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ABSTRACT: Mammalian cytochrome (Cyt ¢) has two primary functions: transfer of electrons from the

bc; complex to cytochrome oxidase (COX) as part of the mitochondrial electron transport chain (ETC),
and participation in type Il apoptosis. Several studies have indicated that components of the ETC can be
phosphorylated, and we have recently shown that thec@gctron acceptor COX is phosphorylated on
Tyr-304 of subunit | in liver upon activation of the cAMP-dependent pathway, leading to strong enzyme
inhibition. However, covalent modification of Cgtthrough phosphorylation has not yet been reported.

We have isolated Cyt from cow heart under conditions that preserve the physiological in vivo
phosphorylation status. Western analysis with an anti-phosphotyrosine antibody indicated tyrosine
phosphorylation. The site of phosphorylation was definitively assigned by immobilized metal affinity
chromatography/nano-liquid chromatography/electrospray ionization mass spectrometry (IMAC/nano-LC/
ESI-MS) to Tyr-97, one of the four tyrosine residues present indCyhe phosphorylated tyrosine is part

of a motif that contains five residues identical to the tyrosine phosphorylation site in COX subunit I.
Spectral analysis revealed that the characteristic 695 nm absorption band is shifted to 687 nm and reversed
after treatment with alkaline phosphatase. This band results from the MdteBe iron bond, and its

shift might indicate changes in the catalytic heme crevice. In vivo phosphorylated<bgivs enhanced
sigmoidal kinetics with COX, and half-maximal turnover is observed at acGytbstrate concentration

of 5.5uM compared to 2.5M for alkaline phosphatase-treated @ytPossible consequences of Tyr-97
phosphorylation with respect to cardiolipin binding and of location of Tyr-97 in close proximity to Lys-7,

a crucial residue for interaction with Apaf-1 during apoptosis, are discussed.

Cytochromec (Cyt c)* was first discovered by MacMunn  after midgestation, as has been shown with €lghockout
more than a century agd)(and later rediscovered by Keilin  mice, which die around that developmental stagg. (
in 1925 Q). Since that time, more than 12 000 papers have Switching occurs at midgestation from energy production
been published centrally involving Cgt including the first that relies only 5% on aerobic metabolism before gestation
crystal structures from horse and tuna at 2.8 A in 181 (  day 9 to 95% after gestation day 11, based on studies with
Consisting of 104 amino acids in human, cow, and mouse, cultured rat embryos5j.
Cytcis a redox-active molecule owing to the presence of a A second function of Cyt is its participation in type Il
heme group covalently linked to Cys-14 and -17. The heme apoptosis, which is triggered by changes of mitochondrial
iron is coordinated by His-18 and Met-80. integrity and involves release of Cytinto the cytosol,

Cyt ¢ is a multifunctional protein. As part of the mito-  activating procaspase-9 to caspase-9 via a complex with
chondrial electron transport chain (ETC), Cgtis an  Apaf-1 (apoptosome)sj. Although mechanistically not fully
isopotential electron carrier accepting one-electron packagesunderstood, the release of mitochondrial proteins, in par-
from thebc, complex and transferring them to cytochrome ticular Cytc, is considered a very important proapoptotic
¢ oxidase (COX). In mice, this function becomes essential signal —9). As part of this apoptotic process, it has recently
been shown that Cyt exerts a further enzymatic function
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! Abbreviations: COX, cytochrome oxidase; Cytc, cytochrome ; : " P
c; ETC, electron transport chain; IMAC/nano-LC/ESI-MS, chroma- site that has been mapped to the conventional "left side” of
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spectrometry; SAP, shrimp alkaline phosphatase. ATP, its binding to Cyf leads to changes in the binding of

10.1021/bi060585v CCC: $33.50 © 2006 American Chemical Society
Published on Web 07/06/2006



