
Multiple Phosphorylations of Cytochrome c Oxidase and their
Functions

Stefan Helling1,#, Maik Hüttemann2,#, Rabia Ramzan3, Su Hyeon Kim3, Icksoo Lee2,
Thorsten Müller1, Elmar Langenfeld1, Helmut E. Meyer1, Bernhard Kadenbach4,*, Sebastian
Vogt3, and Katrin Marcus1

1Medizinisches Proteom-Center, Funktionelle Proteomik, Ruhr-Universität Bochum, Germany
2Center for Molecular Medicine and Genetics, Wayne State University School of Medicine,
Detroit, MI 48201, USA
3Kardiovaskuläres Forschungslabor, Biomedizinisches Forschungszentrum der Philipps-
Universität Marburg, Germany
4Fachbereich Chemie, Philipps-Universität, D-35032 Marburg, Germany

Abstract
Cytochrome c oxidase (COX), the terminal enzyme of the mitochondrial electron transport chain,
is regulated by isozyme expression, allosteric effectors such as the ATP/ADP ratio, and reversible
phosphorylation. Of particular interest is the ‘allosteric ATP-inhibition’, which has been
hypothesized to keep the mitochondrial membrane potential at low healthy values (< 140 mV),
thus preventing the formation of superoxide radical anions, which have been implicated in
multiple degenerative diseases. It has been proposed that the ‘allosteric ATPinhibition’ is switched
on by the protein kinase A-dependent phosphorylation of COX. The goal of this study was to
identify the phosphorylation site(s) involved in the ‘allosteric ATPinhibition’ of COX. We report
the mass spectrometric identification of four new phosphorylation sites in bovine heart COX. The
identified phosphorylation sites include Tyr-218 in subunit II, Ser-1 in subunit Va, Ser-2 in
subunit Vb, and Ser-1 in subunit VIIc. With the exeption of for Ser- 2 in subunit Vb, the identified
phosphorylation sites were found in enzyme samples with and without ‘allosteric ATP inhibition’,
making Ser-2 of subunit Vb a candidate site enabling allosteric regulation. We therefore
hypothesize that additional phosphorylation(s) may be required for the ‘allosteric ATP-inhibition’,
and that these sites may be easily dephosphorylated or difficult to identify by mass spectrometry.
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1 Introduction
Main functions of the mitochondrial oxidative phosphorylation (OxPhos) system in
mammals are the synthesis of ATP, the production of ROS (reactive oxygen species) as
signaling molecules, and the generation of heat. The demand for these activities varies
continuously and between different tissues/organs. Endogenous and neuronal signals turn on
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signaling pathways resulting in phosphorylation of target proteins, which are partly localized
in mitochondria [1–5]. Some protein kinases have been shown to translocate into the
mitochondria after their activation [6–8] and to bind or phosphorylate mitochondrial
proteins, including cytochrome c oxidase (COX) [9–12].

COX is the terminal enzyme of the respiratory chain, consisting of 3 mitochondriaencoded
catalytic and 10 nuclear-encoded regulatory subunits. It has been suggested to be the rate-
limiting enzyme of the electron transport chain in vivo [13–16]. In addition, COX appears to
be a key regulatory site of OxPhos, since it is regulated by three ways: 1) by expression of
developmental-, tissue-, and species-specific subunit isoforms [17–19], while no subunit
isoforms have been found for the other complexes; 2) by allosteric interactions, e.g., via
ADP/ATP [20,21], 3,5-diiodothyronine [22], palmitate [23], and calcium [24]; and 3) by
reversible phosphorylation of the subunits [25–28]. Based on consensus sequences for
protein kinase A (PKA) [29], 53 potential phosphorylation sites for serine or threonine are
present in the bovine heart enzyme (11 in subunit I, 10 in II, 3 in III, 6 in IV, 3 in Va, 3 in
Vb, 4 in VIa, 3 in VIb, 2 in VIc, 2 in VIIa, 1 in VIIb, 1 in VIIc and 4 in VIII). Although
various phosphorylation sites have been identified in COX by mass spectrometry
[12,20,27,28], in only a few cases could a functional role be ascribed.

