
Identification of Two Proteins Associated with
Mammalian ATP Synthase*□S

Björn Meyer‡§, Ilka Wittig§, Elisabeth Trifilieff¶, Michael Karas‡,
and Hermann Schägger§�

Bovine mitochondrial ATP synthase commonly is isolated
as a monomeric complex that contains 16 protein sub-
units and the natural IF1 inhibitor protein in substoichio-
metric amounts. Alternatively ATP synthase can be iso-
lated in dimeric and higher oligomeric states using
digitonin for membrane solubilization and blue native or
clear native electrophoresis for separation of the native
mitochondrial complexes. Using blue native electrophore-
sis we could identify two ATP synthase-associated mem-
brane proteins with masses smaller than 7 kDa and iso-
electric points close to 10 that previously had been
removed during purification. We show that in the mito-
chondrial membrane both proteins are almost quantita-
tively bound to ATP synthase. Both proteins had been
identified earlier in a different context, but their associa-
tion with ATP synthase was unknown. The first one had
been named 6.8-kDa mitochondrial proteolipid because it
can be isolated by chloroform/methanol extraction from
mitochondrial membranes. The second one had been de-
noted as diabetes-associated protein in insulin-sensitive
tissue (DAPIT), which may provide a clue for further func-
tional and clinical investigations. Molecular & Cellular
Proteomics 6:1690–1699, 2007.

Mammalian mitochondrial ATP synthase, also named F1F0-
ATP synthase or complex V, uses the electrochemical poten-
tial across the mitochondrial inner membrane that is gener-
ated by the three major respiratory complexes, NADH
dehydrogenase (complex I),1 cytochrome c reductase (com-

plex III), and cytochrome c oxidase (complex IV), to synthesize
ATP. Other FADH2-linked complexes like succinate dehydro-
genase (complex II) do not immediately couple the oxidation
of substrates to vectorial proton transport (1–4). F1F0-ATP
synthase contains an extramembranous F1- and an intramem-
branous F0-domain that are linked by a peripheral and a
central stalk (5–8). The central stalk, containing F1-subunits �,
�, and � in mammals, is associated with a ring of F0-subunits
c (9). This central stalk/subunit c assembly constitutes the
rotor in the fully assembled ATP synthase. Proton-powered
rotation of the c-ring makes the central stalk turn with it,
generating torque and conformational changes in the catalytic
�3�3 domain of F1 to synthesize ATP (10–13). Holo-ATP syn-
thase from bovine mitochondria when isolated in monomeric
state contains a total of 16 protein subunits (14). Natural
inhibitor protein IF1 is also bound but with variable stoichiom-
etry (15–18).

More recently, mammalian ATP synthase has been isolated
also in dimeric and higher oligomeric states using digitonin for
membrane solubilization and blue native electrophoresis
(BNE) or clear native electrophoresis (CNE) for separation of
the mitochondrial complexes (19–21). We asked whether mo-
nomeric and dimeric/oligomeric ATP synthases differ with
respect to their subunit compositions. Unlike the situation in
yeast (22), subunits e and g are known as tightly bound
subunits of monomeric bovine ATP synthase and therefore
cannot be considered as dimer-specific subunits. However,
no thorough search for other potential differences in the sub-
unit composition of monomeric and dimeric or oligomeric ATP
synthases has been performed so far.

The focus of the present work was to characterize the
protein constituents of monomeric and dimeric mammalian
ATP synthases by mass spectrometry and Edman protein
sequencing to identify potential dimer-specific or ATP syn-
thase-associated proteins. In a second step we planned to
apply multidimensional electrophoresis, MS and tandem MS,
and immunological techniques to verify or dismiss individual
candidate proteins as dimer-specific or ATP synthase-asso-
ciated proteins.
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EXPERIMENTAL PROCEDURES

Materials—6-Aminohexanoic acid, imidazole, and digitonin (cata-
log number 37006, purity �50%) were obtained from Fluka. Digitonin
was used directly without recrystallization. Acrylamide and bisacryl-
amide (the commercial 2� crystallized products), and Coomassie
Blue G-250 (Serva Blue G) were purchased from Serva, bovine trypsin
was from Roche Applied Science, and �-cyano-4-hydroxycinnamic
acid was from Bruker Daltonics, Bremen, Germany. All other chemi-
cals were from Sigma.

Isolation of Mitochondria—Rat heart mitochondria were prepared
according to Jacobus and Saks (23) but without using bovine serum
albumin and trypsin. Crude mitochondria were further purified on a
sucrose step gradient as described for yeast mitochondria (24) except
that the layers contained 15, 23, 32, 37, 47, 55, and 60% sucrose. The
band on top of the 47% sucrose layer contained the purified mito-
chondria. Aliquots containing 400 �g of mitochondrial protein or
multiples thereof were sedimented by 10-min centrifugation at
10,000 � g and stored at �80 °C. Crude bovine heart mitochondria
were prepared according to Smith (25).

