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ABSTRACT. The topology of subunit, a component of the yeasti-ATP synthase, was determined by
the use of cysteine-substituted mutants. The-lo: orientation of this intrinsic subunit was confirmed

by chemical modification of unique cysteine residues with 4-acetamideateimidylstilbene-2,2disulfonic

acid. Near-neighbor relationships between subumibd subunits, f, g, andd were demonstrated by
cross-link formation following sulfhydryl oxidation or reaction with homobifunctional and heterobifunctional
reagents. Our data suggest interactions between the unique membrane-spanning segment baadbunit
the first transmembranous-helix of subunité and a stoichiometry of 1 suburitper complex. Cross-
linked products between mutant suburiend proteins loosely bound to theH-ATP synthase suggest
that subunif is located at the periphery of the enzyme and interacts with proteins of the inner mitochondrial
membrane that are not involved in the structure of the yeast ATP synthase.

The RF:-ATP synthasgis the major enzyme responsible
for the aerobic synthesis of ATP. It exhibits a tripartite

a second stalk which fixes tlg3s oligomer to thea-subunit,
thus allowing rotation of the-subunit oligomer together with

structure consisting of a headpiece (catalytic sector), athey- ande-subunits. T, 12). TheE. coli ATP synthase and
basepiece (membrane sector), and two connecting stalks. Théhe bovine enzyme contain 8 and 16 different types of

sector i containing the headpiece is a water-soluble unit
retaining the ability to hydrolyze ATP when in a soluble
form. K, is embedded in the membrane and is mainly

subunits, respectivelyl@). In the case ofSaccharomyces
cerevisiae the RF-ATP synthase is composed of at least
13 different kinds of subunits involved in the structure of

composed of hydrophobic subunits forming a specific proton the enzyme; the disruption of each of their structural genes
conducting pathway. The connecting stalks are constitutedleads to a lack of assembly of the compléx)( Recently,

of components from both;Fand k. When the Fand K

the establishment of the structure of the yeast enzyme at 3.9

sectors are coupled, the enzyme functions as a reversibled resolution revealed the structure of the main part of F

H*-transporting ATPase or ATP synthade ). The model

and that of the subun@ oligomer of K (15). Low-resolution

for energy coupling by ATP synthase that has gained the structural approaches such as reconstitutid), (chemical

most general support is the binding change mechan®m (

cross-linking 7, 18), and disulfide bond formation experi-

This concept has been strengthened by the establishment ofnents (9—23) are alternatives to obtain essential information

the crystal structure of the major part of the bovineaRd
rat F (4, 5). The affinity change of substrates and products

at catalytic sites is coupled to proton transport by the rotation

of the y-subunit inside thexsf; oligomer 6—9). The ATP
synthase thus operates as a rotary motoEdcherichia coli
F, and F are linked by a stalk which is made of subunjits
ande and which constitutes a part of the rotd0f. Three
other subunitsg of F; and the twob-subunits of G, are
also involved in the binding of Ro F,. They form the stator,

on the K organization and on the second stalk organization
in the absence of crystallographic and NMR data.

We have already undertaken a topological study of the
yeast k. Since the primary structure of each subunit is
known, we have used a combination of cysteine-generated
mutants and cross-linking reagents to examine the organiza-
tion of stator subunits by Western blot analys28—<25).

The yeast Fis made of eight different component$4],
subunits4, 6, 8, 9, d, f, and h and OSCP, whose gene
inactivation leads to a lack of growth on a nonfermentable
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15 kDa, i, andk) have also been identifie®§): they are
associated to the yeast enzyme but are not essential to cell
growth with glycerol or lactate as the carbon source. Among
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been identified. It is encoded by the nuclear gene ATP18.
Subuniti is 59 amino acids long and corresponds to a
calculated mass of 6687 Da. It is an integral inner membrane
protein which spans the membrane once with g
orientation 28). The null mutantAATP18 is able to grow

on nonfermentable medium, thus indicating that the protein
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is not essential7). However, the mutant cells grown on

Paumard et al.

