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ABSTRACT: Mammalian cytochrome ¢ (Cytc) transfers electrons from the b¢; complex to cytochrome ¢ oxidase
(CcO) as part of the mitochondrial electron transport chain, and it also participates in type II apoptosis. Our
recent discovery of two tyrosine phosphorylation sites in Cytc, Tyr97 in bovine heart and Tyr48 in bovine
liver, indicates that Cytc functions are regulated through cell signaling. To characterize the role of Cytc
tyrosine phosphorylation in detail using an independent approach, we here overexpressed and purified a
Tyrd8Glu mutant Cytc, mimicking the in vivo Tyr48 phosphorylation found in cow liver, along with wild-type
and Tyr48Phe variants as controls. The midpoint redox potential of the phosphomimetic mutant was
decreased by 45 mV compared to control (192 vs 237 mV). Similar to Tyr48 in vivo phosphorylated Cytc, direct
kinetic analysis of the Cytc reaction with isolated CcO revealed decreased V.4 for the Tyr48Glu mutant by
30% compared to wild type or the Tyr48Phe variants. Moreover, the phosphomimetic substitution resulted in
major changes of Cytc functions related to apoptosis. The binding affinity of Tyr48Glu Cytc to cardiolipin
was decreased by about 30% compared to wild type or the Tyr48Phe variants, and Cytc peroxidase activity of
the Tyr48Glu mutant was cardiolipin-inducible only at high cardiolipin concentration, unlike controls.
Importantly, the Tyrd8Glu Cytc failed to induce any detectable downstream activation of caspase-3. Our data
suggest that in vivo Tyr48 phosphorylation might serve as an antiapoptotic switch and highlight the strategic

position and role of the conserved Cytc residue Tyr48 in regulating multiple functions of Cytc.

Cytochrome ¢ (Cyte)' is a 12 kDa globular protein with a
covalently attached heme group. It is located in the mitochon-
drial intermembrane space where it functions as a mobile electron
carrier between complexes I1I and IV of the electron transport
chain (ETC). Interaction with both complexes is mediated by a
cluster of lysine residues on the protein surface, making Cytc one
of the most positively charged proteins, with a p/ of 9.6. The role
of Cytc in mitochondrial ATP production is essential, as Cytc
knockout mice die around midgestation (/), when metabolism
switches from the glycolytic pathway to aerobic energy produc-
tion (2). During the last two decades it was revealed that Cytc
exerts additional functions beyond its classical role in bioener-
getics. Aside from being an indispensable enzyme for fueling
cellular life as part of the ETC, it can also be a key player for the
cell’s eventual downfall via type II apoptosis. In the latter case,
triggered by proapoptotic signals, Cytc is released from the
mitochondria into the cytosol (3, 4), where it binds to Apaf-1,
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which initiates the assembly of the apoptosome and the down-
stream activation of caspases (). Interestingly, Cytc is a major
regulator of its own release from the mitochondria. Proapoptotic
signals lead to excessive availability of the mitochondrial phos-
pholipid cardiolipin that avidly binds to Cyte. This interaction,
causing partial unfolding of the enzyme and weakening of the
coordinate bond between heme iron and Met80, turns the enzyme
“wild”, unleashing its peroxidase activity which is normally
tamed by hexacoordinate binding of the heme iron (6). Subse-
quent peroxidation of cardiolipin as well as other lipids compro-
mises the integrity of mitochondrial membranes, which precedes
the release of Cytc in the apoptotic sequence of events. Inside
mitochondria, Cytc is involved in yet other redox reactions.
When detached from the membrane it can be reduced by super-
oxide, suggesting its role as a ROS detoxifying enzyme (7).
p663™, a protein implicated in life span regulation, was shown
to produce H,0, after being reduced by Cytc in mitochondria (8).

Considering the multiple roles of Cytc, one would expect that
the enzyme must be tightly regulated. Aside from the long
recognized allosteric regulation by ATP (9), Cytc was not
recognized as target for cellular signaling pathways until recently,
when our group discovered phosphorylation of Tyr97 in Cytc
isolated from bovine heart (/0). The phosphorylated enzyme
displayed a 695 — 687 nm shift of the weak Met80 heme iron
ligand absorption bond and had an increased Ky, in reaction with
cytochrome ¢ oxidase (CcO) (10). Another phosphorylation on
Tyrd8 was later found in bovine liver Cytc, resulting in about
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50% reduction of V,« of the oxidation rate by CcO (/7). The
two mapped phosphoepitopes have been among the first tyrosine
phosphorylation sites discovered in the mitochondrial pro-
teome (12, 13). The corresponding kinase(s) and phosphatase(s),
however, remain elusive.

Cytc isolation from tissues yields mixed preparations of
phosphorylated and dephosphorylated protein, complicating a
detailed biochemical comparison of the two species. In the
present study, therefore, we used a prokaryotic overexpression
system to obtain three versions of rodent Cytc: wild type,
phosphomimetic mutant Tyr48Glu, and Tyr48Phe as an addi-
tional control. We demonstrate that the phosphomimetic muta-
tion results in a 50 mV drop of the Cytc redox potential,
decreased V.« of reaction with CcO, decreased binding affinity
to cardiolipin, and alteration of its peroxidase activity. Impor-
tantly, Tyr48Glu mutant was incapable of inducing caspase
activity in vitro, suggesting an antiapoptotic role for Tyr48
phosphorylation.