Sample Preparation for Blue Native Electrophoresis—Aliquots con-
taining 400 �g of sedimented mitochondrial protein were solubilized
by adding 40 �l of solubilization buffer (50 mM NaCl, 50 mM imidazole,
2 mM 6-aminohexanoic acid, 1 mM EDTA, pH 7) and specific deter-
gent amounts to set the detergent/protein ratios given in the text, e.g.
4 �l of digitonin (20% stock in water) was added to set a digitonin/
protein ratio of 2 (g/g). Following 15-min centrifugation at 100,000 �
g, Coomassie dye (2 �l from a 5% Coomassie G-250 stock in 750 mM

6-aminohexanoic acid) was added to the supernatant for BNE to set
a detergent/Coomassie ratio of 8:1. The total supernatants were
applied to two 0.15 � 0.5-cm sample gel wells each for BNE.

Electrophoretic Techniques and Gels—Buffers and running condi-
tions for 1-D BNE and 2-D BNE/BNE were as described previously
(26). Linear 3–13% acrylamide gradient gels were used for 1-D BNE,
and linear 4–16% acrylamide gradient gels were used for 2-D BNE
(with 0.02% dodecylmaltoside added to the cathode buffer). SDS-
PAGE was performed as described recently (27) using 16% T, 6% C
gels, the optimal gel type for resolution of bovine ATP synthase
subunits. Electroblotting onto PVDF membranes and doubled SDS-
PAGE (dSDS-PAGE) followed recent protocols (27, 28).

Antibodies and Western Blotting—PVDF membranes were
destained for 5 min in methanol and washed for 30 min in PBS, 0.5%
Tween 20 and for 5 min in PBS, 0.1% Tween 20. Following a 16-h
incubation with specific antibody diluted in PBS, 0.1% Tween 20, the
membrane was washed three times for 10 min in PBS, 0.1% Tween
20. Blots were then incubated for 1 h with goat anti-rabbit immuno-
globulin G conjugated to horseradish peroxidase (Sigma, catalog
number A0545) diluted 1:20,000 by PBS, 0.1% Tween 20. Blots were
washed five times for 5 min in water followed by a chemilumines-
cence assay.

A polyclonal rabbit antibody raised against the bovine MLQ protein
(29) was used at 1:2500 dilution. Antisera against amino- and carbox-
yl-terminal sequence stretches of the AGP protein (AGPEADAQFH-
FTGIK and YFKLRSKKTPAVKAT) coupled to keyhole limpet hemocy-
anin via a cysteine residues were raised in rabbits (Eurogentec,
Seraing, Belgium). 1:10,000–1:40,000 dilutions were used for
immunodetection.

In-gel ATP Hydrolysis Assay and Densitometric Quantification—
Phosphate that was produced by the in-gel ATP hydrolysis activity of
complex V bands precipitated as white lead phosphate bands during
the assay, and the white precipitates were quantified densitometri-
cally. The assay followed the protocol of Zerbetto et al. (30) except
that the 1-D BN gel was preincubated for 1 h in 35 mM Tris, 270 mM

glycine buffer, pH 8.3, before this buffer was exchanged for the assay
buffer containing 8 mM ATP, 0.2% lead nitrate, and 14 mM magnesium

sulfate. The 1-h preincubation raised the sensitivity of the ATPase
assay considerably approaching the high sensitivity of the assay
using CN gels. In contrast to CN gels, however, the ATP hydrolysis
activity could not be inhibited by the complex V inhibitor oligomycin (5
�g/ml added to preincubation and assay buffers). After 60 min the
assay had to be stopped by 30-min incubation in 50% methanol and
transfer to water. Documentation of the white precipitates by stand-
ard color scanning was optimal using black cover sheets. Chemi Doc
XRS (Bio-Rad) and the Quantity One software (Bio-Rad) were used for
densitometric quantification on native and SDS gels using non-con-
densed tiff files.

Following documentation, the lead phosphate precipitates were
dissolved by 10% acetic acid, and the gel was restained by Coomas-
sie dye to identify further mitochondrial complexes. Because bands in
1-D BNE were rarely useful for densitometric quantitation, represent-
ative subunits of complexes on Coomassie-stained 2-D SDS gels
were used instead for more reliable quantification. Using the Coom-
assie-stained � and � subunits of complex V, for example, and the
densitometric data for the in-gel lead phosphate precipitates, specific
activities for the various oligomeric states of complex V were
calculated.

Edman Degradation—Electroblotted proteins on PVDF membranes
were sequenced directly using a 473A protein sequencer (Applied
Biosystems) or after incubation in a 1:1 (v/v) mixture of trifluoroacetic
acid and methanol (24 h at 37 °C for deformylation; 57 h at 37 °C for
partial deacylation) (31). Internal protein sequences were obtained as
described previously (32). Briefly complex V subunits were separated
by blue SDS-PAGE. Individual subunits were extracted by electroelu-
tion and cleaved at tryptophan residues by o-iodosobenzoic acid in
80% acetic acid (33). Acetic acid was diluted with 9 volumes of water
and then removed by lyophilization. Dried samples were redissolved
by adding a minimal volume of water and 0.5% mercaptoethanol.
Protein fragments were then separated by Tricine-SDS-PAGE and
electroblotted on PVDF membranes for protein sequencing.