9122 Biochemistry, Vol. 45, No. 30, 2006 Lee et al.

Cyt c to COX, the inhibition of the reaction between Gyt  tance of 4.8 mS/cm was reached, and applied to a DEAE
and COX, and the elimination of the lot, phase of the  anion exchange column (GE Healthcare) equilibrated with
otherwise biphasic kinetics with COX.9). KH2PO,, pH 7.5, of similar conductance (about 20 mM).
Despite decades of intensive investigation, one important More than 80% of all proteins bind to the column; the
aspect of Cyt has been missed thus far: its modification flowthrough, containing the Cyt (19), was diluted to a
and potential regulation via phosphorylation mediated through conductance of 2 mS/cm, adjusted to pH 6.5, and applied to
cellular signaling pathways. Recent attention has been drawn@ CM sepharose cation exchange column (Whatman) equili-
to signaling pathways targeting the mitochondria, and a few brated with KBPO,, pH 6.5, 2 mS/cm conductance. Under
studies have begun to reveal that some components of the¢hose conditions, Cyt binds to the column, which was then
mitochondrial oxidative phosphorylation machinery can be washed with 4 vol of equilibration buffer. A three-step
phosphorylated in vivo. We have recently shown that liver gradient was applied (60, 120, and 180 mM 4@, pH
COX can be phosphorylated on Tyr-304 of catalytic subunit 6.5) in which Cytc eluted in the last fraction. Cyt was
| and that this phosphorylation is mediated through the concentrated under vacuum to 1 mL and further purified and
cAMP-dependent pathway, leading to strong enzyme inhibi- desalted using Sephadex G50 (GE Healthcare) gel filtration
tion (14). Others have shown that COX subunit Il is targeted equilibrated with 10 mM KHPQ,, pH 7.0. The purified
for phosphorylation by Src kinase in osteoclasts, leading to protein was stored at80 °C.
enzyme activation 15). In addition, a recent study has  Dephosphorylation of Cyt.dFive hundred microliters of
revealed that cow heart NADH dehydrogenase is phospho-a 40uM/L Cyt ¢ solution was incubated with shrimp alkaline
rylated in vivo, on Ser-59 of subunit NDUFA1Q§). The phosphatase (10 units, Roche) overnight at@0The sample
delta subunit of ATP synthase can also be phosphorylatedwas then desalted using NAP-10 columns (GE Healthcare)
(17), and there is indirect evidence that this phosphorylation equilibrated with 50 mM Tris, pH 7.5, and Cgtseparated
occurs on Tyr-7518). from the phosphatase by applying the solution to a Microcon
Because of the central role of Cgtin respiration and  YM-100 centrifugal device (Millipore). Cyt was collected
apoptosis, we asked whether the molecule can be phosphoin the flow-through.

rylated in ViVO. Here, we ShOW fOI‘ the fiI’St t|me that Cow Western Ana|ysj§DS—po|yacry|amide ge| e|ectr0ph0re_
heart Cytc isolated under conditions that preserve the gjg (SDS-PAGE) of Cytc was carried out using a-412%
physiological phosphorylation status is tyrosine-phosphory- gradient NuPAGE Bis-Tris gel (Invitrogen). EGF-stimulated
lated, and that such phosphorylation affects the €yt  a431 cell lysate (Upstate) was included as a positive control
spectrum and the electron-transfer kinetics with COX. We gnd ovalbumin as a negative control. Protein bands were
discuss potential implications of this novel feature including vjsyalized using the Silver Stain Plus kit (Bio-Rad) according
control of respiration and the role of Cygtin apoptosis, o the manufacturer’s instructions. For Western analysis,
mediated through cell signaling pathways. protein transfer time on a nitrocellulose membrane (09

was 5 min to prevent transfer through the membrane. Small
MATERIALS AND METHODS and highly charged proteins can easily be lost during the
multiple washing steps. Thus, to prevent €ytissociation,
we incubated the membrane in a 1% glutaraldehyde solution
for 10 min, and subsequently applied three UV-cross-linking

tissue as described4) with small modifications. Briefly, pulses (0.12 J each, UV Stratalinker 1800, Stratagene). This