MATERIALS AND METHODS

Overexpression of Cytochrome ¢ Wild Type and Mu-
tants in the Prokaryotic System. All chemicals were pur-
chased from Sigma (St. Louis, MO) unless stated otherwise.
Mouse and rat somatic Cytc have identical protein sequences and
are referred to as rodent Cytc. The pLWO1 overexpression vector
was used to generate rodent Cytc constructs for overexpression in
bacteria (/4). This vector is specifically designed for Cytc over-
expression and also contains the cDNA encoding heme lyase
(CYC3), which is not present in bacteria but necessary for
covalent attachment of the heme group to the Cytc apoenzyme.
The vector containing the horse Cytc cDNA sequence was a kind
gift of Dr. Lucy Waskell (University of Michigan) (15). The horse
Cytce sequence was removed by restriction digestion with Ncol
and BamHI. Rodent Cytc cDNA was amplified from total rat
muscle cDNA using Ncol and BamHI restriction site-containing
primers  5-AATTTACCATGGGTGATGTTGAAAAAG-3
(forward primer) and 5-AATAAAGGATCCAGTGGAAT-
TATTCAT-3 (reverse primer). Following restriction digestion
with Neol and BamHI, the fragment was cloned into the similarly
treated pLWOI vector, and the sequence was confirmed by
sequencing. Site-directed mutagenesis was employed to generate
the two mutant constructs. In order to introduce the mutations,
the oligonucleotides 5-AGGCTGCTGGATTCTCTTTCACA-
GATGCCAACAAGAACAAAGG-3 (Tyrd48Phe) and 5-AG-
GCTGCTGGATTCTCTGACACAGATGCCAACAAGAA-
CAAAGG-3 (Tyr48Glu) were used in combination with the
QuikChange site-directed mutagenesis kit (Stratagene, Agilent
Technologies, La Jolla, CA) according to the manufacturer’s
protocol. Successful introduction of mutations was confirmed by
sequencing. A specific Escherichia coli strain, C41 (DE3) (16),
was then used to overexpress the Cytc variants. The plasmids
were transformed into the competent OverExpress C41 (DE3)
E. coli cells (Lucigen, Middleton, WI) according to supplier’s
protocol. Selected clones were inoculated into 10 mL of TB
medium (Difco, BD, Franklin Lakes, NJ) containing 0.24 mM
carbenicillin and grown overnight at 37 °C under constant
shaking. The suspension was then distributed into several flasks
containing a total of 5 L of carbenicillin-containing TB medium
and grown until an ODgqg of 2—3 was reached. At this time, Cytc
expression was induced by addition of 100 mM IPTG. Protein
overexpression was continued for 8 h, and cells were then
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harvested by 20 min centrifugation at 27000g at 4 °C. Bacterial
pellets were immediately frozen and stored at —80 °C.

Extraction and Purification of Cytochrome c. The bacter-
ial pellets were resuspended in B-Per reagent (Pierce, Rockford,
IL), supplemented with 1 mM PMSF and lysozyme (30 mg/L),
and extracted according to the manufacturer’s protocol. Ex-
tracted proteins were separated from the cell debris by 40 min
centrifugation at 27000g at 4 °C. Cytc was subsequently purified
by a two-step ion-exchange chromatography procedure modi-
fied from ref /0. The extract was adjusted to pH 7.5, diluted
with ddH,O until a conductance of 4 mS/cm was reached, and
applied to a DE anion-exchange column (Whatman, Piscataway,
NJ) equilibrated to a similar conductance with 20 mM phos-
phate buffer, pH 7.5. The majority of bacterial proteins bound
to the column, whereas overexpressed Cytc was collected in the
flow-through. The solution was adjusted to pH 6.5 with HCI,
and conductance was increased to 6 mS/cm by addition of
KH,PO, and loaded onto a CM cellulose cation-exchange
column (Whatman) equilibrated with 40 mM phosphate buffer,
pH 6.5. After the cation-exchange column was washed, Cytc was
eluted with 0.5 M NaCl in 40 mM phosphate buffer, pH 6.5.
Fractions without any apparent impurities, as judged by SDS—
PAGE/Coomassie R-250 staining, were pooled and desalted/
concentrated by centrifugation using Amicon Ultra-15 3k units
(Millipore, Billerica, MA). Enzyme preparations were aliquoted
and stored at —80 °C. There were no indications of artificial Cytc
phosphorylation due to overexpression using the bacterial system
as confirmed by Western analysis with anti-phosphoSer/Thr/Tyr
antibodies as described (//) (not shown).

Analysis of Cytochrome ¢ Absorption Spectra. Cytc was
oxidized with K3Fe(CN)¢ and desalted using NAP-10 columns
(GE Healthcare, Piscataway, NJ). Absorption spectra were
recorded on a Jasco V-570 double beam spectrophotometer
(2 nm bandwidth, 200 nm/min scanning speed). Reduced
Cytc was obtained by addition of sodium dithionite, removal
of reductant via NAP-10 columns, and spectra acquisition as
described above.

Measurements of Cytochrome ¢ Redox Potential. The
midpoint redox potential (E”) was analyzed spectrophotome-
trically by the equilibration method according to ref /7 using as
a reference compound 2,6-dichloroindophenol (DCIP, E” =
237 mV), which has an absorption band at 600 nm in its oxidized
state. One milliliter of Cytc solution (2 mg/mL) was mixed in a
large spectrophotometric cuvette with 2 mL of 50 mM citrate
buffer, pH 6.5, 0.1 mL of 1 mM DCIP, and 25 uL of 1 mM
K;Fe(CN)g to fully oxidize Cyte. Absorbances corresponding to
fully oxidized Cth (A550_A570) and DCIP (A600) were recorded
using a Jasco V-570 double beam spectrophotometer. The
mixture was then sequentially reduced by 3 uL additions of
10 mM ascorbate (pH 6.5), and absorbance values were acquired
at each step. When readings became constant, a few grains of
Na,S,0, were added to fully reduce Cytc and DCIP. For each
step, ratios of oxidized and reduced forms of both compounds
were calculated. Data obtained were plotted as log(DCIPoy/
DCIPggp) versus log(Cytox/Cytrep), yielding a linear graph with
a slope of npcip/ney and a y-axis intercept of ney/59.2(Ecy —
Epcp). These values were used to calculate the E” of Cyte from the
Nernst equation.

