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Background: Asymmetric dimethylarginine (ADMA) can induce endothelial nitric-oxide synthase (eNOS) redistribution
from the plasma membrane to the mitochondria.
Results: AMDA induces nitration of Akt1 at Tyr350 within the client-binding domain, increasing its activation and enhancing
eNOS phosphorylation.
Conclusion: Under physiologic conditions, Akt1-mediated redistribution of eNOS to the mitochondria enhances mitochon-
drial coupling.
Significance: Reducing Akt1 nitration may reduce the deleterious effects of Akt1 signaling in various pathologies.

We have recently demonstrated that asymmetric dimethyl-
arginine (ADMA) induces the translocation of endothelial
nitric-oxide synthase (eNOS) to the mitochondrion via a mech-
anism that requires protein nitration. Thus, the goal of this
study was elucidate how eNOS redistributes to mitochondria
and to identify the nitrated protein responsible for this event.
Our data indicate that exposure of pulmonary arterial endothe-
lial cells to ADMA enhanced eNOS phosphorylation at the
Akt1-dependent phosphorylation sites Ser617 and Ser1179.
Mutation of these serine residues to alanine (S617A and
S1179A) inhibited nitration-mediated eNOS translocation to
the mitochondria, whereas the phosphormimic mutations
(S617D and S1179D) exhibited increased mitochondrial redis-
tribution in the absence of ADMA. The overexpression of a
dominant-negative Akt1 also attenuated ADMA-mediated
eNOS mitochondrial translocation. Furthermore, ADMA
enhanced Akt1 nitration and increased its activity. Mass spec-
trometry identified a single nitration site in Akt1 located at the
tyrosine residue (Tyr350) located within the client-binding
domain. Replacement of Tyr350 with phenylalanine abolished
peroxynitrite-mediated eNOS translocation to mitochondria.
We also found that in the absence of ADMA, eNOS transloca-
tion decreased mitochondrial oxygen consumption and super-
oxide production without altering cellular ATP level. This sug-
gests that under physiologic conditions, eNOS translocation
enhances mitochondria coupling. In conclusion, we have iden-
tified a new mechanism by which eNOS translocation to mito-
chondria is regulated by the phosphorylation of eNOS at Ser617

and Ser1179 by Akt1 and that this is enhanced when Akt1
becomes nitrated at Tyr350.

Nitric oxide (NO) is a potent signalingmolecule produced by
NO synthase (NOS) and plays diverse roles in biological pro-
cesses such as neurotransmission, inflammation, vasodilation,
and vascular homeostasis (1–3). There are 3 isoforms of NOS:
neuronal, endothelial, and inducible. Endothelial NOS is the
principle isoform in the vasculature (4). NOS catalyzes the
5-electron oxidation of L-arginine to produce NO and L-citrul-
line (5). Asymmetric dimethylarginine (ADMA)2 is an endoge-
nous inhibitor of eNOS that impairsNOgeneration by compet-
ing with its substrate, L-arginine. A number of studies
demonstrate a relationship between elevated ADMA levels and
cardiovascular diseases such as hypercholesterolemia, hyper-
homocysteinemia, diabetes mellitus, pulmonary hypertension,
chronic heart failure, and coronary artery disease (6–10).
ADMA inhibits NO production causing vasoconstriction and
the elevation of blood pressure leading to endothelial dysfunc-
tion (11, 12). We have recently shown that ADMA induces
eNOS uncoupling and redistribution of eNOS from the plasma
membrane to the mitochondrion (13). However, the molecular
mechanisms bywhich this occurs remains unresolved. Previous
studies have identified a region within eNOS contained within
amino acids 628–632 as being important for docking of eNOS
to the outer mitochondrial membrane in endothelial cells (14).
However, the signaling molecules that are involved and the
impact ofADMAon this process has not been elucidated.Mito-
chondria, which are the major sites of ATP generation in the
cell, are also a site of production of reactive oxygen species
(ROS) (15). Excessive production of ROS results in oxidative
stress leading tomitochondrial damage and dysfunction, which
contributes to endothelial dysfunction associated with cardio-
vascular disorders (16–20). The contribution of mitochondria
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to vascular pathophysiology has been gaining increasing
attention.
In the current study, we have elucidated themolecularmech-