Sample Preparation for Mass Spectrometry—Silver-stained protein
spots were destained with 100 �l of 15 mM potassium ferricyanide(III),
50 mM sodium thiosulfate; washed three times with H2O (400 �l, 15
min) and three times with 50% (v/v) acetonitrile, 25 mM NH4HCO3 (400
�l, 15 min); and prepared for mass spectrometry essentially as de-
scribed previously (34). Briefly following overnight trypsin digestion,
the supernatant was collected. The gel pieces were then extracted
twice for 30 min by 50% (v/v) acetonitrile, 5% (v/v) formic acid
followed by two extractions for 30 min using 100% (v/v) acetonitrile,
5% (v/v) formic acid. The combined extracts were dried by SpeedVac
and stored at �20 °C for mass spectrometric analysis.

MALDI-TOF and MALDI-TOF/TOF Mass Spectrometry—Dried
samples were dissolved in 5 �l of 50% (v/v) acetonitrile, 0.5% (v/v)
trifluoroacetic acid. 1 �l of sample was mixed with 1 �l of matrix
(half-saturated �-cyano-4-hydroxycinnamic acid in 50% (v/v) aceto-
nitrile, 0.5% (v/v) trifluoroacetic acid) and dried in ambient air. The
crystals were washed briefly with ice-cold 5% (v/v) formic acid. MS
experiments were performed on the Ultraflex TOF/TOF instrument
(Bruker Daltonics). The low mass gate was set to 650 Da, and the
acquisition range was set to 700–5000 Da. Approximately 1200 scans
were accumulated for each mass spectrum. The obtained resolution
was �15,000 at m/z � 2000. Using external calibration mass accu-
racy was 50 ppm. A standard peptide calibration mixture (Applied
Biosystems/MDS SCIEX) that contained six peptides covering the
acquired mass range was used for the calibration (see Supplemental
Table S6A). Selected peaks of ATP synthase subunits were frag-
mented by the LIFT method to verify peptide mass fingerprint iden-
tifications with a mass accuracy of 50 ppm for the precursor and 0.6
Da for the fragments. The isolation width for the precursor was
adjusted manually (0.5–1% of the precursor mass), and the following
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fragmentation was laser-induced using 2000–10,000 scans.
Analysis of Mass Spectrometric Data—All MS spectra were

smoothed, noise-filtered, and monoisotopically labeled using Flex
Analysis version 2.2 software (Bruker Daltonics). Monoisotopic peaks
with a signal-to-noise ratio �3 were annotated using the Sophisti-
cated Numerical Annotation Procedure (SNAP) algorithm (see Sup-
plemental Table S6B). Peaks present in almost all MS spectra were
defined as contaminants even if the peaks could not be classified as
trypsin peaks, matrix clusters, or other laboratory-specific contami-
nants like keratin. These peaks were removed from the mass list prior
to database search (background peak list, Supplemental Table S3).
The generated peak lists were searched against the National Center
for Biotechnology Information non-redundant (NCBInr) March 26,
2007 (4,761,919 sequence entries) database using Mascot search
engine (version 2.2, Matrix Science Ltd., London, UK) (35). Searches
were done with tryptic specificity allowing two missed cleavages. MS
spectra from gel spots with masses below 15 kDa were checked
allowing up to five missed cleavages (e.g. spot 15 in Supplemental
Table S1 and Supplemental Fig. S22). Mass tolerance was set to 50
ppm. Carbamidomethylation of cysteine and oxidation of methionine
were allowed structure modifications, and the Rodentia database
subset was chosen (163,720 sequence entries). Mascot scores
greater than 65 were considered significant. Additionally the Mascot
score of the first non-homologous protein to the highest ranked hit
was checked (see Supplemental Table S4). All PMF searches were
also repeated against a randomized database (see Supplemental
Table S5). Search results were finally transferred to BioTools version
2.2 software (Bruker Daltonics) for visualization (see Supplemental
Table S1 and Supplemental Figs. S1–S22).

MS/MS spectra were processed and searched similarly except that
the signal-to-noise threshold for the monoisotopic labeling was 6 and
that the maximal number of allowed peaks was 50 (see Supplemental
Table S6C). These strict settings for the peak labeling ensure a high
quality of the mass lists submitted to the database search. Searches
were done with individual MS/MS spectra using MALDI-TOF/TOF as
instrument type and a 50-ppm mass tolerance for the precursor and
a 0.6-Da mass tolerance for the fragments. Database, search engine,
and search parameters were used as for the PMF search. A decoy
database search was also carried out (see Supplemental Table S2).
BioTools version 2.2 software (Bruker Daltonics) was used for visu-
alization of the MS/MS database search results. The strict settings for
the peak labeling were lowered before calculating the fragmentation
patterns of the identified peptides (signal-to-noise threshold �1.5,
maximal number of allowed peaks � 200; Supplemental Table S6C).
Peptides were considered as identified when the scoring value ex-
ceeded the identity or extensive homology threshold value calculated
by Mascot version 2.2 (threshold, 2; listed in Supplemental Table S2)
or the significant homology value (threshold, 1; listed in Supplemental
Table S2). Spectra with scores below or close to the significant
homology value were manually inspected. Peptides were regarded as
identified when prominent fragments of laser-induced dissociation (y,
b, a, and immonium ions) could be assigned to the calculated frag-
mentation patterns (BioTools version 2.2 software, Bruker Daltonics)
of the peptide (Supplemental Figs. S9, S11, and S17–S19).