300 g of tissue was ground and further homogenized with a €omPination was found to be optimal with respect to €yt
commercial blender in a 5-fold volume of buffer A (250 mMm ~ Fétention on the membrane. Because amines, such as Tris,
sucrose, 20 mM Tris (pH 7.4), and 2 mM EDTA). To compete with the chemically formed crorss—lmks (Schiff base),
maintain the physiological phosphorylation status, this buffer &/l solutions subsequently used contained 20 mM HEPES,
was supplemented with 1 mM vanadate, 10 mM KF, and 2 pH 7.5, mst_ead of an ar_nlne-based buffe_nng reagent. Anti-
mM EGTA. After centrifugation (65, 10 min), the phosphoserine and anti-phosphothreonine antibodies were
supernatant was collected through a piece of cheeseclothS€tS Of four (1C8, 4A3, 4A9, and 16B4) and three (1E11,
The pellet was homogenized and centrifuged one more time#P11, and 14B3) individual monoclonal antibodies (Cal-
to increase the yield of mitochondria. Combined supernatantsPiochem), respectively, whereas a single anti-phosphotyrosine
were centrifuged (16 3@ 20 min). The mitochondria were ~ antibody was used (4G10, Upstate). Western analysis was
resuspended in 200 mL of buffer A using a Teflon homog- performed with a 1:5000_ dll_utlon of ar)tl—phospho antlbo¢es
enizer (150 rpm, 4 strokes), and buffer A was added to g followed by a 1:5000 dilution of anti mouse IgG alkalme_
volume of 2.5 L and centrifuged at low speed (§70r 5 phosphatase-conjugated secondary antibody (Bio-Rad). Sig-
min) to remove contaminants. The supernatant was centri-nals were de_tected via the colorimetric method using nitro
fuged (16 30@, 20 min) to collect mitochondria, which were ~ Plué tetrazolium chioride (NBT) and 5-bromo-4-chloro-3-
washed one more time by resuspending and centrifugingNdolyl phosphate (BCIP) (Roche).

(16 30@, 20 min). Cytc was released by adding 10 vol of Spectral Analysis of Cyt.cCyt ¢ was oxidized with 100
120 mM KH,PQy, pH 7.4, to the washed mitochondria, mM KsFe(CN} and desalted using NAP-10 columns equili-
followed by sonication (micro tip, 4« 30 s pulses). The  brated with 50 mM Tris, pH 7.5. Spectra were recorded on
suspension was centrifuged for 60 min at 195@Ghd the a Jasco V-550 double beam spectrophotometer (2 nm
Cyt c-containing supernatant was purified via two-step ion bandwidth; 400 nm/min scanning speed). Reducecdc@ds
exchange chromatography modified from 18f The solution obtained by addition of 100 mM N&O,, and spectra were
was adjusted to pH 7.5, diluted with water until a conduc- acquired after desalting the samples as above.

Isolation of Heart Mitochondria and Cyt.dcChemicals
were purchased from Sigma, unless otherwise stated. Mito-
chondria were isolated at 4C or on ice from cow heart
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Isolation of Cytochrome ¢ Oxidase and Enzymatic iAtgti A B
Measurementfkegulatory competent cytochrorn@xidase M 1 2 3 4 5 1 3 4 5
(COX) was isolated from cow liver under conditions 250kD 250kD-
preserving the phosphorylation status as previously describec oo ol
(14). The enzyme represents the inhibited (via the CAMP  wsw r5kD
pathway) subunit | Y304 phosphorylated COX. To remove  *** -’ o _
cholate and to replace potentially damaged cardiolipin, COX - =
was dialyzed in the presence of 0.1 mM ATP and a 40-fold  ** ° shod
molar excess of cardiolipin in 10 mM K-HEPES (pH 7.4), H - - -
40 mM KCI, 1% Tween 20, 2 mM EGTA, 10 mM KF (an LD s

unspecific serine/threonine phosphatase inhibitor), and 1 mM

e : it Ficure 1: Gel and Western analysis of isolated @yt{A) Cow
vanadate (an unspecific tyrosine phosphatase inhibitor). COXheart Cytc purified under conditions preserving the in vivo

activity was analyzed in a closed 200 chamber containing  pnhosphorylation status (lane 4) and after treatment with shrimp
a micro Clark-type oxygen electrode (Oxygraph system, alkaline phosphatase (SAP, lane 5) was applied te 24 gradient
Hansatech). Measurements were performed in the presenc®&DS-PAGE gel, and protein bands were visualized by the silver
of 2.5 mM ATP. an allosteric inhibitor of COX. after Staining method. Purified Cyt produces a single band with the