Kinetic Measurements of Cytochrome c¢ Oxidation by
Cytochrome ¢ Oxidase. Regulatory-competent CcO was iso-
lated from bovine liver and heart under conditions preserving
its phosphorylation status as previously described (/8). A CcO
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aliquot was diluted to 3 uM final concentration in the presence of
a 40-fold molar excess of cardiolipin and 0.1 mM ATP in CcO
measuring buffer (10 mM K-HEPES (pH 7.4), 40 mM KClI,
2mM EGTA, 10 mM KF, 1% Tween 20) and dialyzed overnight
at 4 °C to remove cholate bound to CcO during enzyme
purification. CcO respiration (150 nM) was analyzed in a closed
chamber equipped with a micro Clark-type oxygen electrode
(Oxygraph system; Hansatech, Pentney, U.K.) at 25 °Cin 400 uL
of CcO measuring buffer and 20 mM ascorbate as electron
donor. Increasing amounts of purified Cytc mutants (0—15 uM)
were added, and oxygen consumption was recorded and analyzed
with the Oxygraph software (Hansatech). The activity was
expressed as turnover number (TN) (s™1).

Caspase-3 Activity Induction by Purified Cytochrome c.
The ability of purified Cytc to induce caspase-3 activation was
assayed using an in vitro approach with cell-free extracts essen-
tially as described (19). Extracts representing cytoplasmic cell
fractions were prepared from cultured HeLa, Cytc —/— (ATCC,
CRL 2613), and a breast cancer cell line BT5419 (kind gift of Dr.
H. R. Kim, Wayne State University). After trypsinization, cells
(8 x 75 cm? flasks) were pelleted and washed twice with PBS,
followed by one wash with cell extract buffer (CEB: 20 mM
HEPES, pH 7.5, 10 mM KCI, 1.5 mM MgCl,, I mM EDTA,
I mM EGTA, 1 mM dithiothreitol, 100 uM PMSF). Two
volumes of CEB were added to the cell pellet, and the suspension
was transferred to a 2 mL Dounce homogenizer and allowed to
swell in the hypotonic CEB for 15 min. Subsequently, cells were
disrupted by 20 strokes with a tight pestle. Lysates were
centrifuged at 15000g for 15 min at 4 °C to remove nuclei and
organelles. Afterward, protein concentration of the extracts was
measured using the D, protein assay (Bio-Rad, Hercules, CA).
Extracts were aliquoted and stored frozen at —80 °C until further
use. Caspase-3 activity, induced by addition of purified Cytc, was
measured using the EnzChek Caspase-3 assay kit (Invitrogen,
Carlsbad, CA) employing the rhodamine 110-linked DEVD
tetrapeptide (artificial substrate of caspase-3), which fluoresces
upon cleavage by caspase-3. Initial tests revealed that caspase-3
activity in the extracts is maximally stimulated with Cytc con-
centrations above 15 ug/mL. Cell extracts were diluted to a
protein concentration of 2 mg/mL (HeLa, BT5419) or 1 mg/mL
(Cyte —/—) and incubated with oxidized wild-type, Tyr48Phe,
and Tyr48Glu Cytc variants (0, 20, and 40 ug/mL) for 2 h at
37°C. Ten microliter aliquots of preincubated (activated) extracts
were then assayed for caspase-3 activity in triplicate, and in
parallel in triplicates containing a caspase-3 inhibitor according to
the manufacturer’s protocol. Fluorescence was detected using
a Fluoroskan Ascent FL plate reader (Labsystems, Thermo
Scientific, Waltham, MA), excitation filter 485 nm/14 nm band-
width, emission filter 527 nm/bandwidth 10 nm. Fluorescence
values were acquired in 30 min intervals for 3 h. Amount of
cleaved substrate was calculated from the rhodamine 110 cali-
bration curve, and data were expressed in pmol of DEVD-
min "'+ (mg of protein)”'. Signal from wells containing caspase
inhibitor was subtracted from the results, as was background
activity in extracts that were not treated with Cytc.

Generation of Small Unilamellar Liposomes. 1,2-Dio-
leoyl-sn-glycero-3-phosphocholine (PC), 1,1',2,2'-tetraoleoylcar-
diolipin (CL), and 1-oleoyl-2-[12-[(7-nitro-2,1,3-benzoxadiazol-
4-yl)amino]dodecanoyl]-sn-glycero-3-phosphocholine (NBD-PC)
were obtained from Avanti Polar Lipids, Inc. (Alabaster, AL).
1,1',2-Trioleoyl-2'-[12-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-
dodecanoyl]cardiolipin (NBD-CL) was custom-synthesized by
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Avanti Polar Lipids, Inc. (Alabaster, AL). Individual phospho-
lipids, stored in chloroform, were mixed and dried under nitrogen.
Then lipids were solubilized by vortexing in HEPES buffer (20
mM, pH 7.4) and sonicated three times for 30 s on ice. Liposomes
were used immediately after preparation. Distribution of NBD-
CL and NBD-PC between the inner and outer leaflets of the
liposomes was estimated using the reducing agent sodium dithio-
nite as described (20).

Binding of Cytochrome ¢ to Liposomes. Binding was
monitored by quenching of fluorescence of NBD-CL. NBD-
CL (1 mol %) was incorporated into PC and PC/CL liposomes.
A Shimadzu spectrofluorometer RF-5301PC was employed
for fluorescence measurements using a 0.2 mL quartz cuvette.
NBD-CL fluorescence was detected using excitation and emis-
sion wavelengths of 470 and 537 nm, respectively. Fluore-
scence quenching was detected upon addition of Cytc aliquots
(12.5 nM) to liposomes containing 20 uM phospholipids in
HEPES buffer (20 mM, pH 7.0). The Cytc/liposome mixture
was incubated for 3 min to achieve equilibration of protein/lipid
binding.