Table 1: Generation Time of Yeast Strains and ATPase Activities

such a purely oxidative carbon source had an increasedof Yeast Mitochondria

doubling time, so the absence of this additional subunit
caused a significant alteration of oxidative phosphorylations.
As a result, the role and the location of this subunit in the
Fo sector are under investigation. The environment of subunit
i has now been studied by the combination of cysteine-
generated mutants, chemical modification reagents, andk29c
cross-linking reagents. Here we report new data showing the K54C

proximity of subunit and subunits, d, f, andg, all of them
being components of the,Bector.

EXPERIMENTAL PROCEDURES

Materials DSP and SMPB were from Pierce. AMDA and
MPB were obtained from Molecular Probes. APA-Br was
from Sigma. Oligonucleotides were purchased from MWG-
BIOTECH. All other chemicals were of reagent grade
quality.

Strains and Nucleic Acid TechniqueBhe S. cereisiae
strain D273-10B/A/H/U (MAT, metg his3, urad) was the
wild-type strain 29). The yeast mutants were named as

(wild-type residue)(residue number)(mutant residue) where
the residues were given a single-letter code. The strains

containing modified versions of subuiitvere obtained after
insertion at thénis3locus of the integrative plasmid pRS303
containing the 1402 bpEcdRl—BanmHI DNA fragment
bearing the wild-type ATP18 gene&q) or the mutated

doubling ATPase activity
time [mol of R min~t (mg of proteiny?]
strains (min) no addition oligomycin
wild-type control 161 6.46: 0.27 0.48+ 0.05
K3C 181 5.06+ 0.01 0.40+ 0.03
188 8.08+ 0.20 0.05+ 0.01
166 4,53+ 0.10 0.24+ 0.03

aGrowth was monitored by turbidimetry at 600 nm. The growth
rate was calculated in the exponential growth phase over a 10-h period.
Yeast cells were grown at Z& with 2% lactate as the carbon source.
Mitochondria were isolated. ATPase assays were performed &€ 30
with the addition of &g of oligomycin/mL where indicated. The wild-
type control strain was th\ATP18 strain complemented by the
integrative vector pRS303 bearing the wild-type ATP18 gene.

10 mM Tris. For cross-linking experiments with SMPB,
wild-type and mutant mitochondria were washed twice with
0.6 M mannitol, 2 mM EGTA, and 50 mN\-(2-hydroxy-
ethyl)piperazineN'-2-ethanesulfonic acid, pH 7.5, and were
suspended in the same buffer at a protein concentration of
10 mg/mL. The Triton X-100 extract was prepared as above.
Samples were incubated with or without 0.2 mM SMPB for
10 min at 25°C. The reaction was stopped by addition of
the electrophoresis sample buffer containing 2% 2-mercap-
toethanol. Cross-linking experiments with APA-Br were
performed as described previousl23]. Disulfide bond

versions of the ATP18 gene, respectively. Mutagenesis wasformation was done by incubation of mitochondrial Triton

performed as described in r80. Single-stranded DNA of
the phagemid pDRATP18 was prepared frentoli IM109

X-100 extracts with either 1.5 mM Cu(H)(1,10-phenan-
throline); (CuP) as in ref37 or 2 mM diamide according to

cultures containing the recombinant phagemid and the helperapallo et al. 22). .
phage R408. This served as a template for mutagenesis by SDS-Polyacrylamide Slab Gel Electrophoresis and West-
using the phosphorylated mutagenic oligonucleotides, theern Blot Analyses SDS gel electrophoresis was done

phosphorylated Anfpoligonucleotide 80), and T7 DNA

according to the method of Sayger and Von Jagow3g).

polymerase. Mutations were confirmed by DNA sequencing Western blot analyses were described previousd).(

(32). The LiCl method 82) was used to transform the null

Polyclonal antibodies were used at a 1:10 000 dilution.

mutant AATP18 by the recombinant integrative plasmid. ProBlott membranes (Applied Biosystems) were incubated
Transformants were selected and subcloned on minima|W|th perOXIdase-IabeIed antibodies at a dilution of 1:10 000
medium containing methionine and glucose as the carbonand revealed with the ECL reagent of Amersham Interna-
source. Correct integration was verified by polymerase chain tional. Evaluation of the apparent molecular masses of cross-

reaction analysis on yeast clones.