Programs Used for Structural Analysis and Homologue Search—
Analysis was done with freeware provided by the ExPASy Proteomics
Server (Swiss Institute of Bioinformatics; www.expasy.org), NCBI
(www.ncbi.nlm.nih.gov), and the Saccharomyces Genome Database
(www.yeastgenome.org). The prediction of transmembrane regions
was done with TMpred, SOSUI, TMHMM version 2.0, and HMMTOP
version 2.2, and the search for putative phosphorylation sites was
performed by NetPhos version 2.0 (www.expasy.org). blastp searches
were done using NCBI database and Saccharomyces Genome Data-
base, respectively (search date, March 2007; search settings summa-

rized in Supplemental Table S7). ClustalW version 1.83 (www.expasy.
org) was used for direct alignments of protein sequences.

RESULTS

Identification of Two Proteins Co-migrating with Bovine ATP Syn-
thase in 1-D Blue Native Gels—Digitonin-solubilized ATP synthase
from mammalian mitochondria is a mixture of oligomeric forms (20,
21). Using a low digitonin/protein ratio of 2 (g/g) for solubilization, BNE
separated monomeric and dimeric ATP synthases as the predominant
forms and significantly lower amounts of the tetrameric and hexam-
eric forms as shown in Fig. 1. Respiratory complexes and supercom-
plexes could not be detected in 1-D BNE under these solubilization
conditions with the exception of some respiratory complex III (Fig.
1A). Several subunits of complex I (dots) and of respiratory chain
supercomplexes (squares) were identified as major contaminants of
ATP synthase after 2-D resolution by SDS-PAGE (Fig. 1B).

Bands of monomeric and dimeric ATP synthases were then ex-
tracted from similar BN gels performed on a preparative scale. Fol-
lowing SDS-PAGE and electroblotting onto PVDF membranes the
protein subunits were identified by Edman degradation. Direct amino-

FIG. 1. 1-D and 2-D resolution of bovine ATP synthase for Ed-
man degradation. A, complex V or ATP synthase was solubilized as
monomer (VM), dimer (VD), tetramer (VT), and hexamer (VH) from
bovine heart mitochondria by digitonin (2 g/g of protein) and resolved
by 1-D BNE. III, respiratory chain complex III. B, the 1-D BN gel strip
was resolved by 2-D Tricine-SDS-PAGE using 16% T, 6% C acryl-
amide gels and silver-stained. Subunits were assigned according to
the results of Edman degradation. Two novel proteins with amino-
terminal sequences AGP and MLQ were identified in the columns of
subunits for complex V monomer (VM) and dimer (VD). Minor amounts
of subunits of complex I (I; F) and of contaminating respiratory chain
supercomplexes (S; f) are marked.
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terminal sequencing, sequencing of internal fragments of subunits d,
f, and g cleaved at tryptophan (see “Experimental Procedures”), and
sequencing of deformylated subunits a and A6L were used to identify
and assign the well known subunits of ATP synthase as labeled in Fig.
1B. In addition to the sequences of known ATP synthase subunits,
direct amino-terminal sequencing revealed sequence stretches
MLQSLIKKVWIPMKPYYTQAYQEI and AGPEADAQFHFTGIKKYFN
for two further proteins, the MLQ and AGP proteins, respectively (see
Fig. 6). Database searches using these query sequences identified
two proteins with known sequences. The MLQ protein had been
described as 6.8-kDa mitochondrial proteolipid due to its extractabil-
ity by chloroform/methanol from mitochondrial membranes (29). The
AGP protein had been described as diabetes-associated protein in
insulin-sensitive tissue (DAPIT; Ref. 36).

At that stage it was not possible to decide whether the MLQ and
AGP proteins were contaminations or ATP synthase-associated pro-
teins. However, it was possible to exclude MLQ and AGP proteins as
dimer-specific proteins because both proteins were identified in the
dimeric and in the monomeric bovine ATP synthases as well.

Protein Composition of Highly Pure Rat Heart ATP Synthase Iso-
lated by 2-D BNE/BNE—Next we asked how we could improve the
purity of the analyzed complexes without disturbing detergent-sensi-
tive protein-protein interactions and losing associated proteins. The
highest purity of multiprotein complexes is prerequisite to analyze the
subunit composition by mass spectrometry, but even this purity does
not guarantee that identified proteins are true subunits or associated
proteins. On the other hand, multistep isolation protocols using com-
mon detergents can dissociate proteins that are associated with
protein complexes in the membrane, and any chance to identify
associated proteins and potential regulatory factors is lost. As a
compromise, we therefore applied a special 2-D electrophoretic tech-
nique that used native conditions for both dimensions (2-D BNE/BNE)
to isolate highly pure membrane protein complexes under very mild
conditions as exemplified in Fig. 2, A and B. Digitonin was used to
solubilize rat heart mitochondria for 1-D BNE under very mild condi-
tions to preserve supramolecular assemblies of respiratory chain
complexes I, III, and IV, and dimeric ATP synthase. The following 2-D
BNE used the same buffers as 1-D BNE except that 0.02% dodecyl-
maltoside was added to the Coomassie dye-containing cathode
buffer. Detergent and anionic Coomassie dye formed negatively
charged micelles that dissociated supramolecular assemblies into the
individual complexes during the 2-D BNE except some dimeric com-
plex V (Fig. 2B, VD). The mixed Coomassie/detergent micelles have
the potential to partly or completely remove associated proteins from
the complexes during 2-D BNE. However, if some percentage of the
MLQ and AGP proteins was still bound to complex V, mass spec-
trometry should be able to detect these residual amounts.