The activity of COX is regulated by various “allosteric” effectors, which bind and act on
sites different from the binding sites for the substrates dioxygen and cytochrome c. A
specific binding site for ADP or ATP, depending on the free ATP/ADP ratio, was identified
at the matrix domain of subunit IV which at high ATP/ADP ratios (half-maximal at ATP/
ADP = 28 [22]) changes the kinetics from a hyperbolic into an inhibited sigmoidal curve
[21]. This ‘allosteric ATP-inhibition’ of COX is graphically visualized when the
polarographically measured oxygen consumption is plotted against increasing cytochrome c
concentrations. The ‘allosteric ATPinhibition’ is independent of the mitochondrial
membrane potential (ΔΨm) [30] and keeps ΔΨm at low ‘healthy’ values (< 140 mV) [31],
thus preventing the formation of ROS, which increase exponentially at ΔΨm values above
140 mV. ROS have been implicated in various degenerative diseases [32]. The ‘allosteric
ATP-inhibition’ was found to be reversibly switched on and off by phosphorylation [25,27,
33, 34] and is suggested to be switched off under conditions of stress [12].

The goal of the present investigation was to identify candidate phosphorylation site(s)
responsible for the ‘allosteric ATP-inhibition’ of COX. To overcome methodological
problems related to the hydrophobic nature of the COX complex chemical protein cleavage
with cyanogen bromide (CNBr) was combined with an enzymatic trypsin digestion to
generate phosphopeptides of an appropriate length and hydrophilic nature. This enabled
their TiO2-based enrichment and identification by mass-spectrometry (MS). We identified 4
new phosphorylation sites in bovine heart COX by MS: subunit II-Tyr218, Va-Ser1, Vb-
Ser2, and VIIc-Ser1. In addition, we confirmed two previously described phosphorylation
sites, pSer126 of subunit II [35] and pSer4 of subunit Va [27]. The phosphorylated serine 2
of subunit Vb was exclusively identified in COX with ‘allosteric ATP-inhibition’ while the
other 3 new phosphorylation sites were found in samples with and without it. Vb-Ser2
cannot be the only site responsible for 'allosteric ATPinhibition' since it is located at the
matrix side, while the 'allosteric ATP-inhibition' was induced by phosphorylation from the
cytosolic side [33]. The quantification was possible only in case of pSer126, but we found
no differences for enzyme kinetics with and without ‘allosteric ATPinhibition’. We
therefore conclude that the phosphorylation site(s) responsible for 'allosteric ATP-
inhibition', yet unknown, is sensitive to dephosphorylation and is difficult to map in COX
samples with allosteric regulation.
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2 Materials and methods
2.1 Isolation of mitochondria

Mitochondria were isolated from either fresh or frozen bovine hearts. The hearts were
obtained from the slaughterhouse about two hours after animal death, transported on ice and
either directly used for preparation of mitochondria or frozen at −80 °C. Frozen hearts were
thawed overnight on ice, cut into cubes, minced in a meat grinder, and mixed in a
commercial blender for 3×10 s at maximal speed in 3 volumes of a buffer containing 250
mM sucrose, 20 mM HEPES, pH 7.4, 2 mM EGTA. Mitochondria were also isolated in the
presence of two phosphatase inhibitors: 25 mM NaF and 10 nM okadaic acid. However, the
presence or absence of these two phosphatase inhibitors did not change the (variable) extent
of ‘allosteric ATP-inhibition’ (data not shown). The pH was readjusted during
homogenization with 2 M Tris. The homogenate was centrifuged for 10 min at 650×g, and
mitochondria were collected by centrifugation for 15 min at 16000×g and washed once with
the same buffer.

2.2 Isolation of COX and Western analysis
COX was purified from mitochondria either by a standard procedure [36] or by blue native
polyacrylamide gel electrophoresis (BN-PAGE) [37,38]. Mitochondria were dissolved in
lauryl-maltoside in the presence of 6-aminohexanoic acid and Coomassie blue G-250.
Western blots of COX, isolated by standard procedure or by BN-PAGE, were performed as
described [27].