; ; ; ; . expected size (lane 4). Lane M, protein size marker (GE Health-
incubation with an ATP regenerating system: COX was care); lane 1, Sigma Cyt lane 2, EGF-stimulated A431 cell lysate

incubated at 35C for 30 min in 10 mM K-HEPES (pH  (positive control for Western analysis); lane 3, ovalbumin (negative
7.4), 40 mM KCI, 1% Tween 20, 2 mM EGTA, 10 mM KF,  control for Western analysis). (B) For Western analysis, protein
2.5 mM ATP, 5 mM MgC}, 5 mM phosphoenolpyruvate, —samples were applied to SB®AGE and subsequently transferred
and 10 U/mL pyruvate kinase. Measurements were carriedto a nitrocellulose membrane and analyzed using an anti-phospho-

. o . tyrosine antibody (4G10, Upstate). Purified @ytane 4) produces
out using 250 nM COX at 25C after the addition of ascorbic a strong signal with the anti-phosphotyrosine antibody, whereas

acid (20 mM) and increasing amounts of purified €ytom overnight treatment with SAP abolishes the signal (lane 5). Samples
0 to 16 uM. Oxygen consumption was recorded on a inlanes 15 as denoted in panel A. Protein sizes are indicated on

computer and analyzed with the Oxygraph software. Turn- the left.

over (TN) is defined as oxygen consumeaiol]/(s:COX- _ _

[umol]). Database AnalysiSMS/MS spectra were assigned to
Immobilized Metal Affinity Chromatography/Nano-Liquid Peptide sequences from the NCBI nonredundant protein

Chromatography/Electrospray lonization Mass Spectrometry database sliced in Bioworks 3.1 for bovine proteins and
(IMAC/Nano-LC/ESI-MS) of Cow Cyt & 0.5 mg fraction searched with the SEQUEST algorithm (22). SEQUEST

of cow heart Cyt was isolated under conditions preserving search parameters designated a static modificatigrl@f0342

the physiological phosphorylation status. Cytas denatured D@ 0n Asp, Glu, and the C-terminus (deuteriomethyl esters)
in 100 mM NHHCO; buffer, pH 8.3, containig 8 M urea, and variable modifications 6f 79.9663 Da on Ser, Thr, and

for 5 min at 96°C. The mixture was diluted with an equal  1Y" (Phosphorylation). Phosphopeptide spectra were manu-
volume of water, and proteins were digested overnight with ally verified. , _

5 ug of modified trypsin (Promega, Madison, W) at 3. Molecular ModgllngCrystallographlc Qata frpm horse Cyt
The peptides were loaded onto C18 RP peptide macrotrap® (LCRC;23), which has the same amino acid sequence as
cartridges (Michrom Bioresources, Auburn, CA) and washed SOW. Was used. The introduction of the phosphate group to
with 1 mL of 0.1% acetic acid to remove urea and salts from TY"-97 was performed with the program Hyperchem. A
the digest. Peptides were eluted with 50Q of 70% g_eometr!cally optlm.|zed structure for the phosphotyrosine
acetonitrile/0.19% acetic acid and dried under vacuum (Ther- Side chain was obtained applying 500 cycles of the “steepest
mo Savant, Holbrook, NY). Dried tryptic peptides were descent”algorithm. For presentation, the modeleddQyas
incubated with 2N d4-methanolic DCI under nitrogen processed with the program Swiss PDB V|ewer_(ver5|0n 3.7).
prepared by the addition of 120 of acetyl chloride with ~ Overlay of the Cytc and COX phospho-epitopes was
stirring to 750 uL of methanol-D4 R0). This treatment performed W|th the iterative magic fit function and by using
resulted in the efficient methyl ester derivatization of every Crystallographic data from cow heart COZ4j.

