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Modifications of the relative proteolipid composition
in the ATP synthase of a respiratory competent mutant
of Saccharomyces cerevisiae
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A comparative study of the proteolipid composition of the Fysector of the ATP synthase of wild-type strain of
Saccharomyces cerevisine and of nuclear mutants, modified at the level of the oxidative phosphorylation due to an
enhanced proton permcability of the inner membrane, was carried out. Anaiysis of the crude proteolipid extract by
electrophoresis and higa liquid performance chromatography showed some differences at the level of mitochondrial
DNA encoded proteolipids. Subunit 6 and in particular subunit 8 were present in reduced amounts, whereas subunit 9
was present in equal amounts in both types of strain. However, the phosphate binding affinity of subunit 8 was the same

in wild-type and mutant strains. The fact that subunit 6 and subunit 8 are cotranscripted on a single mRNA led to the

blem of the regulati

Introduction

Prevnons studies have descnbed the nsolatnon and the
pic and g h cf mutant
from Saccharomyces ceremsme mod:ﬁed in the modula-
tion of ATP hase activity by phosph These
d several i but all the mod-
ifications, phenotyplc and biochemical, linked to oxida-
tive boli d with a cry itive phe-
notype (residual growth at 18°C on strictly aerobic
substrate) due to a nuclear recessive mutation [1,2].
Experiments carried out on whole cells [2] as well on
isolated mitochondria [1], allowed to evidence a low
efficiency of the oxidative phosphorylation in these
strains, which was related to an enhanced proton per-
meability of the inner mitochondrial membrane.
On the other hand, from measurements of the kinetic
parameters of the rate of ATP symhesxs as a function of
ion, great diffe

phosp ppeared be-

Abbmnnuons BSA bovine serum alhumm DCCD, dicyclohexyl-

of the mitochondrial hesis of these two p

by a nuclear gene.

tween wild-type and mutant strains: In the parental
strain, two kinetic systems were evidenced, as already
described by Rigoulet et al. [3]: These systems are
related to two different states of the flux control by the
phosphate transport which is directly linked to ApH [4]:
system I corresponds to a high ApH and a low control
by phosphate transport, whereas system II is related to
a low ApH but a high control by phosphate carrier. In
mutant mitochondria, both kinetic systems were re-
placed by only one, the parameters of which are similar
to those of system II [1].

Despite the fact that phosphate transport appeared
to be mersalyl insensitive 1), the phosphate carrier did
not seem modified, since, when isolated fxom enher
mutant or wild-type mitochondria, and d in

hospholipid vesicles it p d the same ch

istics in both cases (Guerin, B., et al, unpublished
results). C ly, we hed for possible alter-
ations occurring in the F,-F, ATPase.

Results presented in this paper show that, in mutant
mitochondria, the Fy sector. of ATPasc was latered since
the relative lipid: ded by

Enzyme: ATP synmase.' ATP phosphobydrolase: EC 3.6.1.34. F, and
F,: integral membrane and peripheral portions of ATP synthase.

Correspondence: M. Guerin, Institut de Biochimie Cellulaire et Neu-
rochimie du CNRS, 1 Rue Camille Saint-Saéns, F-33077 Bordeaux
Cedex, France.

hondrial DNA (Su6, Su8 Su9) was modified.

Material and Methods

Strains. The wild-type haploid strain of Sac-
charomyces cerivisiae AB1-4A/8 (mat a, his 4, T+,
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C+, P+) was from the coll of P.P. Slonimski.

id 1

Mutant strain AB1-4A /8,100 (mat a, his4, Ts, Cs, Ps),
and segregants GM16,/28-2B {mat a, his4, T+, C +,
Ps), GM16/28-2D and GM 16/28-6D (mat a, adel,
T+, Cs, Ps) were deso,nbed in Ref 2

Cell cultures, mitochondria and
ments of oxidative phosphorylations were performed by
classica! methods as previously described [1,2].