2.3 Measurement of COX activity
The kinetics of COX were measured polarographically at 25 °C in a volume of 0.5 ml using
an Oxygraph System (Hansatech, Norfolk, U.K.). The isolated enzyme was dissolved in 50
mM potassium phosphate, pH 7.4, 2 mM EGTA, 5 mM MgSO4, and 1% Tween 20. Oxygen
consumption was measured with increasing concentrations of cytochrome c (0.2 – 50 µM) in
the presence of 15 mM ascorbate and either 5 mM ADP, or 5 mM ATP and an ATP-
regenerating system consisting of 10 mM phosphoenolyruvate and 200 U/ml pyruvate
kinase.

2.4 Protein cleavage with CNBr and trypsin
Prior to chemical cleavage, cysteines were alkylated with iodoacetamide and Coomassie
blue was removed from the gel bands by alternating treatment with digestion buffer (50 mM
ammonium bicarbonate) and a 1:1 mixture of digestion buffer and acetonitrile (ACN) until
the protein bands were colorless. Depending of the gel slice, 10 to 20 µl of CNBr-solution
(10% CNBr in 70% formic acid (FA)) was added, enough to rehydrate the dried slice. After
2 h in dark, the reaction was stopped by adding a 5-fold volume of ultrapure water and
incubating for 30 min. The supernatant was collected and the CNBr-cleaved peptides were
extracted in two steps with 50% and 100% ACN and the pooled extracts were lyophilized
overnight to remove residual volatile CNBr and most of the FA. Remaining CNBr-solutions
were deactivated according to Lunn and Sansone [39]. The samples were used directly for a
2 h tryptic digestion (50 °C) or for phosphopeptide enrichment using TiO2 [27,40]. In the
latter case the flow-through of the TiO2-enrichment step was cleaned by reversed phase
chromatography as previously described [27], dried, and used for a tryptic digestion before
an additional TiO2-based phosphopeptide enrichment step was performed. The lyophilizates
were solubilized for 5 min in 5 µl of 5 M urea, diluted with 70 µl digestion buffer and
digested for 2 h at 50 °C after the addition of 5 µl trypsin solution (62.5 ng/µl, NB
sequencing grade, modified from porcine pancreas, Serva Electrophoresis).
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2.5 Enrichment of phosphopeptides and sample cleanup for MS analysis
The CNBr- and/or CNBr/trypsin-cleavages were performed prior to TiO2-based enrichment
of phosphopeptides as described before [27,40] with few modifications. The samples were
mixed with a 5-fold volume of TiO2-loading solution (10% lactic acid, 5% TFA, 80% ACN,
5% ultrapure water) to which the TiO2-material was added simultaneously. After 30 min
binding at room temperature and strong agitation the material was sedimented and the
phosphopeptide-depleted supernatant was collected, dried, and prepared for MS analysis as
described below. The TiO2-material was aspirated after addition of 50 µl loading solution
and loaded on a 200 µl tip (Eppendorf, Germany) equipped with a C8 membrane plug (3 M
Empore™ C8 extraction disc, IVA Analysentechnik, Germany). A 20 ml syringe equipped
with a Chromabond® adapter (for PP-columns, Machery-Nagel, Germany) was used to press
the solutions through the column material. The flow-through was pooled with the
phosphopeptide-depleted supernatant. The TiO2-material was washed with 50 µl of TiO2
loading solution and 50 µl of washing solution (1% TFA, 80% ACN, 19% ultrapure water)
to reduce the amount of non-specifically-bound peptides. Phosphopeptide elution was
performed using 20 µl of the alkaline elution solution (60 µl of 24.5% NH4OH (J. T. Baker)
and 940 µl ultrapure water), which was slowly pressed through the column. The elution step
was repeated after resuspension of the TiO2-material. Finally, peptides that remained on the
membrane plug were eluted with 20 µl of 30% ACN, pooled with the eluates, immediately
acidified with 4 µl FA, and dried under vacuum.