Biochemical Procedure€ells were grown aerobically at
28 °C in a complete liquid medium containing 2% lactate

linked products was done by using molecular masses of
subunitsi, f, andd as standards. The polyclonal antibodies
raised against subunitwere directed against a C-terminal

as the carbon sourc&3) and harvested in the logarithmic ~PEPtide containing amino acid residues—&H. Polyclonal
growth phase. Mitochondria were prepared as describeg@ntibodies raised against subugitvere kindly provided by

previously @4) and suspended in the isolation buffer (0.6 Dr. R..Stuart anq Dr:‘W. Neupert (Inst!tutrfE’hysmloglshe
M mannitol, 2 mM EGTA, 10 mM Tris-maleate, pH 6.8). Chemie der Universitavlunchen, Munich, Germany).
The protein concentration was determined according to RESULTS
Lowry et al. 35) in the presence of 5% SDS with bovine
serum albumin as the standard protein. ATPase SDECiﬁC Subuniti Containsaunique membrane-spanning Segment_
activity was measured at pH 8.4 as described ir3eef The location of the N- and C-termini was examined by using
CrossLinking Experimentd-or cross-linking experiments  two cysteine-substituted mutants (K3C and K54C) having a
with DSP, mitochondria isolated from wild-type cells were unique cysteine residue in the N- and in the C-terminal parts
washed twice with 0.6 M mannitol, 2 mM EGTA, and 50 of the protein, respectively. Growth of the mutant strains on
mM triethanolamine-HCI, pH 8.0, and suspended in 22 mM nonfermentable medium and the oligomycin-sensitive AT-
triethanolamine-HCI, pH 8.0, at a protein concentration of Pase activities were not significantly affected by these
10 mg/mL. To this suspension was added an equal volumesubstitutions (Table 1). The accessibility of the cysteines was
of 0.75% Triton X-100 (w/v), and incubation was performed determined by using hydrophilic maleimide reagents as was
for 20 min at 4°C. After centrifugation (1000Q§) 15 min done previously for subunitd and f (23, 25). In intact
at 4 °C), the supernatant was incubated with DSP for 30 mitochondria, Cy& of subunitiK54C was accessible to
min at 27°C. The reaction was quenched by the addition of 4-acetamido-4maleimidylstilbene-2,2isulfonic acid and



Yeast ATP Synthase Subunit Biochemistry, Vol. 39, No. 14, 20031201

anti-i anti-f anti-6 anti-i anti-6
DSP mit, ext.  mit.ext.mit. ext. APA-Br -4 -4 1D
—_———— a
pM 0 100200500 0100200500  © 200 200 0 200 200
b W kDa
P R ..
l+6: = esanld - =29 6+i- ® "o -2

Sne - 23
ifel e il ) -17 6~ | 4 S

f- A d - 10.6

i - eesanali® - 6.7
_ F—— -67

Ficure 1: Cross-linking of subunits, 6, and f with DSP. FiGure 2: Cross-linking involving Cy® of subunit6 and subunit
Mitochondria were isolated from the wild-type strain, and 0.375% i. The 0.375% Triton X-100 extracts were prepared from wild-
Triton X-100 protein mitochondrial extracts were prepared. The type mitochondria and incubated with 2aM APA-Br. Samples
two preparations were incubated with the indicated concentrations (30 g of protein) were submitted to Western blot analyses. The
of DSP for 30 min at 27C. The reaction was stopped upon addition blots were incubated with the indicated polyclonal antibodies.