Asp, Glu, and peptide C-terminus with a 17.0342 Da QCD ESULTS

Phosphopeptides were enriched with an automated desaItF

immobilized metal affinity chromatography (IMAC)/nano- Isolation of in Vo Phosphorylated Cyt.cTo maintain
liquid chromatography/electrospray ionization mass spec- the physiological phosphorylation status during mitochondria
trometry platform as described previous®l). Peptides were  and subsequent Cgtisolation, we supplemented all solutions
eluted with a 30 min 670% solvent B reversed-phase with vanadate, a nonspecific protein tyrosine phosphatase

gradient through an analytical column with integratezh inhibitor, potassium fluoride, a nonspecific inhibitor of pro-
electrospray tip into an LTQ mass spectrometer with 30 nL/ tein phosphatases, and EGTA, a calcium chelator, preventing
min peak parking (solvent A, 0.1 M acetic acid in deiH activation of calcium-dependent protein phosphatases. Cyt

solvent B, 0.1 M acetic acid in acetonitrile). Peptides were c of isolated mitochondria was released by breaking the
analyzed by data-dependent tandem mass spectrometry (MSihitochondrial membranes at a high ionic strength to abolish
MS) experiments using collisionally induced dissociation electrostatic interactions of highly positively charged €yt
(Xcalibur 1.4 parameters designated 35% collision energy, with COX, thebcg, complex, and the mitochondria-specific
3 Da isolation window, top 5 data dependent, repeat count phospholipid cardiolipin. Purified Cyt was then obtained

of one and a dynamic exclusion time of 1.5 min, LT-MS after DEAE and CM ion exchange chromatography followed
AGC of 3 x 10% and FT-MS/MS AGC of 1x 10°). by Sephadex G50 gel filtration (Figure 1A, lane 4). The
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Ficure 2: Nano-LC/ESI/IMS/MS spectrum of EDLIApYLK. Peptides were eluted into the mass spectrometer with an HPLC gradient
(0—50% acetonitrile, 0.1 M acetic acid in 30 min). The mass spectrometer acquired top 3 data-dependent ESI MS/MS spectra. The
phosphorylation site was revealed by fragment ions b2, b3, b4, y5, y6, and y7, and the peptide sequence was assigned by a4, b2, b3, b4,
b5, b6, b7, y2, y3, y4, y5, ¥, and y6.

phosphorylation status was analyzed using a phosphotyro-in Cyt c. Fragment analysis by nano-LC/ESI/MS/MS re-
sine-specific antibody, which revealed a strong signal (Figure vealed that the peptide EDLIAYLK contains a phosphate
1B, lane 4), indicating that at least one of the four tyrosine group. The phosphorylation site was unequivocally assigned
residues present in Cgtwas phosphorylated. Incubation of to Tyr-97 by fragment ions b2, b3, b4, y5, y6, and y7. The
isolated Cytc with shrimp alkaline phosphatase (SAP) led sequence of the peptide was definitively assigned by a4, b2,
to dephosphorylation, as was confirmed by Western analysish3, b4, b5, b6, b7, y2, y3, y4, y5, ¥5 and y6 (Figure 2).
(Figure 1B, lane 5). Commercially available Cgtwas There was no indication of a second phosphorylation site.
included as a control (Figure 1B, lane 1) and showed a weak Tyr-97 is located on the conventional “right side” of the
signal only after prolonged detection reaction of the blot (not molecule (2), and the side chain is essentially solvent-
shown), suggesting that it may contain a minor amount of exposed and thus accessible for a kinase and a phosphatase.
tyrosine-phosphorylated Cyt species. The purification  Tyr-97 is part of the only truex helical stretch in Cyt,
method used in producing commercial €y$ not available, encompassing residues-9101 @), and two neighbors of
but due to the weak signal, we assume that phosphatasefyr-97, Leu-94 and Leu-98, are spatially packed against the
inhibitors were not included; to our knowledge there is no heme groupZ5). Tyr-97 is located in the midst of this region
previously published method for the isolation of Cygt filled with hydrophobic amino acids, which has been called
applying conditions that preserve the phosphorylation state.the “right channel” 8): it is a closed channel with no solvent
Heart Cyt c Is Phosphorylated at Tyr-9Cyt c isolated access to the heme group, but containing a conduit of
under conditions that preserve the in vivo phosphorylation hydrophobicity from the heme to the molecular surface,
status was fully digested with trypsin with a sequence suggesting that it may serve as a binding site for a
coverage of 92%, including all four tyrosine residues present hydrophobic moiety, for example, a lipid (see Discussion).
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Ficure 3: Spectral analysis of Cytin the oxidized state. UV/vis

spectra were recorded on a V550 double beam spectrophotomete

(Jasco). Samples were in 50 mM Tris, pH 7.5. Purified phospho-
rylated (P-Cyt), shrimp alkaline phosphatase-treated (SAP-treated),
and commercially available (Sigma) cytochromehow similar
absorption peaks for the-band (408, 409, and 409 nm, respec-
tively) and the band at 530, 530, and 529 nm, respectively.
Interestingly, the characteristic band at 695 nm is shifted to 687 in
the purified phosphorylated Cyt (inset), which is reversed after
treatment with SAP.