Prior to MS analysis the TiO2-enriched fractions were desalted as previously described
[27,40], using reversed-phase Poros medium R3 (Biosystems, USA) packed 2 mm high in a
200 µl-tip equipped with a C8 membrane plug, R2-material (Biosystems) was used to desalt
the phosphopeptide-depleted supernatants.

2.6 NanoLC-ESI-MS/MS analysis and identification of phosphopeptides
For nanoLC-ESIMS/ MS analysis 15 µl of the TiO2-fractions were injected into a U3000
HPLC system (Dionex LC Packings). For peptide separation a solvent system consisting of
solvent A (0.1% (v/v) FA) and solvent B (0.1% (v/v) FA, 84% (v/v) ACN) was used with a
gradient of 5 to 30% solvent B in 34 min, 30 to 95% solvent B in 5 min, held at 95% solvent
B for 5 min before the column was conditioned for the next run for 15 min with 5% solvent
B.

The HPLC-system was coupled to a nano-ESI-source with distal coated silicaTips™
(FS360-20-10-D-20, New Objective Inc., Woburn, USA) and to an HCTultra PTM
Discovery System™ (Bruker Daltonics) ion-trap mass spectrometer. Peptides were analyzed
in the positive mode after ionisation with 1.4 kV source voltage. For tandem mass
spectrometric (MS/MS) analysis of TiO2-flow through peptides, ten single spectra were
summed to desalt in the MS mode by the MS control software (Esquiere Control V. 6.1;
Bruker Daltonics) and the three most abundant ions were selected for alternating CID- and
ETD-MS/MS experiments before the masses were put into an exclusion list for 1.2 min. For
ETD experiments the accumulation of fluoranthene radical anions was set manually to 5 to
10 ms for efficient fragmentation. The TiO2- eluates were analyzed using the same MS
settings. Neutral loss experiments were performed with initial CID fragmentation and
additional MS3 experiments in case of potential neutral losses of phosphoric acid for singly-,
doubly-, and tripl-charged precursor ions (−98, −49, and −32.7 m/z), as well as ETD
fragmentation experiments of the precursor ion.

MS data were processed with DataAnalysis V. 4.0 (Bruker Daltonics) and mgf- or xml-files
were stored in the Proteinscape V. 1.3 database (Bruker Daltonics) and used for database
searches against the bovine NCBI-nr decoy sub-database (77,870 sequences, update June 01,
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2011) with the Mascot® V. 2.2 search algorithm. The following search parameters were
selected: CNBr or CNBr combined with trypsin peptide cleavage, peptide mass accuracy of
0.6 Da (monoisotopic), fragment mass accuracy of 0.6 Da (monoisotopic), variable
modification due to carbamidomethylation of cysteine, formylation of the peptide N-
terminus, homoserine lactone at C-terminal methionine, phosphorylation of serine,
threonine, and tyrosine, and a maximum of three missed cleavage sites. The spectra quality
was monitored manually by theoretical fragmentation using the MS-Product software tool.
The charge states of all abundant fragment ions were determined from their isotopic pattern
and compared to theoretical ions.

3 Results
In this study multiple samples of whole COX or isolated COX subunits from SDS-PAGE
have been used for MS analysis. The isolated bovine heart enzyme and the mitochondria,
used to isolate COX by BN-PAGE, partly exhibited ‘allosteric ATP-inhibition’, while this
inhibition was lacking in other samples. The ‘allosteric ATP-inhibition’ was analyzed
polarographically by measuring oxygen consumption via titrations with increasing
cytochrome c concentrations, a) in the presence of ATP and b) in the presence of ADP.
Allosteric responsiveness is indicated by a sigmoidal inhibition curve in the presence of
ATP, while a hyperbolic curve is seen in the presence of ADP [21]. In the absence of the
‘allosteric ATP-inhibition’ both curves are hyperbolic and almost identical.