Monomeric complex V from 1-D BNE that retained its monomeric
state during transition to 2-D BNE (Fig. 2B, boxed red) and mono-
meric complex V that was dissociated from dimeric complex V (Fig.
2B, boxed black) were detected as Coomassie-stained spots during
the native 2-D electrophoresis. These spots were then cut out for
further resolution by dSDS-PAGE (28), i.e. two orthogonal SDS gels
with strongly differing separation properties were applied for three-
dimensional and four-dimensional resolution as exemplified in Fig.
2C. The individual spots were then analyzed by mass spectrometry as
summarized briefly in Table I and with more detail in Supplemental
Table S1. If the result of the peptide mass fingerprint search was
below or close to the significance threshold (Mascot score, 65), the
protein identity was verified by MS/MS experiments (Fig. 2C, spots 8
and 9, Supplemental Table S2, and Supplemental Figs. S9 and S11).
Spots containing protein mixtures were also analyzed by MS/MS
experiments (Fig. 2C, spots 10 and 14, and Supplemental Table S2).
None of the PMF and MS/MS database searches matched the ran-

domized sequences of the decoy database (see Supplemental Tables
S2 and S5), and the Mascot score of the highest ranked non-homol-
ogous protein was always clearly below the significance threshold
(see Supplemental Table S4). Furthermore the relative molecular
masses of all identified proteins corresponded to their apparent
masses on the doubled SDS-PAGE (see Fig. 2C and Supplemental
Table S1).

FIG. 2. Multidimensional electrophoretic resolution of rat heart
ATP synthase for mass spectrometric analyses. I, III, and IV,
respiratory chain complexes I, III, and IV, respectively; S, supercom-
plex associates of respiratory chain complexes I, III, and IV; VD and
VM, dimeric and monomeric complex V, respectively. A, rat heart
mitochondria were solubilized by digitonin (2 g/g of protein) and the
mitochondrial complexes were resolved by 1-D BNE. B, a gel strip
from 1-D BNE was resolved by 2-D BNE (�DDM) that used 0.02%
dodecylmaltoside in the cathode buffer to dissociate supramolecular
assemblies from the 1-D gel into the individual complexes. C, mono-
meric complex V (VM; boxed red in B) was first resolved by three-
dimensional Tricine-SDS-PAGE using 11% T, 3%C acrylamide, 6 M

urea gels followed by four-dimensional Tricine-SDS-PAGE using 16%
T, 6% C acrylamide gels. Assignment of subunits was according to
mass spectrometric identification (Table I and supplemental data).
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Protein spots 4a–4d could not be identified. We assume that these
four spots represent different conformations and aggregation states
of subunit a or ATP6, which is the most hydrophobic subunit of ATP
synthase. This assumption is supported by some common features of
highly hydrophobic proteins: by the low number of tryptic fragments
of appropriate size (see Supplemental Fig. S4), by the location in
dSDS gels above the diagonal of common proteins with normal
hydrophobicity, and by the rapid and strong silver staining (28). Spot
13, the AGP protein (36), was identified by peptide mass fingerprinting
(Fig. 3A). Three MS/MS experiments verified the peak assignment
(Supplemental Figs. S17–S19). The high number of basic amino acids
at the carboxyl terminus of the AGP protein can explain the lack of
tryptic fragments in the MS spectrum for this protein region. A large
hydrophobic peptide (residues 28–46) comprising the central cluster
of hydrophobic amino acids was generated. Several analysis pro-
grams predict a transmembrane helix in this region of the AGP pro-
tein. Extraction problems and suppression effects in the MALDI proc-
ess can therefore explain the absence of a corresponding peak in the
MS spectrum. The MLQ protein was found as a component of spot 14
together with subunit ATP8 (Supplemental Figs. S20 and S21). Three
peaks matched the MLQ sequence. One signal was identified as the
carboxyl-terminal part by MS/MS (Fig. 3B). Two further peaks could
be assigned to short amino-terminal sequences. Similar to AGP, the
carboxyl terminus of the MLQ protein was rich in basic amino acids.
Therefore, trypsin could produce only one theoretical peptide with
sufficient length for MS. Proline at sequence position 15 was pre-
dicted to generate a non-cleavable site and, together with a predicted
transmembrane helix, to create a lipophilic peptide (residues 9–37).
This peptide was not found in the MS spectrum presumably because
it was not extractable from the gel.

Verification of MLQ and AGP as ATP Synthase-associated Pro-
teins—Following identification of the MLQ and AGP proteins in bovine
and rat ATP synthase preparations, we tried to verify or dismiss these
proteins as ATP synthase-associated proteins. A polyclonal antibody
against isolated bovine MLQ protein (29) and an amino-terminal pep-
tide antibody against the bovine AGP protein were used on 2-D blots
(2-D BNE/SDS-PAGE). Using digitonin for 1-D BNE of bovine mito-
chondria, the antibodies detected the MLQ and AGP proteins only

within the columns of subunits for the various ATP synthase forms
(Fig. 4A, VM–VH).