anisms by which ADMA induces mitochondrial translocation
of eNOS. Herein we illustrate a novel pathway involving
ADMA-mediated Akt nitration and its subsequent activation.
We also identify the tyrosine residue of Akt that is nitrated and
also investigate its significance in regulating eNOS transloca-
tion to mitochondria and its effect on mitochondrial function.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatments—Primary cultures of ovine pul-
monary artery endothelial cells (PAEC) were isolated as
described previously (21). Cells were maintained in DMEM
containing phenol red supplemented with 10% fetal calf serum
(Hyclone, Logan, UT), antibiotics, and antimycotics (Media-
Tech, Herndon, VA) at 37 °C in a humidified atmosphere with
5%CO2, 95%O2. Cells used in these experiments were between
passage 8 and 12, seeded at �50% confluence, and utilized
when fully confluent. HEK 293 cells were cultured in DMEM�
4.5 g of D-glucose containing 10% fetal calf serum. Cells were
treated with ADMA or the peroxynitrite donor, 3-morpho-
linosydnonimine hydrochloride (SIN-1) for 1 h. SIN-1 was dis-
solved in PBS just before treatment.
Generation of Akt and eNOS Mutant Proteins and Cell

Transfection—The mutation of the tyrosine residue located at
position 350 inmouseAkt1 to phenylalanine and themutations
of lysine 612 of human eNOS to histidine (K612H eNOS),
aspartic acid (K612D eNOS), and alanine (K612A eNOS) and
Y350F in mouse Akt1 in pcDNA 3.1 plasmids were generated
commercially (Retrogen). Bovine eNOSmutations at serine 617
to aspartic acid (S617D) or alanine (S617A) and serine 1179 to
aspartic acid (S1179D) or alanine (S1179A) in pcDNA 3.1 plas-
mids were generated commercially by GENEWIZ. PAEC and
HEK 293 cells were transfected with plasmids using Effectene
reagent (Qiagen) for 48 h. Although both human and bovine
eNOS mutants were utilized, for simplicity, the eNOS amino
acids are identified using the bovine nomenclature and phos-
phorylation sites. The Akt1 dominant-negative mutant adeno-
virus (Akt1 K179A) was obtained from Biomyx. The eNOS-
GFP construct, a gift from Dr. William Sessa (Yale University),
was used as described previously (22).
Measurement of Nitrite Accumulation—To measure nitrite

accumulation in the culturemedia we utilized a chemilumines-
cence method. 0.05 g of potassium iodide (KI) was dissolved in
7 ml of freshly prepared acetic acid. The KI/acetic acid reagent
was added to a septum-sealed purge vessel and bubbled with
nitrogen gas. The gas stream was connected via a trap contain-
ing 1 N NaOH to a Sievers 280i Nitric Oxide Analyzer (GE
Healthcare). Samples were injected with a syringe through a
silicone/Teflon septum. Results were analyzed by measuring
the area under curve of the chemiluminescence signal using the
Liquid software (GE Healthcare).
Live Cell Imaging—PAEC were grown until 50% confluence

and transfected with the eNOS-GFP construct. Cells were
allowed to grow for 24 h, collected by trypsinization, resus-
pended in media, seeded onto the Lab-Tek chamber slides
(TermoScientific), and allowed to attach overnight. PAECwere

then incubatedwith 100nMMitoTracker�RedFM(Invitrogen)
for 30 min at 37 °C, the media was changed to low glucose
DMEM without L-arginine (AthenaESTM) and cells were incu-
bated for a further 24 h. Cells were then exposed to ADMA
(0–10 �M) or SIN-1 (1 mM) and imaged over time using a com-
puter-based confocal DeltaVision imaging system (Applied
Precision Inc.) using appropriate excitation and emissionwave-
lengths for red and green fluorescence. Cells were imaged
every 10 min for the duration of the study. Software SoftWorx
3.6.2 was used to trace each cell and calculate the Pearson prod-
uct-moment correlation coefficient. In additional sets of
experiments, cells were pretreated (30min) with NO scavenger
2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-
3-oxide (carboxy-PTIO, 100 �M), then exposed to either
ADMA (10 �M) or SIN-1 (1 mM). The effect of the NO donor
spermine NONOate (25 �M) was also studied using the same
experimental design.
Immunoprecipitation and Western Blotting—Immunopre-