We applied a direct combination of CNBr cleavage followed by tryptic digestion and TiO2
enrichment to isolate and identify phosphorylated peptides by MS in subunits of COX. In 9
out of 12 cow heart COX samples from different animals two phosphorylation sites were
identified in COX subunit II: the previously described site at Ser-126 [35] and a new site at
Tyr- 218 (Fig. 1). These sites are phosphorylated independently of the presence or absence
of ‘allosteric ATP-inhibition’. A combination of CID and ETD experiments enable the
unambiguous determination of the phosphosites with Mascot® scores of up to 72 for
pTyr-218 in single experiments. Tyr-218 was unambiguously identified in the peptide
PIVLELVPLKpYFEK (590.1 m/z, triply charged) with high coverage in the y- and b-ion
series (CID fragment-ion pattern) with y5 and b11 distinctly assigning the phosphorylation
site (Fig. 1A). ETD experiments result in a complete determination of the amino acid
sequence with the N-terminal c10 and c11 ions as well as the C-terminal z3 and z4 ions for
the phosphorylated tyrosine (Fig. 1B). The pSer- 126 and pTyr-218 peptides were initially
identified with the ion-trap mass spectrometer after TiO2 enrichment. It was also possible to
identify them directly without further enrichment, in a targeted proteomic approach via
multiple reaction monitoring (MRM) triggered CID-MS/MS experiments (enhanced product
ion experiments) in a triple-quadrupole/linear ion trap hybrid mass-spectrometer (4000
Qtrap, AB Sciex). However, with a pure MRM-assay (without additional enhanced product
ion experiments) to quantify the phosphorylated peptide with Ser- 126 of subunit II, no
differences were found for enzymes with or without ATP-inhibition kinetics (data not
shown).

Phosphorylation of Ser-4 in COX subunit Va was previously identified at the Philipps-
University Marburg [27] and was confirmed in cow heart COX preparations at Wayne State
University (WSU). For all WSU preparations the peptide of subunit Va was found to contain
a mixture of phosphorylations at Ser-1 and Ser-4 (Fig. 2). The identification with the
Mascot® search algorithm results in a score of 94 for pSer-1 and 72 for pSer-4 (ETD-
fragment ion spectrum) (Fig. 2) and 39 or 38 for the corresponding CID-MS/MS spectrum
of the triply charged (566.2 m/z) ion of (p)SHG(p)SHETDEEFDAR (not shown). The result
of the ETD experiment suggests that the pSer-1 variant is correctly assigned, but in
comparison with pSer-4 specific fragment ions from previous identifications [27] and a
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theoretical fragmentation, a mixture of both peptide types is likely. The explanation for the
pSer-1 preference of the search results is a higher abundance of the c2 and c3 ions and the
corresponding z11 and z12 ions discriminating pSer-1 and pSer-4. The pSer-4 specific
fragments show minor intensities but are present in all samples from WSU when a
phosphorylation of this peptide is detected. A doubly phosphorylated peptide was never
identified suggesting that a single phosphorylation of the Ser-1-Ser-4 spanning epitope
renders the other serine unrecognizable for the corresponding kinase. An alternative
explanation may be a methodological problem due to the enrichment method. The loss of
multiple phosphorylated peptides due to their strong affinity to the TiO2-material is a known
shortcoming [41,42]. On the other hand, Palumbo and co-workers [43] described an
intramolecular gas phase phosphate group transfer occurring for protonated
phosphotyrosine-, phosphothreonine-, and phosphoserine-containing peptides during CID
fragmentation experiments. However, we also observed these pSer1 and pSer4-specific
masses in ETD experiments which are not effected by this phenomenon.

In subunit Vb of one COX preparation from Marburg a new phosphorylation site was found
to be localized at Ser-2 of the mature protein, by mass-spectrometry after TiO2 enrichment,
with Mascot® scores of up to 82 (Fig. 3). The N-terminal peptide
ApSGGGVPTDEEQATGLER is identified to be doubly charged (927.5 m/z). From the CID
experiments no assignment of the first five amino acids is possible including pSer-2, but the
C-terminal part including numerous b-ions with CID-typical neutral losses of phosphoric
acid can be assigned. In addition, the z-ion series of the ETD fragmentation clearly assigns
the amino acid sequence including the unambiguous identification of pSer-2 by the z16(+1H)
and z17(+1H) ions. Phosphorylation of Ser- 2 in COX subunit Vb was also found in two
COX preparations from WSU. All three preparations exhibited the allosteric ATP-inhibition.