Peroxidase Activity of Cytochrome c. For the following
experiments, the concentration of Cyte stock solutions was deter-
mined with the modified Lowry protein assay kit (Pierce,
Rockford, IL) in the presence of 0.06% SDS. Cytc peroxidase
activity was determined by measuring the oxidation rate of Amplex
Red (N-acetyl-3,7-dihydroxyphenoxazine; Invitrogen, Carlsbad,
CA) to the fluorescent product resorufin. Cytc (0.5 uM) was
preincubated with liposomes (25 uM phospholipids) in HEPES
buffer (20 mM, pH 7.0) for 10 min. The peroxidase reaction was
started by addition of Amplex Red (10 uM) and H,O, (50 uM) or
13S-hydroperoxy-9Z.11E-octadecadienoic acid ((13S)HpODE;
Cayman Chemical, Ann Arbor, MI; 10 uM). The rate of per-
oxidase reaction was calculated based on data collected within
20 s using a Shimadzu spectrofluorometer RF-5301PC with
excitation and emission wavelengths of 575 and 585 nm,
respectively.

Assessment of Oxidized Molecular Species of CL by
Mass Spectrometry. To assess different oxidized molecular
species of CL, electrospray ionization—liquid chromatography—
mass spectrometry (ESI-LC-MS) was performed using a Dionex
Ultimate 3000 HPLC coupled online to an ESI ion source and a
linear ion trap mass spectrometer (LXQ Thermo-Fisher) with the
Xcalibur operating system (Thermo Fisher Scientific, San Jose,
CA). CL and its oxidized molecular species were extracted by the
Folch procedure (21) and separated on a normal phase column
(Luna 3 um silica 100A, 150 x 2 mm; Phenomenex, Torrance,
CA) with a flow rate of 0.2 mL/min applying a gradient elution
using solvents containing 5 mM CH3COONa (A, n-hexane:
2-propanol:water, 43:57:1 (v/v/v); and B, n-hexane:2-propanol:
water, 43:57:10 (v/v/v)). Analysis of (hydroperoxy and hydroxy)
oxidized phospholipid species was performed as described (22).

RESULTS

Purification of Functional and Correctly Folded Cyto-
chrome ¢ Mutants Overexpressed in C41 (DE3) E. coli
Cells. Replacement of an amino acid that can be phosphorylated
with the negatively charged (and thus phosphomimetic) residues
Asp or Glu is a commonly used method to study the effects of
protein phosphorylations in vitro. Such phosphomimetic sub-
stitutions often result in functional changes similar to those
caused by in vivo protein phosphorylation. This approach, which
was chosen for this study, was successfully applied to numerous
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FIGURE 1: Absorption spectra of purified cytochrome ¢ variants. Ten
micromolar wild-type (WT), Tyrd48Phe (Y48F), and Tyr48Glu
(Y48E) cytochromes were reduced with sodium dithionite and
desalted, and spectra were acquired using a Jasco V-570 double beam
spectrophotometer. For presentation, the individual spectra were
shifted from each other by 0.25 unit along the y-axis. The presence of
the 695 nm peak in the cytochromes’ oxidized state is shown in the
insert, where the individual spectra are shifted by 0.005 unit from each
other.

mitochondrial proteins (23, 24), including a recent study on
OxPhos component ATP synthase (25).

We overexpressed and purified wild-type, Tyr48Phe, and
Tyrd8Glu Cytc. Our two-step ion-exchange chromatography
procedure yielded 15—20 mg of purified Cytc per liter of bacterial
culture. The preparations were without any apparent impurities
as judged by SDS—PAGE/silver staining (Supporting Informa-
tion Figure 1) and analysis by spectrophotometer (Figure 1), with
410 nm/280 nm ratios of >4 for all three overexpressed and
purified Cytc fractions as an indicator and marker value for Cytc
purity (26). The wild type and both of the Tyr48Phe and
Tyr48Glu mutant proteins were fully reducible according to
absorption spectra measurements (Figure 1). Moreover, all pro-
tein preparations were purified in the correctly folded conforma-
tion (“state I11”) (27), as evidenced by the presence of the weak
695 nm absorption peak in the oxidized state of Cytc, caused by
the bond between Met80 and the heme iron (Figure 1, insert).
This peak is readily lost upon any harmful treatment to the
enzyme and was named an “indicator of trouble” (27).

The Midpoint Redox Potential Is Reduced in the Cyto-
chrome ¢ Tyr48Glu Mutant. As an initial characterization, we
measured the enzyme midpoint redox potential (EO’) in order to
evaluate the thermodynamic feasibility of Cytc mutants’ proper
function within the respiratory chain. We tested our hypothesis
that Cytc phosphomimetic mutation Tyr48Glu, located in close
proximity to the heme redox center, leads to alteration of the
redox potential. Cytc redox potential values reported in the litera-
ture range between 220 and 270 mV for mammalian Cytc (17, 28)
and are approximately midway between the redox potentials of
complexes III and IV. Thus Cytc may efficiently function as a
mobile carrier of electrons between these complexes. Control E”
measurements of bovine heart Cytc via the equilibration method
using DCIP yielded values within the published range (data not
shown). The wild-type redox potential value of our overexpressed
rodent Cytc of 237 £ 11 mV was similar to literature values; both
mutants, however, displayed significantly decreased redox po-
tentials (Figure 2). The E* of the Tyr48Phe was 207 + 7 mV, and
an even more pronounced decrease was observed in the case of
the Tyrd8Glu mutant (192 + 5 mV). These data indicate a
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FIGURE 2: Redox potential of cytochrome ¢ variants. Redox poten-
tial of Cytc variants (40 uM) was assessed spectrophotometrically
using DCIP (20 uM) as equilibration redox substrate. (A) Data
obtained were plotted as log(DCIPox/DCIPrEp) versus log(Cytox/
Cytgrep), yielding a linear graph with a slope of npcip/ncy and a y-
axis intercept of ncy/59.2(Ecy — Epcip). One representative titration
is shown for each Cytc variant. (B) Titration values were used to
calculate E% of Cyte variants using the Nernst equation from the
intercept and slope of the linear line fitted through the experimental
data. Calculated values are expressed as means + SD (n = 3;*, p <
0.05; **, p < 0.01).

decrease of the Cytc redox potential by the Tyr48Glu mutation to
values matching those of complex III, which may lead to an
inhibition of electron flux in the ETC.

