGA (yeast extract, peptone, glucose,
adenine) supplemented with 200 ug/ml G418 and analyzed by PCR
analysis. One clone, called YE1, carrying the expected deletion in
the chromosomal ATP15 gene, in a p* state and containing
pZVT1/13, was retained for further analysis.

Construction of a yeast strain expressing the subunit y
under the control of a doxycycline-repressible promoter

The coding sequence of the y-subunit gene (ATP3) was amplified by
PCR using DNA from strain W303-1B as template and primers
ATP3tet1 (5"-ataggatccATGTTGTCAAGAATTGTATCAAACAATG-3')
for the sense strand and ATP3tet2 (5"-atagcggccgcTCATCCCAAA-
GAGGAAGCACCAGTAATAATATC-3) for the antisense strand. The
PCR product was digested with BamHI-Notl and ligated into the
vector pCM189 (Duvezin-Caubet et al., 2003) to produce plasmid
PSE1. The 3’ untranslated region of ATP3 was amplified by PCR us-
ing DNA from strain W303-1B as template and primers GUTR1
(5’-catcctgcagTAAAAAAATCACCCTGCATTGCC-3') for the sense
strandand GUTR2 (5’- gatcaagcttCAAATCATTGAGATTGCGACC-3')
for the antisense strand. The PCR product was digested with Pstl-
Hindlll and ligated into the vector pSE1 to produce plasmid pTE1.
The cloned gene was verified by DNA sequencing. The SDC22
strain was transformed with pTE1 and selected on synthetic com-
plete medium lacking uracil. SDC22 containing pTE1 was trans-
formed with the deletion cassette of ATP3 obtained by the PCR
amplification of the pUG6 plasmid containing the KanMX4 module
(Wach et al., 1994) as template and primers ATP3/Kan/Pro (5’-aggt-
ggaaacaattgaagacgagcagtaaacattattttatttagtagtcCATAGGCCAC-
TAGTGGATCT-3’) for the sense strand and ATP3/Kan/Ter (5'-ttcta-
caaaaacaacgtcaaataaagaggcaatgcagggtgatttttttaCAGCT-
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GAAGCTTCGTACGC-3') for the antisense strand according to a
previously described procedure. Lowercase letters refer to regions
of homology to ATP3, and capital letters refer to regions of KanMX4
homology. The transformants were selected on yeast extract/pep-
tone/dextrose supplemented with 200 ug/ml G418 and analyzed by
PCR analysis. One clone, called YG1, carrying the expected deletion
in the chromosomal ATP3 gene, in a p* state and containing pTET,
was retained for further analysis.

Miscellaneous procedures

Isolated mitochondria were prepared by the enzymatic method
(Guerin et al., 1979). The protein amounts were determined by the
Lowry method (Lowry et al., 1951) in the presence of 5% SDS.
Oxygen consumption rates were measured with a Clark electrode
in the respiration buffer (0.65 M mannitol, 0.36 mM ethylene glycol
tetraacetic acid, 5 mM Tris-phosphate, 10 mM Tris-maleate,
pH 6.8) as previously described (Rigoulet and Guerin, 1979). For
ATP synthesis rate measurements, mitochondria (0.3 mg/ml) were
placed in a 2-ml thermostatically controlled chamber at 28°C in
respiration buffer. The reaction was started by the addition of
4 mM NADH and 1 mM ADP and stopped by 3.5% perchloric acid
and 12.5 mM EDTA. The samples were then neutralized to pH 6.5
by the addition of KOH and 0.3 M 3-(N-morpholino)propanesulfo-
nic acid. ATP was quantified in a luciferin/luciferase assay (Perkin
Elmer) with an LKB bioluminometer. The specific ATPase activity
was measured at pH 8.4 by using a previously described proce-
dure (Somlo, 1968). The participation of the F1Fo-ATP synthase in
ATP production or hydrolysis was assessed by addition of oligomy-
cin (20 pg/mg of protein). Variations in AY were evaluated in the
same buffer by measuring the fluorescence quenching of rhod-
amine 123 with a SAFAS (Monte Carlo, Monaco) fluorescence
spectrophotometer (Emaus et al., 1986). SDS-PAGE was con-
ducted as described previously (Laemmli, 1970; Schagger and von
Jagow, 1987). BN-PAGE and clear native-PAGE experiments were
carried out as described previously (Schagger and von Jagow,
1991). Briefly, mitochondrial extracts solubilized with digitonin to a
protein ratio of 2 g/g were separated in a 3-13% acrylamide con-
tinuous gradient gel. After electrophoresis, the gel was either
stained with Coomassie blue or incubated in a solution of 5 mM
ATP, 5 mM MgCl,, 0.05% lead acetate, 50 mM glycine-NaOH,
pH 8.4, to detect the ATPase activity (Grandier-Vazeille and Guerin,
1996) or transferred to poly(vinylidene difluoride) membranes and
analyzed by Western blotting. Western blot analyses were per-
formed as previously described (Arselin et al., 1996). Polyclonal
antibodies raised against yeast ATP synthase were used at a dilu-
tion of 1:50,000 for subunit o; 1:10,000 for subunits v, Atp4,
a-Atpé, d, c-Atp?, €, and §; 1:10,000 for Aac2; and 1:5000 for
cytochrome b. Monoclonal antibodies against yeast porin (from
Molecular Probes) were used at a dilution of 1:5000. Nitrocellulose
membranes were incubated with peroxidase-labeled antibodies at
a 1:5000 dilution (Promega), and the blot visualization was con-
ducted with an electrochemiluminescence reagent.
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