Using low dodecylmaltoside/protein ratios (0.6 g/g) for 1-D BNE,
both antibodies gave rise to signals within the columns of subunits for
monomeric and dimeric ATP synthases, but some broad signal inten-
sity extended to the running front of the 2-D gel (right side) especially
for the MLQ protein (Fig. 4B, lowest panel). This indicated that major
amounts of the AGP protein were still bound to ATP synthase under
low dodecylmaltoside conditions, whereas the MLQ protein was more
detergent-sensitive and more prone to dissociation. Using higher
dodecylmaltoside/protein ratios (1.6 g/g), as commonly used for
membrane protein isolations, changed the situation completely. Both
proteins were almost fully dissociated from ATP synthase (Fig. 4C).
ATP synthase-associated and also individual MLQ and AGP proteins
were identified using Triton X-100 for solubilization (Fig. 4D). The MLQ
and AGP proteins migrate to the anode in BNE despite their isoelec-
tric points that are around 10 for both proteins because both proteins
bind Coomassie dye. However, such rather basic proteins usually
show considerable streaking as was also observed here.

Regarding specifically the result obtained with digitonin solubiliza-
tion we conclude that the MLQ and AGP proteins bind almost quan-
titatively to the ATP synthase in the mitochondrial membrane. No
significant amounts of the individual proteins, not associated with
complexes, seem to exist in the membrane because almost no signal
intensity was detected on the right side of the 2-D gels (Fig. 4A),
whereas dissociated individual MLQ and AGP proteins were clearly
identified in the control 2-D gels (Fig. 4, B–D). Binding of MLQ and
AGP proteins was not restricted to the dimeric and/or higher oligo-
meric forms of ATP synthase but occurred also with the monomeric
form (Fig. 4, A, B, and D).

MLQ and AGP Proteins Do Not Affect the ATP Hydrolysis Activity of
Complex V—Bovine heart mitochondrial supercomplexes and indi-
vidual complexes were solubilized using various digitonin/protein and
dodecylmaltoside (DDM)/protein ratios and then separated by BNE
(Fig. 5). The solubilization conditions were chosen to keep the AGP
and MLQ proteins either quantitatively associated with complex V
(digitonin/protein ratio � 2–4 g/g), to partly dissociate the MLQ pro-
tein from complex V (DDM/protein ratio � 0.6 g/g), or to remove both

TABLE I
Mass spectrometrically identified proteins (except ATP6) from highly purified rat heart ATP synthase (Fig. 2C)

Number of transmembrane helices (TMH) as predicted by TMHMM (www.expasy.org). pI was calculated using BioTools version 2.2 (Bruker
Daltonics). OSCP, oligomycin sensitivity conferral protein.

Spot no. Su assignment Accession no. Protein mass TMH pI

Da

1 � gi�6729934 55,361 0 8.9
2 � gi�1374715 51,171 0 4.8
3 � gi�728931 30,229 0 9.4

4a–4d ATP6 (or Su a) gi�110189668 25,050 6 9.6
5 Su b gi�19705465 28,965 0 9.9
6 OSCP gi�20302061 23,440 0 10.5
7 Su d gi�9506411 18,809 0 6.2
8 � gi�20806153 17,584 0 5.0
9 Su c gi�8392939 14,235 2 11.4

10 F6 gi�16758388 12,487 0 9.9
Su f gi�109495163 10,503 1 10.5

11 Su e gi�17978459 8,249 0 9.5
12 Su g gi�47058994 11,453 0 9.9
13 AGP (or DAPIT) gi�19424210 6,460 1 10.4
14 ATP8 (or A6L) gi�110189667 7,637 1 9.8

MLQ (or 6.8-kDa proteolipid) gi�109478763 6,910 1 10.4
15 � gi�258789 5,689 0 10.6
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complex V-associated proteins almost completely (DDM/protein ra-
tio � 1.6 g/g). The in-gel ATP hydrolysis activities (Fig. 5A) were then
compared with the corresponding complex V protein amounts from
densitometric quantitation of Coomassie-stained 2-D gels (not
shown) to determine the specific ATP hydrolysis activities in the
presence or absence of the novel complex V-associated proteins. As
summarized in Table II, the specific ATP hydrolysis activity of mono-
meric complex V solubilized by high and low DDM amounts were
almost identical, indicating that dissociation of the MLQ protein had
no immediate effect on the catalytic activity of complex V. Also the
specific ATP hydrolysis activities of monomeric complex V solubilized

by DDM and digitonin were almost identical. This was not expected
because different detergents in principle can delipidate proteins dif-
ferentially and thereby influence catalytic activities.

Structural Analysis of the AGP and MLQ Proteins—Both proteins
contain one putative transmembrane region (Fig. 6, A and C, marked
red). Depending on the software used (www.expasy.org; TMPred,
SOSUI, TMHMM, and HMMTOP) the position of the predicted helix
varied marginally. A NetPhos search for phosphorylation sites (ww-
w.expasy.org) identified two possible phosphorylation sites (marked
blue) for the AGP protein and one for the MLQ protein.