Decreased Rate of Tyr48Glu Mutant Cytochrome ¢ Oxi-
dation in the Reaction with Isolated Cytochrome ¢ Oxidase.
The Tyrd8 phosphorylation of Cytc was discovered in bovine
liver tissue in vivo, and such phosphorylation resulted in about
50% inhibition in the reaction with CcO at maximal turn-
over (11). Therefore, as a functional test of the purified Cytc
mutants, we measured the kinetics of Cytc oxidation by bovine
liver CcO, which was isolated under conditions that preserve
the in vivo phosphorylation status and thus yield a regulatory-
competent enzyme (/8). Measuring oxygen consumption using
such an enzyme should therefore provide a physiologically
realistic in vitro environment to assess the possible effect of the
phosphomimetic Tyr48Glu mutation.

The measurements of CcO activity with purified Cytc mutants
as substrates revealed that CcO oxidizes the Tyr48Glu enzyme at
lower rates compared to the wild type or the Tyr48Phe mutant.
Interestingly, we observed qualitatively similar results as were
previously obtained with Tyr48-phosphorylated Cytc purified
from bovine liver in that the curve is hyperbolic and the maximal
velocity is decreased by 30% compared to wild type (Figure 3A),
suggesting that the phosphomimetic mutant is an adequate
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F1GURE 3: CcO activity with purified cytochrome ¢. Oxygen con-
sumption of (A) bovine liver CcO (0.15 uM) or (B) bovine heart CcO
(0.15 uM) was measured using the Oxygraph system (Hansatech) at
increasing concentrations (1—15 uM) of purified wild-type, Tyr48-
Glu (Y48E), and Tyr48Phe (Y48F) Cytc. Ky values (uM) of CcO for
Cytc are as follows: 1.1 (wild type), 3.7 (Y48E), and 1.7 (Y48F) with
liver CcO (A) and 2.0 (wild type), 5.8 (Y48E), and 2.7 (Y48F) with
heart CcO (B). Data are expressed as turnover number (s~'). Shown
are representative measurements (n = 3 each).

system for studying Cytc functionality. In addition, the apparent
Ky is increased from 1.1 (wild type) to 3.7 (Tyrd8Glu).

We further analyzed the kinetics of the purified Cytc variants
using isolated CcO from cow heart tissue, which contains heart-
specific isoforms of CcO subunits VIa, VIla, and VIII. Interest-
ingly, unlike the situation with liver CcO, the Tyr48Glu mutant
showed a lower affinity to heart CcO compared to the wild-type
or the Tyr48Phe mutant Cytc, and the apparent Ky of Tyr48Glu
Cytc is almost 3-fold increased (5.8 vs 2.0 uM of the wild type).
However, the maximal turnover of all three Cytc variants is
similar (Figure 3B).

Tyr48Glu Mutant Cytochrome c Is Incapable of Activat-
ing Caspase-3. As a functional test to directly assess the effect of
Tyr48 substitution on apoptosis, we analyzed the ability of Cytc
to initiate apoptosis by downstream activation of caspase-3 as a
consequence of apoptosome assembly. We incubated increasing
concentrations of the purified Cytc variants with the cytosolic
fractions of HeLa, mouse Cytc —/—, and breast cancer cell line
BT5419 and measured activation of caspase-3 by subsequent
cleavage of the artificial tetrapeptide substrate DEVD coupled
to fluorescent rhodamine. The wild-type and Tyr48Phe cyto-
chromes induced caspase-3 activity to a similar extent (Figure 4).
Strikingly, the Tyr48Glu was unable to induce any measurable
DEVD cleavage using cytosolic fractions of HelLa cells and
cytochrome ¢ —/— cells (Figure 4) or BT5419 breast cancer cells
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FIGURE 4: Cytochrome c-induced caspase-3 activity. Cytosolic frac-
tions of Cyt —/— (1 mg/mL of protein) or HeLa cells (2 mg/mL of
protein) were incubated with variants of Cytc (20 ug/mL) for 2 h.
Cleavage of the artificial substrate DEVD-R110 via induced caspase-
3 activity was measured in 10 4L aliquots in triplicate. Data were
recalculated relative to wild-type Cytc, expressed as means + SD. The
ability to induce caspase-3 activation is abolished in the Tyr48Glu
mutant (***, p < 0.001).

(data not shown). These data suggest that the in vivo Tyr48 phos-
phorylation might have a similar effect and serve as a potent
antiapoptotic regulatory mechanism.

Tyr48Glu Mutant Cytochrome ¢ Binds to Cardiolipin
with Decreased Affinity and Displays Lower Peroxidase
Activity in the Presence of Cardiolipin. In mitochondria,
Cytc binds to anionic phospholipids, particularly cardiolipin.
This interaction causes a partial unfolding of the enzyme upon
which Cytc acquires peroxidase activity. The peroxidase activity
of Cytc has been implicated in regulating its release from the
mitochondria during apoptosis. As this activity involves a tyro-
sine radical (29), we tested the possibility that the phosphomi-
metic Tyrd8Glu substitution may affect peroxidase activity, if the
tyrosine radical most proximal to the heme center participates in
cardiolipin peroxidation.