A further phosphorylation site was identified in subunit VIIc with Mascot® scores of up to
52 in 7 biological replicates after CNBr-cleavage and TiO2 enrichment. It was found in
samples with and without allosteric ATP-inhibition, isolated by standard methods or by BN-
PAGE. The CID-spectrum of pSHYEEGPGK (542.3 m/z, doubly charged) shown in Fig. 4
proofs phosphorylation of Ser-1.

In previous studies the ‘allosteric ATP inhibition’ of COX was suggested to be due to
phosphorylation of Ser-441 in COX subunit I [30]. Within our study, we isolated and
identified the Ser-441-containing peptide PRRYSDYPDAYTM after CNBr cleavage and
MS detection. This non-phosphorylated peptide is prominent in all nanoLC-ESI-MS/MS
experiments, but it was not detectable in the phosphorylated form in any of the samples.

4 Discussion
Previously, 14 phosphorylation sites were identified in mammalian COX. In rabbit heart: I-
Ser115, I-Ser116, IV-Thr52 and Vb-Ser40 [26]; in bovine liver: I-Tyr304 [44]; in bovine
heart: II-Ser126 [35]; IV-Tyr11 [45]; IV-Ser34, Va-Ser4 and Va-Thr35 [27]; VIa-H-Thr11
[46]; in HeLa cells IV-Ser67, IV-Ser136, and Va-Thr38 [47]. Fig. 5 shows the location of
these sites based on the crystal structure of the bovine heart enzyme [48]. The four newly-
identified phosphorylation sites of this study are highlighted in red. The large number of
known phosphorylation sites in mammalian COX suggests multiple regulatory pathways
acting on COX, but only very few could be related to a physiological function.

Most MS identifications of this study were found in COX preparations with and without
‘allosteric ATP-inhibition’. Interestingly, three phosphorylation sites for subunit Vb-Ser2
were found only in enzyme preparations with ‘allosteric ATP-inhibition’ (not shown). Since
it is suggested that the ‘allosteric ATP-inhibition’ involves cooperativity between the two
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binding sites for cytochrome c in the dimeric enzyme complex (Fig. 5), it is possible that the
phosphate group at Ser-2 in subunit Vb, located at the interface between the two monomers
on the matrix side, participates in the dimerization of COX and tightens the interaction
between the monomers. It is possible that this phosphorylation is necessary but not sufficient
for the ‘allosteric ATPinhibition’, since it can be switched on in vitro by PKA
phosphorylation of the reconstituted COX from the cytosolic side [33]. It was postulated that
subunit I-Ser441 is responsible for the ‘allosteric ATP-inhibition’ of COX [27,33], since it
represents the only consensus sequence for PKA phosphorylations [29] on the cytosolic side
of subunit I. The lack of phosphorylation of the corresponding peptide
(PRRYSDYPDAYTM) of subunit I containing Ser441 does not exclude this site from
switching on the allosteric regulation, for example., it could be dephosphorylated during
isolation of the peptide for MS. In fact, the ‘allosteric ATP-inhibition’ is easily lost either in
vivo or during isolation of the enzyme [31]. Alternatively, different and independent
phosphorylation may enable allosteric regulation of COX by ATP/ADP and Ser-2 of subunit
Vb may be one of them.

In the crystal structure of bovine heart COX [46] the phosphorylation of Thr11 in the
membrane region of subunit VIa-H was identified, and it was suggested that it participates in
the dimeric structure of the 13 subunit enzyme complex. This is another subunit that bridges
the two monomers in the dimeric structure. Recently, Acin-Perez and colleagues identified a
new phosphorylation site in mouse COX subunit IV-1 at Ser-58 [49]. This site is close to the
postulated binding site for ATP at the matrix side of subunit IV [17], and it was concluded
that it prevents the ‘allosteric ATP-inhibition’ of COX. However, the kinetics presented do
not show sigmoidal tendencies in the presence of ATP [49]. In bovine liver COX
phosphorylation of Tyr- 11 in subunit IV has been identified [44]. This phosphorylation site
is also located on the matrix side close to the postulated binding site for ATP [17] and could
modify the ‘allosteric ATPinhibition’ of COX.