of Tris, and samples (3@g of protein) were analyzed by Western

blot. The blots were incubated with polyclonal antibodies raised K3C and K54C strains and Triton X-100 protein extracts

against subunits f, and 6. Key: mit, mitochondria; ext, 0.375%  ere used, their unique cysteine residue being the target of
Triton X-100 extract. a specific thiol reagent. However, the existence of a unique
cysteine residue in subur@t(Cy<s) located near the surface
of the outer side of the inner mitochondrial membra?®) (
could lead to misinterpretations of the data. To clarify this
point, a 0.375% wild-type Triton X-100 extract was incu-
bated with the cross-linking reagent APA-Br. At one of its
ocoiic Ceavage anais hal he CLommina par of S oy e i e e e st
subuniti is located in t.he intermembrane s_pace. product of 29 kDa involving subuni®andi was evidenced
DSP Induces Croskinked Products Inolving ATP Syn- [y Western blot analysis (Figure 2), thus showing thaf&ys
thase Subunits, if, and 6 We have previously shown that  of subunit6 is located near suburiifat a distancef® A or
when a detergent concentration as low as 0.375% Triton less). These data imply that the two mutants K3C and K54C
X-100 is used, the protein extracts obtained from isolated \quld very likely also form these adducts in the presence
mitochondria contain a functional ATP synthase that is gf g cross-linking reagent specific of thiol groups.
sensitive to § inhibitors @4). Preliminary experiments to Disulfide CrossLink Formation between CySubstituted
identify neighboring proteins of suburitwere performed  pMutants of Subunit i and Subunits 6 andTde presence of
W|th the homobifunctional reagent DSP, Wh|Ch reacts W|th a unique Cysteine residue not Oniy in Subl_ﬁ]but aiso in

amino groups distant at a maximum of 12 A. Wild-type the engineered mutants of subuiitmade feasible the
mitochondria and crude Triton X-100 extracts were incubated formation Of disulfide bridges between the na‘[ive and
with increasing concentrations of DSP. Subuniontains  engineered subunits of the, Bector. Disulfide cross-link
six lysine residues, each of them constituting a potential formation was induced by 1.5 mM Cu(H#)1,10-phenan-
target to cross-linking reagents such as DSP, so it couldthro“ne)3 (1.5 mM CuC} was also used as in ref9 but
therefore provide data concerning their environment. Figure sjmilar cross-linking results were obtained with both of these
1 shows that two main cross-linked products (having apparentreagents). The 0.375% Triton X-100 protein extracts of the
molecular masses of 17 and 29 kDa) were obtained with two mutants K3C and K54C were incubated with CuP and
mitochondria and W|th Triton X-100 extracts. Identiﬁcation anaiyzed by Western blot (Figure 3) Oxidation of the K3C
of cross-linked products was performed by Western blot mytant protein extract led to five bands revealed by anti-
analysis with the aid of our set of specific antibodies. This sybuniti, whereas only three were observed with the K54C
demonstrated that the SpeCieS of 17 and 29 kDa were CrOSSextractS (Figure 3A) Among the cross-linked products] one
linked products of + f andi + 6, respectively. It should be  with an apparent molecular mass of 29 kDa was identified
noted that the hydrophobic subu6ijtwhose molecular mass  as the result of the disulfide bridge formation between
is 27 943 Da, displayed an apparent molecular mass of 23sybunits6C23 andK54C. An identical product was obtained
kDa in our electrophoretic conditions. Although mitochondria ith the K29C mutant whose mutation is located at the end
and Triton X-100 extracts gaVe qualitatively Similar reSUItS, Of the membrane_spanning Segment and for Wh|Ch a Strong
incubation of Triton X-100 extracts always gave more intense jK29C + 6 adduct was obtained upon CuP-catalyzed
bands (Figure 1). oxidation (Figure 3A). This favors the proximity of C¥/s
Cys?® of Subunit 6 Is lmolved in the Crosd.inks between  and Cy3° of mutant subunits to Cys* of subunit6. All of
Subunits 6 and.iln addition to the identification of the these data are consistent with the intermembrane location
proteins involved in adduct formation with subuniit of residue Cy& of subunité and of residues 29 and 54 of
interesting data concerning the positions from which the subuniti. The K54C extracts also displayed a CuP-catalyzed
cross-links originated were provided by using a unique target oxidation product of 12 kDa involving suburiik54C and
in subuniti. For this purpose, mitochondria isolated from an unidentified small component (Figure 3A). Figure 3A also