Binding of Cytc to the membranes can be estimated using
several techniques including analysis of spectral properties of
Cytc, physical properties of the membranes, and lipid/protein
mobility (29—31). Here, we studied the direct Cytc—cardiolipin
interactions using cardiolipin that was labeled with the fluore-
scent NBD moiety (NBD-CL), by following analysis of quenching
of NBD fluorescence upon protein binding. As a control lipid we
included 1,2-dioleoyl-sn-glycero-3-phosphocholine (PC) labeled
with NBD (NBD-PC). The NBD group of the phospholipid
conjugate is located near the membrane interface, and Cytc
binding to the membrane can quench NBD fluorescence via
efficient resonance energy transfer from NBD to heme and due
to disturbance of the NBD environment by interaction with amino
acids of Cytc (20, 32). As shown in Figure 5A there was a very
minor decay in NBD-PC fluorescence upon addition of wild-type
or mutant Cyte to NBD-PC-containing liposomes. Substitution of
NBD-CL for NBD-PC produced a notable fluorescence decay,
which was concentration dependent. Maximum effect was ob-
served at 20 mol % CL (Figure 5B). The quenching curves were
nonlinear and saturated at the Cytc:phospholipid ratio of 1:50; at
this protein:lipid ratio fluorescence was quenched by about 70%
for wild-type and Tyr48Phe Cytc (Figure 5B). Concentration
dependence of fluorescence quenching was altered in the Tyr48Glu
mutant. The latter was able to induce only a 55% fluorescence
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FiGure 5: Cardiolipin binding to cytochrome c. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (PC) or cardiolipin (CL), which were labeled with the
fluorescent group NBD (NBD-PC and NBD-CL, respectively) and incorporated into liposomes to analyze quenching of NBD-PC and NBD-CL
fluorescence by Cytc binding. (A) Liposomes containing 20 uM PC and 0.2 uM NBD-PC and (B) liposomes containing 16 uM PC, 4 uM CL, and
0.2 uM NBD-CL were used. Wild type (WT, closed triangles), Tyr48Glu (Y48E, open squares), and Tyr48Phe (Y48F, closed diamonds). (C) Based
on the quenching titration curves the concentration of Cytc was determined that resulted in a 50% reduction (quenching) of fluorescence ([C| »]). The
reverse value ([C ”2],]) is proportional to the affinity constant of binding. The WT and Y48F variants showed similar binding to Cytc, whereas

binding affinity is about 31% reduced in the Y48E mutant.

decay at high Cytc concentrations, and 1.5-fold higher concentra-
tions of Tyr48Glu mutant Cytc as compared to wild-type Cytc
were required to cause half-maximal fluorescence quenching
(Figure 5C). Based on the data we estimated that Tyr48Glu Cytc
has 31% lower affinity to bind CL, whereas wild-type and
Tyr48Phe Cytc show similar affinities.

Cytc can oxidize different substrates using hydroperoxides as
oxidizing equivalents. Native Cytc displays a weak peroxidase
activity that is markedly enhanced upon binding of CL (33). The
peroxidase activity of Cytc was then assayed directly by measur-
ing the oxidation rate of Amplex Red by 0.5 uM Cytc, with H,0,
(Figure 6A) or the lipid peroxide substrate 13(S)HpODE
(Figure 6B). Background peroxidase activity of wild-type and
mutant Cytc was nearly zero in the absence of peroxides (data not
shown). In the absence of cardiolipin, activity with H,O, as a
substrate was 2-fold higher in the Tyr48Glu mutant compared to
either wild-type or Tyr48Phe Cyte (Figure 6A). Peroxidase
activity was about 2-fold induced in wild-type and Tyr48Phe
mutant Cytc in the presence of tetraoleoyl-CL (20%). In contrast,
no such induction was observed in the Tyr48Glu mutant
(Figure 6A). Of note, oleoyl-containing fatty acid residues cannot
be readily oxidized by Cytc. Therefore, binding of tetraoleoyl-CL
facilitates peroxidase activation but does not compete with the
oxidizable substrates. With 13(S)HpODE as a source of oxidizing
equivalents, a significant enhancement of peroxidase activity was
observed in wild-type (> 100-fold) and Tyr48Phe Cytc (3.7-fold)
in the presence of cardiolipin (20%), but no such CL-dependent
induction was found in the phosphomimetic mutant (Figure 6B).
Notably, the phosphomimetic mutant showed higher baseline
levels of peroxidase activity in the absence of CL, and the induc-
tion of peroxidase activity was only observed in the presence of
liposomes containing higher levels of CL (50%). As discussed
below, it is possible that the presence of a negatively charged
group in proximity to Asn52 partially mimics the effect of CL on
this domain of Cyte, thus altering dependence of its peroxidase
activity on the addition of CL in the Tyr48Glu mutant. More-
over, the substitution of Tyrd8 for a negatively charged Glu
residue may be associated with the decreased CL binding to Cytc.
This is further supported by a recent study (34) suggesting that
the local environment of Tyr48 may be involved in CL binding.

Next, we assessed peroxidase and oxygenase activities of Cytc/
CL complexes using an oxidizable substrate, tetralinoleylcardiolipin
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FiGURE 6: Cytochrome ¢ peroxidase activity. Cytc peroxidase activ-
ity was determined via the rate of AmplexRed oxidation to the
fluorescent product resorufin. Cyte (0.5 uM) was incubated with
AmplexRed (10 uM) and liposomes (with total of 25 uM phos-
pholipids) containing 0%, 20%, or 50% cardiolipin (CL), in the
presence of (A) H,O, (50 uM) or (B) the lipid peroxide substrate
13(s)HpODE (10 uM). Data are expressed as means £ SD. In the
presence of CL, Cytc peroxidase activity is significantly induced in the
wild type and Y48F mutant (¥, p < 0.1; *** p < 0.01); in contrast,
induction of peroxidase activity in the phosphomimetic mutant was
observed only in the presence of liposomes containing 50% CL.

(TLCL). To characterize these two distinct enzymatic activities, we
employed ESI-LC-MS to measure hydroperoxy-TLCL and hydro-
xy-TLCL products formed in the course of these two Cytc-driven
reactions in the presence of H,0, (22, 35). Representative ESI-LC-
MS spectra of TLCL, oxidized by both wild-type and Tyr48Glu
mutant Cytc, are presented in Figure 7. LC-MS analysis revealed
molecular species of mono-, di-, tri-, and tetrahydroperoxy mole-
cular species of CL (products of the oxygenase reaction) that were
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FIGURE 7: Oxidation of tetralinoleylcardiolipin by cytochrome ¢. Cyte (5 uM) was incubated with liposomes (with a total of 250 uM
phospholipids) containing 20% tetralinoleylcardiolipin (TLCL), in the presence of H,O, (100 uM) in 20 mM HEPES, pH 7.4, and 100 uM
DTPA for 10 min at 37 °C. After incubation lipids were extracted and resolved by ESI-LC-MS. Representative ESI-LC-MS spectra of TLCL
incubated in the presence of either wild-type (wt) or Tyr48Glu mutant (Y48E) Cytc. Insert: Accumulation of hydroxy (left panel) and hydroperoxy
(right panel) molecular species of tetralinoleylcardiolipin formed in the presence of either wild-type Cytc or Cytc mutants. Data are expressed as

means + SD, n = 3. *p < 0.05, versus wild-type Cytc.