Spectral Analysis of Tyr-97-Phosphorylated Cyt oédds
a Shift of the 695 nm Banyt c residue Met-80 is a heme

Biochemistry, Vol. 45, No. 30, 2000125

T T T

304

20

TN [s7]

10

B Phosphorylated Cyt ¢
A SAP-treated Cyt ¢

10 15
Cytochrome ¢ [uM]

FIGURE 4: Respiration kinetics with in vivo phosphorylated or
dephosphorylated cytochromeand cytochrome oxidase (COX).
Increasing amounts of purified phosphorylated (squares) and shrimp
alkaline phosphatase-treated (SAP-treated, triangles) cytochrome
c were added to solubilized COX. COX activity was measured with
the polarographic method at 2&. COX activity (turnover, TN)

is defined as consumed,Qumol]/(s:COX[umol]).

phosphorylated. COX catalytic subunit | residue Tyr-304,
which we have shown to be phosphorylatéd)( is located

in the mitochondrial intermembrane space, as iscCtsing

a protocol we developed to preserve the phosphorylation

ligand, and this bond causes a characteristic 695 nmstatus of COX, we show that heart Qyts phosphorylated

absorption band. Only the functional (reducible) state 11l form
shows this band, and it was therefore called a “marker of
Cyt cintegrity”, whereas its absence was called “an indicator
of trouble” (26). For example, when Met-80 (and Met-65)
is carboxymethylated, it no longer binds to the heme iron,
the 695 nm band is abolished, and €ytannot be reduced
by ascorbate nor can it restore respiration in Gygepleted

rat liver mitochondria or with purified COX 27—31).

in vivo without further experimental manipulation of a
cellular signaling pathway.

Western blots with anti-phospho antibodies indicated
tyrosine phosphorylation of our purified Cygt(Figure 1B,
lane 4). We also obtained a weak signal (not shown) with
two sets of anti-phosphoserine and -threonine antibodies (see
Materials and Methods). However, in contrast to the highly
specific 4G10 anti-phosphotyrosine antibody, anti-phospho-

Interestingly, spectral analysis of purified oxidized heart Cyt gerine and -threonine antibodies are known to be less specific
shifted to 687 nm (Figure 3, inset), which might indicate residues. Applying mass spectrometry, we unambiguously

changes in Cyt functionality. Removal of the phosphate
groups by treatment with shrimp alkaline phosphatase
revealed a 695 nm absorption band very similar to com-
mercially available Cyt, suggesting that phosphorylation
causes the spectral change (Figure 3, insert). Reduce
purified Cytc shows only minor spectral differences for the
characteristiax-, 5-, andy-bands (549, 521, and 413 nm)
in comparison to commercially available Cgt(550, 520,
and 415 nm; not shown).

Phosphorylated Cyt ¢ Produces Pronounced Sigmoidal
Kinetics with Cytochrome ¢ Oxidase (COXjo test one
possible effect of Cyt phosphorylation, we analyzed oxygen
consumption of purified cow COX with in vivo phospho-
rylated and SAP-treated CgtWe found that phosphorylated
Cyt c showed pronounced sigmoidal kinetics, whereas SAP-
dephosphorylated Cyt produced a hyperbolic response
(Figure 4). Although the maximal turnover is 32 $or both
in vivo phosphorylated and SAP-treated Qytthe K, of
COX with each Cyt species differs by more than 2-fold. It
is 5.5uM for phosphorylated and 2.6M for SAP-treated
Cytc.

DISCUSSION

Our recent finding that COX is targeted for phosphory-
lation by cellular signaling pathways in vivd4) raised the
question whether the COX substrate @ytould also be

identified the only phosphorylated residue as Tyr-97 (Figure
2).