Search for AGP and MLQ Homologues—A protein-protein blast

FIG. 3. Mass spectrometric analysis
of the AGP and MLQ proteins. A, MS
spectrum of the tryptic digest of the AGP
protein (spot 13 in Fig. 2C). Masses were
assigned to the AGP protein peaks. As-
terisks mark background peaks. The bar
plot aligns identified PMF fragments to
the corresponding protein sequence re-
gions (see also Supplemental Figs. S17–
S19). B, MS/MS spectrum of the carbox-
yl-terminal tryptic fragment ALKGCSPA-
HAHGHH of the MLQ protein (spot 14 in
Fig. 2C). For clarity, only fragments iden-
tified as b and y ions are indicated in the
spectrum. The bar plot aligns the PMF
fragments to the MLQ protein sequence
(see also Supplemental Table S1 and
Supplemental Figs. S20 and S21). Abs.
Int., absolute intensity.
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search (blastp) using the Rattus norvegicus AGP protein sequence as
query sequence to search the NCBI database identified mammalian
proteins with around 90% identity and some insect orthologues (40%
identity and 60% similarity comparing R. norvegicus and Sarcophaga
bullata in Fig. 6A). A WU-BLAST2 search using the AGP homologous
protein sequence of the insect S. bullata as query sequence to search
the Saccharomyces cerevisiae genome database (www.yeastgeno-
me.org) gave yeast ATP synthase subunit k at position six of the result
list. However, sequence similarity between S. bullata AGP protein and
S. cerevisiae subunit k was low (13% identity, 16% similarity), and the
position of the predicted transmembrane helix was shifted (Fig. 6B).
Similarly the rat AGP protein and yeast subunit k shared only 12%
identical and 19% similar residues.

A homology search using the R. norvegicus MLQ protein sequence
as query sequence to search the NCBI database identified several
highly homologous mammalian proteins and one homologue (34%
identity, 50% similarity) from the zebrafish Danio rerio (Fig. 6C). No
homologue of the mammalian MLQ protein was found in the S.
cerevisiae genome database. Direct comparison of MLQ with the
known subunits of yeast ATP synthase did not reveal any similarity.

DISCUSSION

Identification of complex-associated proteins is straightfor-
ward whenever mild purification protocols lead to co-isolation
of known complexes and novel proteins as shown here. Sub-
sequent verification of novel proteins as truly complex-asso-
ciated proteins is facilitated if antibodies against the novel
proteins and a high resolution separation technique like BNE are
available. Exact or not exact co-localization of complex and
novel proteins can verify or dismiss the novel proteins as com-
plex-associated proteins. However, only permanently bound
proteins can be identified by this approach. Identification of
dynamic protein-protein interactions would require chemical
cross-linking in the native environment prior to protein separa-
tion and proteomics analyses, which was not attempted here.

Mass spectrometric identification of proteins smaller than
10 kDa can pose a problem because the number of tryptic
fragments of small proteins often is too low for successful
database search and reliable identification. Furthermore small
proteins often are not annotated as proteins in databases. For
this work, however, searching nucleotide databases was not
necessary because the two novel proteins were already an-

FIG. 4. Verification of bovine MLQ and AGP proteins as ATP
synthase-associated proteins. Bovine heart mitochondria were sol-
ubilized by different detergents for 1-D BNE followed by 2-D Tricine-
SDS-PAGE using 16% T, 6% C acrylamide gels. The detergent/
protein ratios for 1-D BNE were: A, digitonin, 2 g/g; B,
dodecylmaltoside, 0.6 g/g; C, dodecylmaltoside, 1.6 g/g; D, Triton
X-100, 2.4 g/g. The 2-D gels were electroblotted onto PVDF mem-
branes and analyzed using anti-MLQ and -AGP antibodies (lower pan-
els). The expected location of the MLQ and AGP proteins in the 2-D gels
is also indicated by dotted lines. I, II, III, and IV, respiratory chain
complexes I, II, III, and IV, respectively; S, supercomplex associate of
complexes I, III, and IV; VM, VD, VT, and VH, monomeric, dimeric,
tetrameric, and hexameric complex V or ATP synthase, respectively.

FIG. 5. In-gel ATP hydrolysis activity of bovine ATP synthase
bands containing or missing MLQ and AGP proteins. Bovine heart
mitochondria were solubilized using various digitonin/protein and
DDM/protein ratios (2, 3, and 4 and 0.6, 0.8, and 1.6 g/g, respectively)
and then separated by BNE. A, in-gel ATP hydrolysis/lead phosphate
precipitation assay revealing bands of monomeric (VM), dimeric (VD),
tetrameric (VT), and hexameric (VH) complex V. A doublet of low mass
bands (F1) represents F1-subcomplexes containing and not contain-
ing bound inhibitor protein IF1 according to previous analyses (38). A
further band (F1-c) located above contains a ring of c subunits in
addition. MLQ and AGP proteins are missing in monomeric complex
V using 1.6 g of DDM/g of protein. In contrast, both proteins are
bound to all complex V bands under all digitonin solubilization con-
ditions. B, the gel in A was restained by Coomassie as described
under “Experimental Procedures.” Respiratory complexes I–IV (I–IV)
and monomeric (VM) and dimeric (VD) complex V are assigned.
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notated in the NCBI database. Using highly purified com-
plexes reduced potential ambiguities in the interpretation of
the experimental data considerably. The AGP protein could
be identified directly by peptide mass fingerprinting because
it was detected as a distinct protein spot (Fig. 2C, spot 13) on
a doubled SDS gel. MS/MS was then used for confirmation.
The MLQ protein co-migrated with subunit 8 of ATP synthase
(also named ATP8 or A6L subunit) and could not be identified
by direct peptide mass fingerprinting. MS/MS analyses were
required to identify this protein unambiguously in a mixture of
proteins. This MLQ protein may well have escaped detection

if the protein had not been identified before by Edman deg-
radation using much larger amounts of relatively impure ATP
synthase. We think that the power of Edman degradation
should not be disregarded in times that are more and more
reliant on ESI and MALDI MS techniques.