represented by molecular ions with m/z 1479.9, 1511.9, 1543.9, and
1575.9, respectively. In addition, molecular ions of mono-, di-, tri-,
and tetrahydroxy molecular species of TLCL (products of the
peroxidase reaction) with m/z 1463.9, 1495.9, 1525.9, and 1559.9
were detected in the mass spectra (Figure 7). Quantitative assess-
ment of TLCL oxidation products showed that accumulation of
hydroperoxy and hydroxymolecular species of TLCL was similar
after incubation with either wild-type or Tyrd8Phe mutant Cytc
(Figure 7, insert). Hovewer, the level of hydroxy species of TLCL
formed in the presence of Tyr48Glu mutant Cytc was significantly
lower as compared to wild-type and Tyrd8Phe mutant Cytc
(Figure 7, insert, left panel). This indicates that the peroxidase
activity of the mutant was suppressed. Interestingly, significantly
higher amounts of hydroperoxy-TLCL were detected when TLCL
was incubated with Tyr48Glu mutant Cytc as comared to wild-type
or Tyrd8Phe mutant Cytc (Figure 7, insert, rigth panel). These
results indicate that conversion of Tyr48 into Glu differently affects
peroxidase and oxygenase activities of Cytc/CL complexes. Oxyge-
nase activity is directed toward nonoxidized CL that binds, most
likely, in the region of the Cytc molecule in the vicinity of Lys71,
Lys73 and Tyr67, Tyr74 (36—38). In contrast, the peroxidase
reaction utilizes peroxidized CL (hydroperoxy-CL) as a source of
oxidizing equivalents. While the exact binding site for hydroperoxy-
TLCL on Cyt¢/TLCL complex is not known, it is likely that it is
close to the binding site of fatty acid hydroperoxides, in the
neighborhood of Tyr48 (39). This explains, at least in part, the
similarity of the effects of the phosphomimetic Tyrd8Glu substitu-
tion on peroxidase activities analyzed utilizing 13(S)HpODE
(Figure 6B) and hydroperoxy-TLCL as substrates.

DISCUSSION

In the last 2 decades, our view of Cytc has radically changed
from a faithful electron carrier in the respiratory chain to a
multifunctional enzyme involved in cellular life and death

decisions. The discovery of two phosphotyrosines in Cytc has
contributed to this paradigm shift by demonstrating that Cytc, as
a target of signaling pathways, is integrated into regulatory
networks of eukaryotic cells. The present biochemical character-
ization of the Tyr48Glu mutant, mimicking the liver-type phos-
phorylation, versus the wild-type and Tyr48Phe enzyme variants,
provides insights into the effect of tyrosine phosphorylation.

A reason for the decreased redox potential of the phosphomi-
metic Tyr48Glu mutant may be a perturbation of the heme
environment. It has long been noted that any Cytc derivatives
that open the heme crevice, exposing it to the polar aqueous
environment, stabilize the iron in its oxidized state (27). Intro-
duction of a negative charge at the Tyr48 position via mutation,
or by phosphorylation in vivo, is likely to cause such a dis-
turbance, leading to the observed decrease of the redox potential
by 45 mV in the Tyr48Glu mutant. In addition, Tyr4S8 is involved
in heme stabilization by hydrogen bonding of the heme propio-
nate group (27), and the loss of the hydroxyl group in the
Tyr48Phe mutant may account for the less pronounced decrease
of the redox potential in this Cytc variant. Indeed, a similarly
decreased redox potential was previously observed in other Tyr
mutants of human Cytc in a study analyzing the role of tyrosine
nitration (40). Shifting the redox potential of Cytc below 200 mV,
which is less than the redox potential of cytochrome ¢; of
respiratory complex III, suggests that modifying Cytc by phos-
phorylation of Tyr48 may inhibit its main function as an electron
carrier between complexes 11T and IV. Perhaps “relieving” Cytc
from electron transport in the respiratory chain may favor its
involvement in electron transport to or from its other mitochon-
drial redox partners, such as reduction by superoxide (7). This
redox reaction occurs only when Cytc is not tethered to the outer
leaflet of the inner mitochondrial membrane (4/), which may be
the case for the Tyr48-phosphorylated species, since our experi-
ments showed decreased binding affinity of the Tyr48Glu mutant
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toward its typical lipid ligand cardiolipin. Cytc reduced by
superoxide could then feed the electron into CcO or reduce
p663, a recently discovered redox partner, leading to produc-
tion of H,O5 (8).

Our previous studies on in vivo Tyr4d8-phosphorylated Cytc
isolated from bovine liver revealed that this modification de-
creases the maximal turnover of Cytc oxidation with isolated liver
CcO by 50% (11). The present data on Tyr48Glu-mutated Cytc
closely mimic our previous findings. The decrease in respiration
rate (by 30%) was not as pronounced as with in vivo phosphory-
lated Cytc. However, the phosphotyrosine moiety is more bulky
compared to the glutamate substitution, which may account for
the difference in magnitude of the response. Surprisingly, a
decreased V. of Tyr48Glu mutant oxidation was not observed
with a preparation of heart CcO, suggesting a tissue-specific
“sensing” of the Cytc modification, perhaps caused by the
presence of the heart-specific isoforms of 3 out of the 13 subunits
of CcO. However, an increased Ky; was observed, mimicking the
effect of in vivo Tyr97 phosphorylated Cytc isolated from bovine
heart (10).