In addition to the 18 phosphorylation sites identified thus far, many more potential sites exist
in COX (53 predicted sites for serine/threonine [29]). For their identification, new
conditions of sample preparation for MS analysis which can prevent artificial
dephosphorylation are required. Methods allowing for reliable quantification of the
identified phosphosites need to be established since in the same tissue COX complexes have
been shown to be differently phosphorylated, for example., subunit Va-Ser1 and Va-Ser4,
which only occur separately. The large number of possible phosphorylation patterns of COX
suggests a highly complex and variable regulation of COX. In addition to mechanistic
aspects, the complex regulation of COX by reversible phosphorylation is also of great
interest in clinical research where understanding its role in multiple human diseases remains
a challenge [50].
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COX cytochrome c oxidase

ROS reactive oxygen species
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OxPhos oxidative phosphorylation

BN-PAGE blue native polyacrylamide gel electrophoresis

CNBr cyanogen bromide

FA formic acid

ESI electrospray ionization

MS/MS tandem mass spectrometry

CID collision induced dissociation

ETD electron transfer dissociation

MRM multiple reaction monitoring

WSU Wayne State University.
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Fig 1.
NanoLC-ESI-MS/MS analysis of CcO subunit II. Phosphotyrosine-218 in COX subunit II
was localized in a CID experiment (A) and unequivocally confirmed with an additional ETD
experiment (B) of the triply-charged precursor ion (590.1 m/z) of PIVLELVPLKpYFEK.
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Fig 2.
NanoLC-ESI-MS/MS analysis of COX subunit Va. A phosphorylation at serine-4 was
previously described for a peptide of the same sequence [27]. The presented ETD spectrum
of the triply-charged ion (566.3 m/z) was matched to the peptide pSHGSHETDEEFDAR by
the Mascot® search algorithm with scores of 94 for a phosphorylation at serine-1 and 72 in
case of pSer4. The discrimination between these phosphorylation sites should be possible, as
ions from the four N-terminal amino acids as well as the ions enabling the assignment of
pSer1 were also present (c2, c3, z11, z12, z13). However, in comparison with the
fragmentation behavior of the previously-identified pSer-4 peptide and the calculated
fragment ion masses, three pSer4-specific fragments of low relative abundance were also
present (*). Therefore, a HPLC co-elution and ion trap co-isolation of both phosphopeptides
is likely and the spectrum presumably represents a mixed fragment ion pattern.
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Fig 3.
NanoLC-ESI-MS/MS analysis of COX subunit Vb. The analysis of the doubly charged
precursor ion (927.5 m/z) resulted in the identification of pSer2 in the peptide
ApSGGGVPTDEEQATGLER with Mascot® scores of up to 82. The CID experiment (A) of
the N-terminal peptide of the mature protein produced typical neutral losses of phosphoric
acid from the precursor ion and nearly all b-type ions. Together with the y-ions the C-
terminal part of the peptide is well defined. In contrast to the CID-fragmentation behavior,
the z-ions of the ETD experiment also define the N-terminal part, including the
phosphorylation site, with site-specific ions z16(+1H) and z17(+1H).
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Fig 4.
NanoLC-ESI-MS/MS analysis of COX subunit VIIc. The N-terminal phosphorylation of the
mature protein was identified with Mascot® scores of up to 52 in CID experiments on the
doubly-charged ion (m/z 542.3) from the peptide pSHYEEGPGK. The spectrum shows
neutral loss of H3PO4, and the amino acid sequence-defining ions were well resolved (b6-
H3PO4 ion).
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Fig 5.
Identified phosphorylation sites in the crystal structure of bovine heart COX [48]. Crystal
structure data of cow heart COX [48] were used and processed with the program Swiss-
PDBViewer 4.0.3. Identified phosphorylated amino acids in mammals are represented as
sticks. The four newly-identified phosphorylated amino acids are highlighted in red. The red
arrows on the left side represent the pathways of hydrogen ions, electrons, dioxygen and
water.
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