Mitochondria were labeled according tc Douglas and
Butow [S] and SDS-PAGE according to the method of
Laemmli modified according to Esparza et al. [6].

Extraction of proteolipids, and HPLC analysis was
performed as described by Michon et al. {7]. Phosphate
binding activity of the organic extract and phospholipid
content were measured according to Guerin and Napias
[8]. The organic extract was prepared from the strains as
for HPLC analysis, 0.05 to 0.4 ml of the extract were
completed up to 0.4 ml with chloroform/methanol
(2:1, v/v), and then added with 0.4 ml of ‘m

carb m-chlc ylhydrazone were from
Sigma. [32P]Phosphate was from the CEA and
[*>S]sulfate from Amersham.

Results

Experiments carried out on whole cells have shown a
low efficiency of oxidative phosphorylations, resulting
in a lower energetic yield in strains supporting the
nuclear mutation inducing a cryosensitive phenotype
[2]. This phenomenon was related on an enhanced pro-
ton permeability of the inner membrane in these strains,
evidenced on isolated mitochondria by swelling experi-
ments in potassium salt solutions {2]. Possible alter-
ations in the F;-ATPase were ruled out in measuring
ATPase activities which were similar in mutant and
parental strains (see legend of Fig. 3).

On the other hand, it appeared that, if at low phos-

and 0.4 ml of a mixture of 50 mM Tris-maleate (pH
7.3)/ methanol (1:1) containing 10 to 1000 nmol of
[*Plphosphate (10000 cpm/nmol). The mixture was
vigorously stirred for 3 min; after centrifugation, 0. 5 ml
of the organic phase was taken out and the radi

phate ion mutant mitochondria differed
greatly from the wild-type in the V,,,, of ATP synthase
activity, at high phosphate concentration (>5 mM),
kinetic parameters were of the same order of magnitude
in both strains [1].

was counted. It was verified that the dependence of lhe
phosphate binding on the protein concentration was
linear.

Reagents.
Mersalyl, dicyclohexylcarbodiimide, oligomycin and
A
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A q of this proton leakage can be seen in
Fig. 1 where the respiratory rate (second state 4, Fig.
1A), the respiratory control (Fig. 1B) and the ratio
ATP/O (Fig. 1C), are reponed as a function of the

of the exg In wild-type mito-
chondria, the oxidation rate of ethanol was very temper-

o
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Fig. 1. Effect of the temperature on oxidative phosphorylation in mutant and wild-type mitochondria. Mitochondria were isolated in buffers

containirg 0.5 mM phosphate (1], from cells grown at 28°C. Respiration rates were measured vith 5 mM ethanol as substrate, S mM phosphate

and 0.17 mM ADP. Measurements were done in triplicate. (A) Respiration rate, second state 4. (B) Respiratory control was calculated on the

second state 4. (C) Initial rate of [*?PJATP synthesis, carried out in the presence of 5 mM [*2P]phosphate, and respiration rate were measured
simultaneously. W, AB1-4A.8; v, AB1-4A/8/100; ® GM16,/28-2D.



ature itive, ding to a d of the in-
trinsic permeability of the mner membrane since re-
spiratory control evoluted in the opposite way. It should
be noted that at 18°C, the actual value of the respira-
tory control was difficult to ascertain. due to the very
lew oxid rate. On the opposite, in mutant mito-
chondria, the oxid: rate was less sensi-
tive and the respiratory control was relatively constant
(and lower than that of the wild-type) along the range
of the temperature. As a matter of fact, ATP/O ranged
to the same values in mutant mitochondria whereas in
wild-type hondria this ratio i when the

d. An Jt of this result
could be that, in wild-type mitochondria, at low temper-
ature, the decrease of the enzyme activities (electron
transfer and ATP synthesis) is compensaicd by the
coupling between both syslems, in mutant mito-
hondria, this comp pling meck should
be absent.

to inhibitors of ATP h
Proton transport through Fy-ATPase can be inhibited
either by DCCD, which binds to Asp-59 of subumt 9
[9], or by olig which i an

129

260*

200
140

80 4
Iy T T T T T ™

3
DCCD py/mg

2604 8

Nat. 0. min~" mg™!