cipitation and immunoblotting were performed as described
previously (23). Briefly, PAEC were serum-starved for 16 h in
L-arginine-free DMEM, then exposed to ADMA (10 �M, 1 h).
Lysis buffer containing 1% Triton X-100, 20 mM Tris, pH 7.4,
100mMNaCl, 1mMEDTA, 1% sodium deoxycholate, 0.1% SDS
and protease inhibitor mixture (Pierce) was then added and
insoluble proteins were precipitated by centrifugation at
13,000 � g for 10 min at 4 °C. The supernatants were then
incubated overnight with an anti-3-NT antibody (2 �g, 4 °C)
followed by incubation in Protein G plus Protein A-agarose
(Calbiochem) for 2 h at room temperature. The immune com-
plexes were then precipitated by centrifugation, washed three
times with lysis buffer, boiled in SDS sample buffer, and sub-
jected to SDS-PAGEusing 4–12%polyacrylamide gels and then
transferred to nitrocellulose membranes (Bio-Rad). The mem-
branes were blocked with 5% nonfat dry milk in Tris-buffered
saline containing 0.1% Tween (TBST). The primary antibodies
used for immunoblotting were anti-Akt (Cell Signaling), anti-
phospho-GSK3� (Cell Signaling), anti-eNOS (BD Bioscience),
anti-phospho-S1177 eNOS (Cell Signaling), and anti-phospho-
S617 eNOS (Millipore). The membranes were then washed
with TBST (3 times for 10min), incubated with secondary anti-
bodies coupled to horseradish peroxidase, washed again with
TBST (3 times for 10 min), and the protein bands were visual-
ized using the SuperSignal West Femto Maximum Sensitivity
Substrate (Pierce) on aKodak 440CF image station. Band inten-
sity was quantified using Kodak one-dimensional image pro-
cessing software. Protein loading was normalized by reprobing
membranes with �-actin (Sigma). In the studies using purified
mitochondrial fractions protein loadingwas normalized by rep-
robing membranes using an antibody specific for VDAC (Cell
Signaling). Purity of the mitochondria fraction was assessed by
reprobing membranes with NaK-ATPase (Cell Signaling) (cel-
lular membrane marker) or lamin B1 (Cell Signaling) (nuclei
membrane marker). Total cell lysates were used as a positive
control for each antibody.
Analysis of Akt Activity—Recombinant Akt1 kinase activity

was measured using the ELISA-based Akt/PKB kinase activity
assay kit (Enzo Biochem). Briefly, the biotinylated peptide sub-
strate for Akt was incubated with 1 �g of purified Akt1 for 30
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min at 30 °C. After the kinase reactionwas stopped, the samples
were transferred to a streptavidin-coated 96-well plate and
incubatedwith a phosphoserine detection antibody followed by
incubation with a horseradish peroxidase (HRP)-conjugated
antibody. Finally, the HRP substrate 3,3�,5,5�-tetramethylben-
zidine was added to the wells and incubated for color develop-
ment at room temperature for 1 h. Absorbance at 450 nm was
then recorded and Akt activity was expressed as A450 nm/�g of
Akt1 protein. In addition, Akt activity in PAECwas determined
using an Akt kinase assay kit (Cell Signaling Technology)
according to the manufacturer’s protocol. Briefly, Akt1 was
immunoprecipitated from cell extracts using an Akt1-specific
antibody cross-linked to agarose beads. Then an in vitro kinase
assay was performed using GSK-3 fusion protein as a substrate.
Phosphorylation ofGSK-3was thenmeasured byWestern blot-
ting using a phospho-GSK-3 (Ser21/9) antibody.
Determination of ATP Levels—ATP levels were estimated

using the firefly luciferin-luciferase method utilizing a com-
mercially available kit (Invitrogen). ATP is consumed and light
is emitted when firefly luciferase catalyzes the oxidation of
luciferin. The amount of light emitted during the reaction is
proportional to the availability of ATP. Luminescence was
measured using a Fluoroscan Ascent FL luminometer (Thermo
Electron).
Determination of Mitochondrial Superoxide Levels—