We have preliminarily assessed one functional conse-

uence of Cyt phosphorylation by analyzing COX activity.

hosphorylated Cyt produces enhanced sigmoidal COX
kinetics, whereas a hyperbolic response is obtained using
SAP-treated Cytc (Figure 4). Interestingly, the maximal
turnover is identical with phosphorylated and SAP-treated
Cytc, possibly due to the presence of unphosphorylated Cyt
c in our purification. Even though our isolation approach
produced a single Cytfraction, we were also able to detect
unphosphorylated Tyr-97 by mass spectrometry (not shown).
When high-resolution SDSPAGE was applied, only a
single band was obtained for phosphorylated and SAP-treated
Cyt c samples, each running at the same position (not shown),
and it remained elusive what part of our isolated €ytas
phosphorylated. However, for the reaction with COX, the
Km for phosphorylated Cytc was about 2-fold higher
compared to dephosphorylated Qytand about 2.2 times
more in vivo phosphorylated Cyt was required to reach
maximal turnover compared to dephosphorylated €yt
(Figure 4). The clear differences in enzyme kinetics together
with the spectral changes (Figure 3) for phosphorylated Cyt
¢ suggest that a substantial fraction of the isolated €yt
carries a phosphate group. A major future goal will be the
separation of Tyr-97-phosphorylated and -unphosphorylated
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Cyt ¢ 93 DLIAYLKKAT sponding Tyr was changed into Leu and GIn, which retained
R 12 Cyt ¢ expression and functior88). The finding that those

changes do not appear to be crucial for organism survival

FIGURE 5: Sequence alignment of the phospho-epitopes ofcCyt  may be readily explained with the lack of tyrosine kinase

and COX subunit I. Five out of 10 residues are identical in both Signa"ng in these OrganismS, because no tyrosine kinases
epitopes. In contrast to the COX sequence, which is invariant in have been identified in yeast ahd crassa

all eukaryotes 14), the sequence in Cyt shows some variation . .
between species, including the absence of Tyr-97 in the mold ~Comparison of the sequence S}Jrroundlng the phosphory-
Neurospora crassgaccession number X05506). lation site in COX subunit 114) with the epitope of heart

Cyt c presented here revealed that 5 of 10 residues are
Cyt c species. Once this has been achieved, additionalidentical (Figure 5). The alanine residue immediately adjacent
functional aspects of Cytphosphorylation can be evaluated, to the phosphorylated tyrosines in COX and €yfontrasts
including the effect on redox potential, reaction with tieg with acidic residues commonly found in tyrosine kinase
complex, and the possible role in apoptosis. recognition motifs in this position3d). Furthermore, the
Tyr-97 is conserved in most species ranging from mam- overlay of the two domains based on the crystal structures
mals to microorganisms and plants, wileurospora crassa  produced a good fit for the backbone of all amino acids and
as an exception containing a Phe residue inst@ad3). also for the side chains of the five identical residues (Figure
There are also two known yeast mutants where the corre-6B). The motif comprised of those five residues only occurs

COoX I 300 DTRAYFTSAT

Ficure 6: Conventional view of the cytochroneecrystal structure. Crystallographic data from horse €§#3), which has the same amino

acid sequence as cow, was used. A phosphate group was attached to Tyr-97 using the program Hyperchem. A geometrically optimized
spatial arrangement for the modeled phosphotyrosine side chain was obtained applying 500 cycles of the ‘steepest descent’ algorithm.

Modeled Cytc was processed with the program Swiss PDB viewer (version 3.7). (A) Stereo view of the modeledP@gsphotyrosine
97 is located on the “right side” of the molecule (highlighted in sticks). The distance between the modeled phosphate groupNifg the
group of Lys-7 (sticks), a key residue for apoptosome formatior,58. Residues Glu-69, Asn-70, Lys-72, Lys-86, Lys-87, and Lys-88
that form an ATP binding pocket (12) are indicated in green ribbon. Residues Asn-51 and Ile-81 involved in anion Bjrati@én@icated

in magenta ribbon. The bond between Met-80 (sticks) and the heme iron produces the characteristic 695 nm absorption band. (B) Overlay

of the phospho-epitopes of Cgtand COX (4, 24) was performed with the iterative magic fit function. Identical amino acids are highlighted
in sticks.
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