A NetPhos search for phosphorylation sites identified two
potential phosphorylation sites for the AGP protein and one
for the MLQ protein. This prediction was not confirmed by a
recent proteomics study to search for posttranslational mod-
ifications of hydrophobic mitochondrial proteins (37). Accord-
ing to this careful study, the AGP or DAPIT protein (36) and the

TABLE II
Invariable, MLQ- and AGP-independent, specific ATP hydrolysis activity of various oligomeric forms of complex V

As a measure for the specific ATP hydrolysis activity, the ratio of activity stain in 1-D BN gels and protein stain in 2-D SDS gels is given. ���
and � mark complexes containing high or reduced amounts, respectively, of bound MLQ or AGP proteins. — indicates almost complete loss
of MLQ and AGP proteins.

Detergent Detergent/protein Presence of MLQ Presence of AGP Specific ATPase activity

g/g

Monomeric complex V DDM 0.6 � ��� 0.36 � 0.05
0.8 � ��� 0.26 � 0.03
1.6 — — 0.28 � 0.06

Monomeric complex V Digitonin 2 ��� ��� 0.34 � 0.01
3 ��� ��� 0.32 � 0.02
4 ��� ��� 0.30 � 0.04

Dimeric complex V Digitonin 2 ��� ��� 0.27 � 0.08
3 ��� ��� 0.32 � 0.06
4 ��� ��� 0.29 � 0.06

Tetrameric complex V Digitonin 2 ��� ��� 0.35 � 0.08

FIG. 6. Alignment and structural analysis of the MLQ and AGP proteins. Sequences were aligned using ClustalW (www.ebi.ac.uk).
Transmembrane helices (marked red) were predicted by TMPred (www.expasy.org), phosphorylation sites (marked blue) were predicted by
NetPhos (www.expasy.org). Green, yellow, and unmarked amino acids indicate identical, similar, and non-similar amino acids, respectively. A,
alignment of AGP protein sequences from R. norvegicus (R.n.) (gi�19424210), Bos taurus (B.t.) (gi�91207977), Homo sapiens (H.s.) (gi�14249376),
and S. bullata (S.b.) (gi�23505740). B, alignment of the AGP protein sequences from R. norvegicus (R.n.) and S. bullata (S.b.) and the ATP
synthase subunit k from S. cerevisiae (S.c.) (gi�6324495). C, alignment of the MLQ protein sequences from R. norvegicus (R.n.) (gi�109478763),
B. taurus (B.t.) (gi�112834), H. sapiens (H.s.) (gi�4758940), and D. rerio (D.r.) (gi 68394446).
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MLQ protein (or 6.8-kDa proteolipid; Ref. 29) carry no post-
translational modification. Reversible metabolic phosphoryla-
tion cannot be excluded.

Thorough subunit analyses are available for monomeric but
not for dimeric ATP synthases except for dimeric ATP syn-
thase from S. cerevisiae that contains three dimer-specific
subunits, e, g, and k. The mammalian subunit e and g homo-
logues are known as tightly bound subunits of monomeric
bovine ATP synthase. Therefore, only the remaining yeast
subunit k had to be analyzed for a potential similarity with the
novel mammalian ATP synthase-associated proteins. A WU-
BLAST2 search of the yeast genome database using an insect
AGP query sequence revealed subunit k as a potential AGP
homologue. However, the sequence similarity was low (13%
identity, 16% similarity), and the position of the predicted
transmembrane helix was shifted compared with the AGP
protein. This suggested that the low similarity between the
AGP protein and yeast ATP synthase subunit k might be
fortuitous. Homology of AGP and subunit (Su) k proteins
would not help much to elucidate the functional role of the
mammalian AGP protein because deletion of Su k did not alter
the yeast phenotype (22).

Alternative names for the AGP protein that might also give
some hints for potential functional roles are usmg5 protein
(up-regulated during skeletal muscle growth protein 5) and
diabetes-associated protein in insulin-sensitive tissue. Up-
regulation in response to active stretching of skeletal muscle
and down-regulation of DAPIT mRNA in insulin-sensitive rat
tissues upon induction of streptozotocin-induced diabetes
may point to a role in the energy metabolism of cells, in
glucose metabolism, and/or in oxidative phosphorylation.
RNA silencing will be used to study possible AGP- and/or
MLQ-dependent changes in the mitochondrial inner mem-
brane morphology and in the supramolecular organization of
oxidative phosphorylation complexes especially of the oligo-
meric state of the mitochondrial ATP synthase.
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21. Wittig, I., and Schägger, H. (2005) Advantages and limitations of clear
native polyacrylamide gel electrophoresis. Proteomics 5, 4338–4346

22. Arnold, I., Pfeiffer, K., Neupert, W., Stuart, R. A., and Schägger, H. (1998)
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