MitoSOXTM Red mitochondrial superoxide indicator (Molec-
ular Probes), a fluorogenic dye for selective detection of super-
oxide in the mitochondria of live cells was used. Briefly, cells
were washed with fresh media, and then incubated in media
containing MitoSOX Red (2.5 �M) for 30 min at 37 °C in dark
conditions, then subjected to fluorescence microscopy at an
excitation of 510 nm and an emission at 580 nm. An Olympus
IX51 microscope equipped with a CCD camera (Hamamatsu
Photonics) was used for acquisition of fluorescent images. The
average fluorescent intensities (to correct for differences in cell
number)were quantified using ImageProPlus version 5.0 imag-
ing software (Media Cybernetics).
Mitochondrial Isolation—Mitochondria were isolated from

cells using aMitochondria Isolation kit (Pierce). Briefly, 2� 107
cells were pelleted by centrifugation at 850 � g for 2 min, and
Mitochondria Isolation ReagentAwas added to the pellet. Cells
were vortexed for 5 s and then incubated on ice for 2 min.
Mitochondria Isolation Reagent B was then added followed by
vortexing for 5 s. Samples were thenwere incubated on ice for 5
min with vortexing every minute. Mitochondria Isolation Rea-
gent C was added, and the samples were inverted several times
to mix. The supernatant obtained by centrifugation at 700 � g
(10min at 4 °C)was transferred to a new tube and centrifuged at
3,000 � g for 15 min. Mitochondria Isolation Reagent C was
added to the pellet and centrifuged at 12,000� g for 5min. The
pellet contains the mitochondrial fraction. The purity of the
mitochondrial fraction and equal loading in the Western blot
analyses was confirmed by reprobing themembranes with anti-
bodies specific to NaK-ATPase (membrane fraction) and lamin
B1 (nuclear fraction). To ensure NaK-ATPase and lamin B1
antibody immunoreactivity, we also ran total cell lysates.
Analysis of Mitochondrial Bioenergetics—The XF24 Ana-

lyzer (Seahorse Biosciences, North Billerica, MA) was used to

estimate the effect of eNOS mitochondrial translocation on
mitochondrial bioenergetics in HEK 293 cells. XF24 measures
the oxygen consumption rate (OCR). Initial studies identified
the optimum number of cells/well as 25,000/0.32 cm2. Cells
were transfected with wild-type eNOS and eNOS mutants
S617D and S1179D 48 h prior to the experiment and were
seeded on XF24 culture microplates 4 h before measurements
were begun. The culture medium was changed to Dulbecco’s
modified Eagle’s medium (DMEM, pH 7.4) supplemented with
5 mM glucose and 2 mM sodium pyruvate. The XF24 culture
microplates were then incubated in a CO2-free XF prep station
at 37 °C for 40min to allow temperature andpHcalibration.We
then determined basal mitochondrial respiration as picomoles/
min of oxygen consumed.
In-gelDigestions of Akt1—HEK293 cells overexpressingAkt1

were exposed or not to SIN-1 (0.5 mM) for 1 h, then lysed, Akt1
was then immunoprecipitated and subjected to SDS-gel elec-
trophoresis. Protein bands were then visualized by Coomassie
staining and the band corresponding to Akt1 was excised.
Bands were destained and alkylated with iodoacetamide. The
samples were then subjected to overnight in-gel digestion with
trypsin (25 ng/�l) in 25mM ammonium bicarbonate buffer (pH
7.8). Peptides were extracted with 5% formic acid, 50% acetoni-
trile and evaporated to near dryness. Mass spectrometry anal-
ysis of untreated and nitrated Akt was then performed.
MALDI-TOF-TOF Mass Spectrometry—Peptide calibration

standards and matrix CHCA were from Applied Biosystems
(Carlsbad, CA). All spectra were taken on an ABSciex 5800
MALDI-TOF-TOF mass spectrometer in positive reflector
mode (10 kV) with a matrix of CHCA. At least 1000 laser shots
were averaged to obtain each spectrum.Masses were calibrated
to known peptide standards. Aliquots of the Akt1 tryptic digest
(5�l) were cleaned on aC18ZipTip (Millipore, BedfordMA) as
per the manufacturer’s instructions. Bound peptides were
desaltedwith two5-�l washes of 0.1%TFAand then elutedwith
2.5 �l of aqueous, acidic acetonitrile (75% CH3CN, 0.1% TFA).
The eluate was mixed with 2.5 �l of freshly prepared CHCA
stock solution (20 mg/ml of CHCA in aqueous acetonitrile as
above), and 1.5-�l portions of this mixture were spotted onto a
MALDI sample plate for air drying. Additionally, 1.5�l of crude
peptides weremixed with 1.5 �l of CHCA and spotted.MS/MS
of the 1700.5 m/z peak was performed in positive reflector
mode without collision-induced dissociation. MS and MS/MS
spectra were analyzed in Protein Pilot 3.0,Mascot Distiller, and
PEAKS software packages.
Molecular Modeling—To identify the interaction sites