3-(N-maleimidylpropionyl)biocytin, whereas Cysf subunit
iK3C was accessible only when the membranous barrier was
disrupted (not shown), a fact which is very consistent with
a Nn—C,,¢ Orientation. This result is in full agreement with
that recently reported by Arnold et aR8), who showed by
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Ficure 3: Disulfide bridges between components of the yegsfTRe 0.375% Triton X-100 extracts were prepared from mitochondria
isolated from K3C, K54C, and K29C strains (A) and from K3C and wild-type (WT) strains (B) and incubated in the presence or in the
absence of 1.5 mM Cu(H)(1,10-phenanthroling)(CuP). Samples (3@g of protein) were analyzed by Western blot. The blots were
incubated with the indicated polyclonal antibodies.
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Ficure 4: Cross-linking of wild-type and K3C mitochondria and Triton X-100 extracts with SMPB. Mitochondria isolated from wild-type
(WT) and K3C strains and their 0.375% Triton X-100 extracts were incubated witluRDBMPB. Samples (3@&g of protein) were
analyzed by Western blot. The blots were incubated with the indicated polyclonal antibodies. Panels: (A) wild-type and K3C extracts; (B)
K3C mitochondria (0) and K3C 0.375% Triton X-100 extract (0.375).

shows that subunitk3C is involved in the formation of a  led to a cross-linked product of 29 kDa which involves €ys
cross-linked product whose apparent molecular mass isof subunité and an amino group of the wild-type subunit
around 29 kDa and which does not contain sub@nithe (Figure 4A). Mitochondrial membranes of the K3C mutant
protein involved in this adduct formation with subuniis had cross-linked products similar to those of the Triton X-100
not a component of the yeast ATP synthase and has not yekextract (Figure 4B). This indicates that membrane extraction
been identified. The product of apparent molecular mass 17by 0.375% Triton X-100 does not significantly modify the
kDa formed with the K3C extract was the result of a disulfide relationships between,Fsubunits. Upon incubation with
bridge formation between subunikK3C and the unique  SMPB, the K3C extract displayed additional adducts involv-
cysteine residue (Cy3 of subunitg, since the wild-type  ing subuniti but not subunitg (Figure 4A), despite the
extract did not display such a cross-link (Figure 3B). proximity of the two proteins evidenced by a disulfide bond
Moreover, the K3C extracts showed another band of apparentormation (see above). From the additional bands, cross-
molecular mass 14 kDa; this product was presumed to bejinked products originating fronk3C + d andiK3C + 6
formed by oxidation (Figure 3B). + d were identified. Subunid is a main component of the
Subunit i Is Close to Subunit d Component of the Second second stalk located on the matrix side and close to subunit
Stalk In another set of experiments, SMPB, which has a 4 (subunitb) (16, 40). Cross-linked products corresponding
spacing arm of 14.5 A, was used to produce cross-links to iK3C + f andiK3C + 6 + f adducts were also identified
between thiol and amino groups. As expected, incubation (Figure 4B). Upon incubation with SMPB, the K54C
of wild-type mitochondrial Triton X-100 extracts with SMPB  mitochondrial membranes mainly gave a 41 kDa band
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FiGurRe 5: Cross-linking of K54C mitochondria and Triton X-100
extract with SMPB. Mitochondria isolated from K54C mitochondria
(0) and the K54C 0.375% Triton X-100 extract (0.375) were
incubated with 20cM SMPB. Samples (3@g of protein) were
analyzed by Western blot. The blots were incubated with the
indicated polyclonal antibodies.