1404

T T T T T
0.5

P

10
Cligomycin g fmi

arrangement of subunits 6 and 9 [10,11]. Both inhibitors
were assayed on wild-type and mutant strains. It can be
seen in Fig. 2 that the DCCD-sensitivity of the respira-
tion (state 3) was 1denncal in both slrams On the
contrary, mutant mi pp d more i
to oligomycin than wild-type mitochondria, since 50%
inhibition were obtained for 0.7 and 1.25 pg oligomycin
per mg protein for mutant and wild type mitochondria,
respectively. However, the observed difference in
oligomycin-sensitivity could be due to the different pro-
lon permeamhly of the membrane since effect of this
i is d dent on the ive force. In
this way, titration of the ATPase activity was perfon'ned
under conditions of zero protonmotive force, i.e. in the
presence of an uncoupler. It can be seen in Fig. 3 that
under these diti mutant mitochondria always
hibited a higher olig i than wild-type
itochondria. This relative oli sensitivity of the
mutant strain ceuld he related to the observation that
growth of mutant cells were more sensitive to oligomy-
cin than that of the parental strain (unpublished resuits).

Analysis of the relative proteolipid composition of the
Fy-ATPase
Since the F, sector of ATP synthase i is cons:dered as
a proton channel, analysis of its p
tion was carried out in mutant and wild-type strams
The yeast F;-ATPase contains several proteolipids
(see Refs. 12 and 13 for review), among them three

proteins are ded by mitochondrial DNA: sut
6, 8 and 9 which are encoded by the genes oli2, aap!
and ofil, respectively [14,15,16}. Sut 9,6 and 4 (a

Fig. 2. itivity of state 3 10 ATP synthase inhibitors.
Mitochondria were suspended at 28°C in the respiration buffer
added with S mM Tris-phosphate, 4 mM ethanol and 0.34 mM ADP.
(A) Mitochondria were preincubated for 4 min in the presence of the
indicated amounts of DCCD. (B) Mitochondria were suspended in
the buffer added with the indicated amounts of oligomycin, for 3 min
before ADP addition. @, Wild-type; ®, mutant. Results are repre-
sentative data of two (A) and four (B) independent experiments.

nuclear DNA encoded protein) [17.18] are assumed to
form the proton channel [17] because of their structural
analogies with subunits ¢, a and b, respectively of the

ATPase activity

o 05 10 15 20 50
Oligomycin g /mg
Fig. 3. Oligomycin-sensitivity of the ATPase activity in the presence
of uncoupler. ATPase activity was measured at 28°C in the presence
of 1 uM CCCP. Actual values: ¥ =1100+ 100 and 1000+ 100 nmol
P,/mg per min for AB1-4A/8 (wild-lype) and AB1-4A/8/1G0, re-
spectively. B, Wild-type; ¥, mutant.
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Fig. 4. SDS-PAGE profile of the crude organic extract from **S-labeled
mitochondria. Cells were grown until the early-exponential phase in
100 ml of a complete glycerol medium and then washed and resus-
pended in 10 ml of a minimal medium (according to 5) without
cycloheximide. After the addition of [*S]sulfate (0.5 mCi, specific
activity; 1372 Ci/mmol), cells were grown aerobically for 24 h. Then,
mitochondria were isolated using the glass-beads method and proteo-
lipids were extracted as described under Materials and Methods. The
electrophoresis was performed according to the classical methods 6]
and a X-ray film (Ilford) was placed on the dried gel for 15 days. The
absorbance of the labeled proteins was recorded with a Vernon

TABLE L

Quantification of the labeling of the proteolipids present in the crude
organic extract

Quantification was done from results similar to that reported in Fig. 4
for independent experiments carried out on the different strains. The
ratios between the analogous proteins wild-type/mutant were calcu-
lated, assuming a ratio of 1 for the 13 kDa protein.