between Akt1 and eNOS we built a homology model of Akt1
with an attached consensus sequence of eNOSphosphorylation
site.We used the available structure of Akt1 (PDB code 3CQU).
This structure contains a gap between aa 446 and 463 and an
inhibitory peptide bound to the active site. Tomodel this struc-
ture we utilized Yasara software (24). The geometry of the
reconstructed region of human Akt1 was automatically opti-
mized using the steepest descent energy minimization algo-
rithm in the solvent implicitmodel. In the obtained structure of
Akt1, the peptide bound to the catalytic domainwasmutated to
the phosphorylationmotif of eNOS at Ser617 (612KIRFNSIS617).
To identify possible interference between phosphorylation of
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Ser617 and mitochondrial translocation sequence of eNOS, we
reconstructed the human eNOS reductase domain. Utilizing
the crystal structure of the nNOS reductase domain as a tem-
plate (PDB code 1TTL) we built a homology model for the
human eNOS sequence. The final geometry of the eNOS reduc-
tase domain was again minimized using the steepest descent
energy minimization algorithm available in the automatic
homology modeling of Yasara. Molecular dynamic (MD) sim-
ulations were performed using Yasara structure. The Amber 99
all-hydrogen force field was used in the runs (25). The simula-
tions for 10 ns at 298Kwere carried out using the structurewith
and without a nitro group at Tyr350 of Akt1. Simulations were
carried out within a simulation cube filled with water mole-
cules. All the atoms were free to move. Snapshots were saved
every 2 ns. Final structures after MD were analyzed for contact
energy between the eNOS peptide (612KIRFNSIS617) and Akt1
using the algorithm inYasara and changes in the binding energy
between nitrated and intact Tyr350 of Akt were identified. The
eNOS autoinhibitory loop simulation were carried out in the
same settings. MD simulations were utilized for the reductase
domain of eNOS from homology modeling. All amino acids
except the autoinhibitory loop (aa 600–643) were fixed. Two
runs (2 ns)were performed for unmodified eNOS and for eNOS
with phosphorylated Ser617 in the Yasara structure.
Statistical Analysis—Statistical analysis was performed using

GraphPad Prism version 4.01 (GraphPad Software, San Diego,
CA). Themean� S.D. or S.E. was calculated for all samples, and
the significance was determined either by the unpaired t test
(for 2 groups) or analysis of variance (for �3 groups). For the
analysis of variance analyses, Newman-Kuels post hoc testing
was employed. A value of p � 0.05 was considered significant.

RESULTS

ADMA Stimulates eNOS Mitochondrial Translocation in
Pulmonary Arterial Endothelial Cells—In initial experiments
an eNOS-GFP fusion protein was transiently transfected into
COS-7 cells and its ability to produce NOwas confirmed when
the cells were stimulated with ionomycin to increase intracel-
lular Ca2� levels (Fig. 1A). PAEC were then transiently trans-
fected with a GFP-tagged eNOS construct and after 48 h the
cells were pretreated with MitoTracker Red to visualize the
mitochondria. Cells were then exposed to increasing concen-
trations of ADMA (0–10�M, 0–60min) for 1 h andmonitored
using live cell fluorescent microscopy. The Pearson product-
moment correlation coefficient was then calculated for each
ADMA concentration over time. Our results indicate that,
compared with vehicle control, there is a significant increase in
eNOSmitochondrial translocation with 5 and 10 �MADMA as
early as 10 min of exposure (Fig. 1, B and C). That endogenous
eNOS behaves in a similar manner to that observed with live
cell imaging of the eNOS-GFP protein was confirmed using
Western blot analysis of isolated mitochondria from untrans-
fected PAEC exposed to ADMA (Fig. 1B, inset). As we have
previously shown that attenuating peroxynitrite generation
attenuates ADMA-mediated eNOS mitochondrial transloca-
tion (13), we next determined if the peroxynitrite donor, SIN-1,
could induce a similar mitochondrial redistribution of eNOS.
Our results indicate that mitochondrial translocation of eNOS