involving iK54C and a nonidentified component which is
not an ATP synthase subunit. The intensity of the 41 kDa
band was largely decreased in the Triton X-100 extract,
which displayed one main product madeiof 6 (Figure

5).

Subunit i Forms Croskinked Products with Proteins That
Are Not Irvolved in the Structure of the Yeast ATP Synthase
It appears from the above results that subung close to
subunitsf, 6, g, andd, four well-characterized components
of the ATP synthase complex. In addition, oxidation experi-
ments revealed that three unidentified proteins formed

adducts of apparent molecular masses 29 and 14 kDa with

iK3C and 12 kDa withiK54C. Figure 6 shows that the
unidentified proteins are not firmly bound to the yeast ATP

synthase, since the increase in Triton X-100 concentration
highly decreased the intensity of the adducts obtained by

oxidation, while the 29 kDa product originating from the
disulfide bond formation between CGy<of subunit6 and
Cys* of subunitik54C was still formed in comparable
amount upon oxidation of 2% Triton X-100 extracts by CuP
or diamide. Similarly, thé + g adduct was no longer formed
in a 1% Triton X-100 extract, conditions which dissociate
the dimer-specific subung from F, (26). It has previously

been shown that inactivation of the ATP20 gene encoding

subunitg does not significantly alter the oxidative phospho-
rylations, thus indicating that subumjtis not essential4l).

All of these results strongly suggest that the above unidenti-

fied components, like subunif, are proteins which are not
involved in the structure of the yeast ATP synthase.

DISCUSSION

Subuniti is a newly identified component of the yeast
ATP synthaseZ7, 28). This component probably exists in

Biochemistry, Vol. 39, No. 14, 20064203

to grow on nonfermentable carbon sources, we showed in a
recent paper that the mutant strain devoid of subiucould
grow on nonfermentable carbon sources such as lactate or
glycerol, but more slowly than the wild-type strain, and that
mutant mitochondria displayed significant alteration of
oxidative phosphorylations2f). So far, the discrepancy
concerning the phenotype of the null mutant in the ATP18
gene has not been solved, the only difference being the
haploid strains used (W303-1A for Arnold and collaborators
and D273-10B/A/H/U in our study).

In the present paper, a topological study of subuniais
undertaken to define its location in the complex and its
possible relationships with other known components of the
enzyme. A N,—C,t Orientation of subunit means that there
is a short hydrophilic segment (amino acid residue$)lin
the matrix and a C-terminal hydrophilic segment containing
amino acid residues 2%9 in the intermembrane space.

Subunit i Forms Cros&inked Products with ATP Synthase
Subunit 6 on the Outside of the Inner Mitochondrial
Membrane The experiments reported in this paper were
carried out first with the homobifunctional reagent DSP. They
gave two main cross-linked products involving wild-type
subuniti and subunit$ andf (these two components being
essential subunits of ) To define more accurately the
targets involved and the distances between these subunits,
we used the above-mentioned cysteine mutants and various
cross-linking procedures. Figure 7 summarizes the data.
Subuniti, the N-terminus of subun@ containing the unique
cysteine residue (C¥9, and the first membrane-spanning
segment of subuni are shown. The different cross-links
produced by APA-Br, by SMPB or following sulfhydryl
oxidation, are reported. The disulfide bond formation be-
tween6C23 and4D54C was described in a previous paper
(23). The 6 + i cross-linked product obtained with SMPB
in a wild-type context involves Cy%of subunité and amino
groups of the four lysine residues of subunitresent in the
intermembrane space. In addition, disulfide bond formation
following sulfhydryl oxidation easily occurred between
iK54C and6C23 and mainly betweeiK29C and6C23.
These data are in favor of an interaction between the first
transmembrane-helix of subunit6 and the unique membrane-
spanning segment of suburiit As the stoichiometry of
subunit6 is 1 per yeast ATP synthase comple2d), the
guasi-absence of both free subunitsnd 6 after oxidation
of the iK29C Triton X-100 extract leads to the conclusion
that subunitd and 6 display the same stoichiometry of 1.