Protein Ratio (wild-type/mutant)

Expt. 1 Expt. 2 Expt. 3
13kDa protein 1 1 )
Subunit 9 0.86 1.08 116
Subunit 6 1.55 1.38 134
Subunit 8 153 2.30 209

purified ATPase isolated from wild-type and mutant
strains was carried out. However, results were difficult
to interpret due to the bad separatlon between proteo-
lipids. Cc ids were d from
mitochondria and the relative composition of the crude
extracts was analyzed.

Total proteins were labeled by culture of the cells for

densitometer coupled to a Delsi i Full line, wild-type;
dashed line, mutant.

bacterial H*-ATPase [19]. At this time the actual role of
subunit 8 remains unclear, although it was suggested
that it could be implicated in the high-affinity phos-
phate transport {3,20].

Preliminary experiments indicating some modifica-
tions at the level of mtDNA d protein synth

24 h in a minimal medium added with [”S]sulfale m
the absence of cycloheximide and then, p

were extracted from isolated mitochondria. Fig. 4 shows
an autoradiogram scanning of a SDS-PAGE of the
organic extract. It contained essentially the three mito-
chondrial subunits 6, 8 and 9 and also a nuclear DNA-
encoded subunit of 13 kDa (this protein was not labeled
when the experiment wes performed in the presence of

(not shown), analysis of the relative composition of the

cycloh This protein, assumed to have an equiv-
alent labeling in both strains, was used as internal
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Fig. 5. Chromatographic analysis of the crude organic extract. The same amount of unlabeled mitochondria for both strains (300 mg of proteins)
was treated and analyzed by HPLC as described under Materials and Methods. Full line, wild-type; dashed line, mutant.
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TABLE Il
g ification of *he of the p ipids present in the retentate
Quantification was performed from the results similar to that reported in Fig. 5, for the indicated indep P nd., not
Strains Genotype Expt. No. Absorbance
Subunit 6 Subunit § Subunit §
Subunit 9 Subunit 9 Subunit 6
AB1-4A/8 T*C+P* 3 34103 1 102 0.29
GM16/28-2B° T*C+P* 1 035
Yeast foam T'C+P* 1 32 L1 034
AB1-4A/8/100 T*C*P* 2 28+02 04401 0.14
GM16/28-2D T CP* 1 14 nd. nd.
GM16/28-6D T*C*p* 2 24401 0.3+£0.05 0.125

2 In this experiment, subunit 9 was difficult to measure correctly.

standard. As compared to this protein, subunits 6 and 8
but not subunit 9 appeared to be present in reduced
amounts in mutant mitochondria. Results from three
independent experiments are reported in Table 1. Ratios
between wild-type and mutant strains varied always in
the same way: if the equivalent amount of subunit 9
could be depicted in both strains, subunit 6 and namely
subunit 8 were in reduced amounts in mutant mito-
chondria,

In a second set of experiments, organic extracts from
both strains were prepared from the same amount of
unlabeled mitochondria and the three subunits of the
F,-ATPase were separated by HPLC. In Fig. 5 we
compare the absorbance profiles at 280 nm obtained for
mutant and parental strains, assuming that the amino-
acid composition of the three proteolipids was the same
in both strains: in mutant mitochondria less subunits 6
and 8 than in wild-type mitochondria were depicted
while both strains exhibited the same amount of subunit
9. In Table 11, the ratios subunit 6/subunit 9, subunit
8/subunit 9 and subunit 8/subunit 6 in different strains
are reported. It can be seen that, relative to subunit 9,
the amounts of subunit 6 and subunit 8 in mutant

TABLE 1l

‘Maximal phosphate-binding activity by the crude organic extract

The phosphate-binding activity was monitored as described under
‘materials and methods in the presence of 500 nmol [*2Plphosphate. It
was verified that the phosphate-binding activity was maximal with
this phosphate amount. The lipid content was i
each of the experiment.

d for

Strains Expt. mg phospholipids/ phosphate binding
No.  mg proteins (nmol/mg proteins)
AB1-4A/8 1 0.2 19
2 22 51
AB1-4A/8/100 3 0.9 7
4 27 17

mitochondria were about 70% and 33%, respectively. of
that of wild-type mitochondria. The ratio subunit
8/subunit 6 was about 0.30 in cryoresistant cells and
0.13 in cryosensitive cells.