was also stimulated by SIN-1, but significant translocation only
occurred after 50min of exposure (Fig. 1,D and E), likely due to
the time required for a threshold amount of peroxynitrite to be
released as SIN-1 decomposes. There was no evidence of an
induction of apoptotic events as indicated by a lack of cleaved
caspase-3 in SIN-1-exposed PAEC (Fig. 1F). The requirement
for both NO and superoxide in the redistribution of eNOS to
the mitochondria was shown by the NO scavenger, carboxy-
PTIO abolishing both ADMA (Fig. 1G) and SIN-1 (Fig. 1H)-
induced eNOS translocation and the NO donor, spermine
NONOate alone failing to induce eNOS redistribution tomito-
chondria (Fig. 1I).
ADMA Increases eNOS Phosphorylation at Serine 617 and

1179—A mitochondrial translocation sequence located in the
reductase domain has been previously described for eNOS (14).
To begin to identify how this sequence is regulated we devel-
oped a homologymodel of the human eNOS reductase domain
using the crystallized nNOS reductase domain as a template.
Analysis of this homology model identified an unstructured
region located between aa 595 and 644. This sequence contains
the autoinhibitory loop, the mitochondrial translocation
sequence, and the Akt1 phosphorylation site at Ser617. There-
fore, we further refined this structure using a 3-ns MD simula-
tion in which we anchored the reductase domain with the
exception of the residues within aa 595–644. The resulting
structure indicated that the five amino acids that comprise the
mitochondrial targeting sequence (RRKRK) are located within
an unstructured autoinhibitory loop (Fig. 1J, loop shown in yel-
low) and that the mitochondrial targeting sequence lies very
close to the Akt1 phosphorylation site located at Ser617 (Fig. 1J,
shown in red). We hypothesized that the phosphorylation of
Ser617 would change the conformation of the mitochondrial
targeting sequence, which in turn could stimulate eNOS redis-
tribution from the plasma membrane to the mitochondria. To
test this we ran another 3-ns MD simulation in which the
reductase domain was phosphorylated at Ser617 and then com-
pared it to the unphosphorylated structure (Fig. 1J). Our simu-
lation data indicate that phosphorylation at Ser617 induces a
structural change in the autoinhibitory loop such that themito-
chondrial translocation sequence becomes exposed (Fig. 1K)
suggesting that phosphorylation of Ser617 is required for eNOS
translocation to themitochondria. Thus, we next determined if
ADMA stimulates eNOS phosphorylation at serine 617 in
PAEC. Our data indicate that ADMA treatment enhances
eNOSphosphorylation at Ser617 as early as 5min after exposure
(Fig. 1L) and before we observed a significant increase in eNOS
localization to themitochondrion (Fig. 1C).We also found that
the level of the other Akt1 phosphorylation sites on eNOS
located at Ser1179 was also increased by ADMA exposure (Fig.
1L). The increase in both Ser617 and Ser1179 phosphorylation
was maintained at 60 min of ADMA treatment (not shown).
Exposure of PAEC to the peroxynitrite donor, SIN-1 also
increased the phosphorylation of Ser617 and Ser1179 (Fig. 1M).
Peroxynitrite-mediated eNOS Mitochondrial Translocation

Is Dependent on eNOS Phosphorylation at Ser617 and Ser1179—
To examine the role of peroxynitrite-induced eNOSmitochon-
drial translocation of eNOS and the phosphorylation of Ser1179
and Ser617, HEK cells were transfected with either wild-type
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eNOS or phosphorylation deficient eNOSmutants (S617A and
S1179A eNOS). Our data indicate that the peroxynitrite donor,
SIN-1, enhances the mitochondrial translocation of wild-type
eNOS, but not S617A or S1179A eNOS (Fig. 2A). This suggests
that the efficient translocation requires phosphorylation at
both Ser617 and Ser1179.
Effect of Phosphomimetic Mutations on eNOSMitochondrial