In mitochondria, a portion (10—15%) of Cytc is bound to the
limited CL pool on the outer leaflet of the inner mitochondrial
membrane (33). However, during preapoptotic events, a con-
siderable portion of CL from the outer mitochondrial membrane
becomes available for Cytc binding, causing partial unfolding
of the enzyme, triggering its peroxidase activity (33, 42). The
interaction between Cytc and CL is complex. It is initiated by
electrostatic interaction between the positively charged lysine
residues of Cytc and the negatively charged phosphate moiety of
CL and by hydrophobic interactions of one of the fatty acid
chains of CL with the hydrophobic pocket on Cytc. A putative
hydrogen bond between Asn52 and CL further tightens the
interaction (42). Our observation of decreased binding affinity
of the Tyr48Glu mutant to cardiolipin might be attributed to
perturbation of the above-mentioned hydrogen bond, as Tyr48 is
located in the vicinity of the Asn52 residue. Alternatively, the
protein—lipid interaction may be weakened by the additional
negative charge in the phosphomimetic mutant. The cardiolipin
interaction is intimately linked to the regulation of Cytc perox-
idase activity, which is normally inhibited in the presence of a
hexacoordinated arrangement of the heme iron. As peroxidase
activity requires a tyrosine radical (29), we hypothesized that
mutation of one of the two tyrosine residues (48 and 67) located
within 5 A of the heme might have a profound effect. Our data,
however, do not provide conclusive evidence of a role for Tyr48
in Cytc peroxidase activity. The background peroxidase activity
measured in the absence of inducing cardiolipin was significantly
higher in the phosphomimetic mutant compared to wild type or
the Tyr48Phe mutant. This observation may reflect an altered
structural state of the Tyr48Glu mutant, being partially unfolded,
allowing access of peroxide substrates to the heme. Interestingly,
the background peroxidase activity of the Tyr48Glu variant was
only induced by high concentrations of CL (50%, Figure 6B). In
contrast, activities of both wild type and Tyr48Phe were several-
fold induced at lower CL concentrations (20%), achieving much
higher rates than the phosphomimetic mutant under these
conditions. Whether this is a result of altered cardiolipin binding,
as suggested by decreased affinity, or rather a change in the
kinetics of the peroxidase reaction, has to be addressed in future
studies. It can be concluded, however, that Tyr48 is not the only
aromatic residue that would be indispensable for the peroxidase
activity, as the Tyr48Phe mutant displayed comparable reaction
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rates and a similar mode of cardiolipin induction as wild-type
Cytc. Whether the decrease of cardiolipin binding and induction
of peroxidase activity in Tyr48Glu Cytc leads to inhibition of its
release from mitochondria after apoptotic stimuli warrants future
in vivo studies.

Arguably the most striking finding of the present study is the
inability of the Tyr48Glu mutant to induce caspase-3 activation
in cytosplasmic extracts. A substantial part of the Cytc molecule
is involved in the electrostatic interaction with Apaf-1, including
“front face” lysine residues 7, 25, and 72, as well as the opposite
surface segment centered around residues 39 and 62—65 (43),
accounting for an exceptionally high affinity of binding (79).
Lys72 is considered the most crucial residue for Apaf-1 binding;
its trimethylation in yeast Cytc yields an enzyme unable to initiate
caspase activation, as further directly evidenced by the defect of
apoptosome formation in Cytc Lys72 mutants (43—46). How-
ever, Tyr48 is not located in the direct vicinity of the positively
charged binding surfaces. Therefore, it seems unlikely that a
negative charge introduced by the Tyr48Glu mutation would
suffice to disrupt the electrostatic interaction of the two proteins.
Whether the postulated flipping out of Tyrd8 from the heme
crevice upon its phosphorylation (/7) or the Glu mutation causes
a more substantial conformational change that interferes with
Apaf-1 binding requires detailed structural studies. Other factors
that influence apoptosome formation by Cytc are its redox
state (47) and nucleotide (ATP, dATP) binding (48, 49). Con-
cerning the redox state of Cytc, it has been argued that its
oxidized state is much more efficient in inducing apoptosis. This
state of Cytc in an apoptotic cell would be achieved after
disruption of the outer mitochondrial membrane and mixing of
the cytosolic and mitochondrial intermembrane compartments,
making CcO freely available to oxidize the released Cytc pre-
viously reduced by components of the cytosol (47). Our experi-
ments have therefore been performed with oxidized enzymes.
However, Cytc was presumably reduced during the experiment
after incubation with cytosolic extracts prepared from nonapop-
totic cells (50), but they still efficiently induced caspase activity
with the exception of the Tyr48Glu variant. It seems unlikely that
the defect of induction of apoptosis by the phosphomimetic
mutant can be attributed to a faster rate of reduction, since its
redox potential is the lowest of the three enzyme variants, making
it more difficult to reduce. The effect of nucleotides (ATP or
dATP specifically) on apoptosome formation is biphasic. Low
millimolar concentrations of ATP are required for assembly of
the complex, while slightly higher concentrations (5—10 mM)
completely inhibit it (48). The inhibition occurs through ATP
interaction with Cyte, since ATP and Apaf-1 compete for the
positively charged lysine residues 7, 25, 39, and 72 on Cytc (48).
The interaction with ATP is unlikely to account for the observed
inability of caspase activation by the Tyrd8Glu mutant, as this
residue is not positioned close to any of the three nucleotide
binding sites of Cytc (48).

The activity of Cytc to induce apoptosis is generally regarded
as separated from its function in electron transport, since the
majority of Cytc mutants that affect apoptosome assembly
maintain normal respiration rates (43—45). Furthermore, re-
placement of the heme iron by zinc, resulting in Cytc that
is inactive in electron transport, allows initiation of the apop-
totic cascade (5/). In this regard, the effect of the phos-
phomimetic substitution is profound, because it partially in-
hibits electron transport and completely abolishes caspase-3
activation.
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In summary, the Tyr48Glu mutant, mimicking our recently

discovered in vivo phosphorylated Cytc isolated from bovine
liver, affected all functional aspects of the enzyme that we
studied. Our findings therefore indicate the strategic position
and role of Tyr48 in Cytc and underscore the possibility that
Tyr48 phosphorylation regulates multiple functions of Cytc in
cell life and cell death.
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