Subunit i Forms Crostinked Products with ATP Synthase
Subunits f d, and g on the Inner Side of the Inner
Mitochondrial MembranePosition 3 of subunit is located
on the matrix side probably close to the surface of the inner
mitochondrial membrane. From this position, cross-linked
products were obtained with subunftandd with SMPB.

We have already reported that subufithas a unique
membrane-spanning segment (residues&®) and displays

other organisms since open reading frames probably encodinga Ni,—Coy Orientation 25). As a consequence, the product

this protein have been identified Bchizosaccharomyces
pombe (EMBL accession number Z99753Neurospora
crassa(GenBank accession number Al329387), dbake-
norhabditis elegan§GenBank accession number AF067943.1
22834-22974). Whereas Arnold et al2®) reported that
deletion of the ATP18 gene led to a strain completely
deficient in oligomycin-sensitive ATPase activity and unable

i + f involves a cross-link between Cysf the mutant
subuniti and one of the amino groups from the eight lysine
residues of subunit located on the matrix side and at the
most at a distance of 14.5 A. The cross-linking between
subunitiK3C and subunitl, a component of the second stalk
of the ATP synthase, shows that a lysine residue of the latter
subunit is at the most at a distance of 14.5 A frag8C
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Ficure 6: Decrease in cross-linked product formation following sulfhydryl oxidation in the presence of high Triton X-100 concentrations.
The 0.375%, 1%, and 2% Triton X-100 extracts of mitochondria isolated from K3C and K54C strains were incubated with either 1.5 mM
Cu(ll)—(1,10-phenanthroling CuP) or 2 mM diamide as described in Experimental Procedures. Sampleg (8@roteins) were analyzed

by Western blot. The blots were incubated with polyclonal antibodies raised against subunit

associated with 26), which is also required for maximum
levels of respiration, ATP synthesis, and cytochrome
oxidase activity in yeas#(l). Although its molecular mass

is 12 921 Da, it migrates with an apparent molecular mass
of 10 kDa on SDS gel electrophoresis. Subgrtias a unique
membrane-spanning segment (residues®8%%b) with a N,—

Cout Orientation 26). Such an orientation is consistent with
the disulfide bridge formation between the €géthe mutant
subuniti and Cyg® of subunitg in the matrix space. An
intriguing result was the absence of the cross-linked product
iK3C + g in the presence of either SMPB or DSP. As subunit
g has 10 lysine residues in its matrix part (residues4),

this means that these amino acid residues are not accessible
to succinimidyl groups of cross-linking reagents. We pos-
tulate that a steric hindrance due to either subiumitanother
component located in this neighborhood prevents cross-
linking by SMPB and DSP.

Subunit i Is Located in the Periphery of the Yeast ATP
SynthaseBy CuP-catalyzed oxidation of K3C and K54C
Triton X-100 extracts, we have shown the presence of three