Translocation—To further determine the significance of phos-
phorylation of eNOS at Ser617 and Ser1179, we expressed wild-
type and the phosphomimic eNOS mutants, S617D and
S1179D, inHEK 293 cells. The wild-type eNOS expressing cells
were then exposed to SIN-1 to stimulate eNOS mitochondrial
translocation. The S617D and S1179D eNOS expressing cells
were not exposed to SIN-1. Our data demonstrate that eNOS
mitochondrial translocation was significantly higher in cells
expressing S617D or S1179D eNOS in the absence of SIN-1
compared with SIN-1-stimulated cells expressing wild-type
eNOS (Fig. 2B).
Endothelial NOS Mitochondrial Translocation Is Dependent

on Akt1—Both Ser617 and Ser1179 are thought to be phosphor-
ylated by Akt1. Thus, we next determined whether the mito-
chondrial translocation of eNOS is dependent on Akt1. To
accomplish this we overexpressed a dominant-negativemutant
of Akt1 (DN Akt1) in PAEC (Fig. 2C, inset). The level of eNOS
in the mitochondria fraction was increased when cells were
exposed to SIN-1 and this was attenuated by DN-Akt1 overex-
pression (Fig. 2C) indicating the involvement of Akt1 in regu-
lating eNOS translocation to the mitochondria. Furthermore,
when we evaluated the interaction of Akt1 with wild-type and
the phospho-deficient eNOS mutants we found that SIN-1
stimulated Akt1/eNOS interactions only in wild-type eNOS
(Fig. 2D). Surprisingly, in both eNOS phospho-null mutants
(S617A and S1179A) we observed a decrease in their associa-
tion with Akt1 compared with unstimulated wild-type eNOS
expressing cells (Fig. 2D). This decreased interaction attenuates
the nitration-mediated increase in Akt1 binding to eNOS sug-
gesting that both serine residues may be required for efficient
eNOS mitochondrial translocation.
Identification of Tyr350 as theTyrosineNitrationSite onAkt1—

Utilizing recombinant Akt1 incubatedwith SIN-1we identified
a biphasic effect of peroxynitrite on Akt1 activity. At lower
Akt1:SIN-1 molar ratios Akt1 activity is stimulated, whereas at

a higher concentration of SIN-1Akt1 activity is attenuated (Fig.
3A). Furthermore, we found that the exposure of PAEC to
ADMA increased Akt1 nitration (Fig. 3B) and activity (Fig. 3C).
Although these changes were blocked in the presence of the
peroxynitrite scavenger MnTmPyP (Fig. 3, B and C). Interest-
ingly, we observed two bands in our immunoprecipitation anal-
yses. Using mass spectrometry analysis, both bands were iden-
tified as Akt1 (not shown). To identify the specific Akt1
nitration site Akt1 was overexpressed in HEK 293 cells and
exposed to SIN-1 to induce protein nitration. Cell lysates from
treated and untreated cells were then subjected to one-dimen-
sional electrophoresis followed by in-gel tryptic digestion and
mass spectroscopy. Searching for a signal of nitro-group addi-
tion�45Da resulted in the peak withmolecularmass of 1335.6
Da,which is 45Dahigher (nitro group) than themolecularmass
of the unmodified peptide (1290.6 Da). This peptide was iden-
tified within Akt1 at 347LPFYNQDHEK356 (Fig. 4). An MS/MS
spectrum from the 1335.6m/z precursor peptide was obtained
in positive reflector mode using air as the collision gas. The
fragmentation pattern produced was fitted with the predicted
sequence for nitration modified at Tyr350 Akt1 peptide
LPFY(NO2)NQDHEK (Fig. 4). In particular, we found the fol-
lowing collision fragments: y1-H2O, y2, y3-H2O, y6, indicated
as solid blue lines; b1, b3, and b9-H2O indicated as solid green
lines; and immonium ions Y(NO2)N, NQD, QDH, Y(NO2)NQ
and Y(NO2)NQD indicated as solid black lines. To confirm the
importance of Tyr350 nitration, HEK 293 cells were transiently
transfected with expression vectors containing either wild-type
Akt1 or a mutant, in which the Tyr350 was replaced by phenyl-
alanine (Y350F Akt1). Overexpression was confirmed by
immunoblot analysis (Fig. 5A). We next determined the effect
of SIN-1 on Akt activity. Our data demonstrate that SIN-1
increased Akt1 activity in wild-type, but not Y350F Akt1 over-
expressing cells (Fig. 5B). Similarly when wild-type eNOS was
co-expressed, SIN-1 enhanced eNOS translocation to themito-
chondria in wild-type, but not in, Y350F Akt1 overexpressing
cells (Fig. 5C). To test if the Y350Fmutation exerts a dominant-
negative affect on Akt1 signaling we examined the effect of its
overexpression in PAEC exposed to VEGF. Our data demon-
strate that overexpression of Y350F Akt1 inhibits the ability of
VEGF to stimulate eNOS phosphorylation at Ser1179 indicating
it has a dominant-negative phenotype (Fig. 5D).