Phosphate binding activity of the organic extracts

Since the subunit 8 is able to bind phosphate in
organic phase [8], the phosphate binding activity of the
crude organic extract from parental and mutant strains
were compared. In Table I we reported different
experiments carried out with crude extracts exhibiting
different phospholipid/ protein ratios. Relative to the
protein concentration, and at an equivalent ratio of
phospholipid/ protein, the crude extracts from mutant
mitochondria bound about 3-fold less phosphate than
those from wild-type mitochondria.

However, measurements of the binding activity as a
function of the external phosphate concentration dem-
onstrated that extracts from both strains exhibited the
same of half- ation for ph Ky 2=
80+ 10 pM and 70 £ 10 pM for mutant and parental
steain, respectively (Fig. 6).

-

(nmoles P.mg"y

o 002
R

004

Fig. 6. of the binding by the crude

organic extract. The crude organic extract was isolated as described

under Materials and Methods and the phosphate binding activity was

monitored as in Table 111 with various phosphate concentrations. B,
wild-type; @, mutant.
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Discussion

The mutant strain studied in this work is a respxra-

ATPase, or a structural modifi due to the di
tion of the amount of both subunits 6 and 8.

yeast, ch ized by a cryc Ack 104,
phenotype [2], which is modified at the level of oxida-
tive phosphorylations. It p abad g, which

is better evidenced at low temperature as wel] on the
cell (growth rate and growth yield) as on isolated mito-
chondria (Refs. 1, 2 and this paper). The main modifi-
cation concerns the phosphate dependence of the ATP
synthesis. Only one kinetic system was depicted in the
mutant, the parameters of which being close to the
parameters of the system II depicted in wild-type mito-
chondria, ie., related to a low ApH and a high control
by phosphate carrier [1].

Experiments carried out on isviated mitochondria
suggested modifications occurring at the level of the F,
sector of the ATP synthase, the proton channel of the
enzyme. Indeed, if DCCD-sensitivity was identical in
both strains, the sensitive sites being saturated by the
same amount of inhibitor, mutant strain exhibited an
higher oligomycin-sensitivity.

Analysis of the relative stoichiometry of the mtDNA
encoded proteolipids of the Fy-ATPase shows that
mutant strains contain less subunit 6 and about three
times less subunit 8 than the parental strain. Opposite
to other mutations occurring at the level of the proteo-
lipids {9-11.21,22] which dramatically perturbated the
funciioning of the ATPase-ATPsynthase, the mutation
described herein only modified the ATP synthase at low
external phosphate concentration and/or at low tem-
perature. It should be noted that only the quantity, but
not the enzymatic properties of the subunit 8 were
altered since in both strains subunit 8 exhibited the
same affinity for phosphate.

As regards subunit 6, the problem was to know
whether the relative weak modification observed in the
amount of this protein, as compared to that of subunit
8. is directly linked to the mutation or is a consequence
of it. Indeed, genes encoding for subunits 6 and subunit
8 (0li2 and aapl, respectively) are cotranscripted on a
single mRNA [23], but, it is also known that the se-
quence of assembly of the three proteolipids in Fy-
ATPase follows the order 9, 8, 6, a defect in the
assembly of subunit 8 inducing a defect of assembly of
subunit 6 with subunit 9 [24]. Thus, a mutation inducing
a reduced amount of subunit 8 could promote a reduc-
tion of assembly of subunit 6. Thus, it is difficult to
conclude about a functional perturbation induced by a
reduction and/or incorporation of subunit 8 in Fy-
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the p ion and for stimul discus-
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Centre N | de 1a Rech ifi the Uni-
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