S5kDa 34kDa unknown proteins loosely bound to the yeast ATP synthase
and close to subunit. By using our set of polyclonal
Intermembrane Space antibodies we were not able to identify these proteins: This
Ficure 7: Schematic representation showing the near neighbors indicates that these components are not subunits of the yeast
of subuniti. The numbering of subun@ begins at serine 1 of the  ATp synthase. This in turn implies that subunihas a

mature sequencetd). The first membrane-spanning segment of . S
subunit6 and part of its first loop located in the matrix space are peripheral location in the yeast ATP synthase complex, thus

shown. The black filled circles represent the lysine residues replacedallowing contacts with other components of the inner
by cysteines in subunit Other lysine residues are shown as hatched mitochondrial membrane. The question of the specificity of

circles. The arrows are oriented toward the various subunits cross-the disulfide bond formation arises from these results. The

linked by sulfhydryl oxidation (solid arrow), SMPB (dotted arrow), ; ; o (i ;
and APA-Br (dashed arrow3D54C stands for subunit modified followlng points addrtla_si tZISbISSU_ed (I.) From resfld#e S,Jh_ree
at position 54 23). proteins were cross-linked by oxidation, one of them being

subunitg whose Cy® is also located on the matrix side,
and is therefore close to the inner surface of the inner while the other two are not components of the yeast ATP
mitochondrial membrane. With the reagent SMPB, hetero- synthase. However, on the matrix side, subuaits, andy
trimers were obtained. THet 6 + f adduct involves a first ~ and OSCP have endogenous cysteine residues that have been
cross-link between6C23 and an amino group of the shown to be accessible to the maleimide reagev-

C-terminal part of subunitand a second one betweid8C (dimethylamino)-4-methyl-3-coumarinyllmaleimid23j and
and an amino group of the N-terminal part of subdni& therefore should be able to react witk3C by oxidation,
similar network of cross-links can be proposed forithe6 but in fact they do not. (i) The unidentified proteins giving
+ d product. the cross-linked products of 14 and 29 kDa wHIBC were

The disulfide bond formation between subuiBC and also obtained in the absence of CuP, thus showing the close
subunitg75C revealed the proximity of the two subunits. proximity of the cross-linked partners. (iii) On the inter-
Subunitg has been described as a dimer-specific subunit membrane side, the ATP synthase subuiiitd (23), ande
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(42) have a unique cysteine residue but only sub@nitas
cross-linked by oxidation withK54C. (iv) There was a

decrease in the amounts of cross-linked products generated

by oxidation when Triton X-100 concentrations were in-
creased. This probably means that the unidentified proteins 1g

loosely associated with the ATP synthase were removed by

16.

17

the detergent treatment. The numerous cross-links obtained 19.
by sulfhydryl oxidation from residues 3 and 54 and not from
residue 29 are consistent with a greater susceptibility to 20-

thermal collision, perhaps because residues 3 and 54 lie at

the

N- and C-termini of the protein, respectively. From the

1
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Collinson, I. R., Vanraaij, M. J., Runswick, M. J., Fearnley,
|. M., Skehel, J. M., Orriss, G. L., Miroux, B., and Walker, J.
E. (1994) J. Mol. Biol. 242, 408-421.

. Belogrudov, G. I., Tomich, J. M., and Hatefi, Y. (1995)

Biol. Chem 270, 2053-2060.

Belogrudov, G. I., Tomich, J. M., and Hatefi, Y. (1995)
Biol. Chem 271, 20340-20345.

Ogilvie, 1., Aggeler, R., and Capaldi, R. A. (1997)Biol.
Chem 272, 16652-16656.

McLachlin, D. T., Bestard, J. A., and Dunn, S. D. (1998)
Biol. Chem 273 15162-15168.

21. Jiang, W. P., and Fillingame, R. H. (1998)oc. Natl. Acad

apparent molecular masses of the products obtained by CuP- oo

catalyzed oxidation, masses of 22, 7, and 5 kDa can be

evaluated for the partners of subunitinvolved in the
disulfide bridge formations. Similarly, the mass of the
unidentified partner of subunit in the 41 kDa product
obtained by incubation of K54C mitochondrial membranes
with SMPB can be evaluated to be 34 kDa. To identify these
peripheral proteins, we are now developing experimental

procedures which make it possible to keep these proteins

associated to the ATP synthase.
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