FIGURE 1. ADMA induces phosphorylation of eNOS at Ser617 and Ser1179. The eNOS-GFP construct was transiently transfected into COS-7 cells. After, 48 h
the cells were stimulated with ionomycin (1 �M, 45 min). The accumulation of nitrite in the medium was then measured by chemiluminescence. Background
levels of nitrite were subtracted. Ionoycin significantly increases nitrite accumulation in the medium indicating the eNOS-GFP construct is active (A). For live cell
imaging PAEC were transfected with eNOS-GFP (green). The mitochondria of these cells were then labeled with MitoTracker (red) and the cells were exposed
to increasing concentrations of ADMA (0 –10 �M, 1 h) or SIN-1 (1 mM, 2 h). Representative images are shown indicating that ADMA induces eNOS-GFP
translocation to the mitochondria (yellow, B). Western blot analysis of mitochondrial fractions prepared from PAEC exposed to 10 �M ADMA (1 h) confirmed the
mitochondrial redistribution of endogenous eNOS (B, inset). The Pearson coefficient was calculated for each dose of ADMA over the 1-h exposure time.
Exposure of PAEC to 5 and 10 �M ADMA induces significant eNOS mitochondrial translocation (C). Similar changes were observed with SIN-1 (D and E), but
significant mitochondrial translocation was not observed until 50 min of treatment (E). Whole cell extracts (10 �g) were also prepared from PAEC exposed or
not to SIN-1 (1 mM, 2 h). Western blot analysis was performed using an antibody that recognizes only cleaved caspase-3. Loading was normalized by reprobing
the membranes with an antibody specific to �-actin. Shown is a representative image containing three of six experiments (F). Also, included were total cell
lysates from Jurkat cells that had been exposed or not to etoposide (25 �M, 5 h) as, respectively, positive and negative controls for cleaved caspase-3. No
significant increases in the levels of cleaved caspase-3 were observed between any treatment groups. Pretreatment of PAEC with the NO scavenger, carboxy-
PTIO (100 �M, 30 min), attenuated the redistribution of eNOS-GFP in response to both ADMA (G) and SIN-1 (H). The NO donor, spermine NONOate (SpNONOate,
25 �M, 1 h) failed to induce eNOS-GFP mitochondrial redistribution (I). Molecular dynamic simulation indicates that the mitochondrial translocation sequence
is located within an unstructured autoinhibitory loop (J, yellow) and in close proximity to the Ser617 consensus Akt1 phosphorylation site (J, red). MD analysis
also shows that Ser617 phosphorylation results in a conformational change in the autoinhibitory loop of eNOS exposing the mitochondrial translocation
sequence (K, arrow). These changes may be driven by reorganization of the � helixes. Whole cell extracts exposed or not to ADMA (10 �M, 5 min) or SIN-1 (1 mM,
1 h) were analyzed to determine changes in eNOS phosphorylation at Ser617 and Ser1179. Representative images are shown (L and M). Both ADMA and SIN-1
increase the phosphorylation of eNOS at both Ser617 and Ser1179 (L and M). Data are mean � S.E.; n � 3–7. *, p � 0.05 versus untreated.
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Elucidation of the Molecular Mechanism of Nitration-medi-
ated Akt1 Activation—To better understand themechanism by
which the nitration of Tyr350 enhances Akt1 activation, we
developed a homology model of Akt1 with the eNOS peptide
containing the Akt phosphorylation site at Ser617 present in the
Akt1 substrate-binding groove. Analysis of this model revealed
that Tyr350 is located in close proximity to lysine 612 in the
phosphorylationmotif of eNOS. Furthermore, the introduction
of a nitro group adds a negative charge at Tyr350 that is pre-

dicted to form a salt bridge to the positively charged lysine
residue located at aa 612 (Lys612) in the eNOS-derived peptide
(Fig. 6A). We predicted that this would enhance the binding of
nitrated Akt with eNOS and result in increased phosphoryla-
tion of eNOS Ser617. To test this hypothesis, HEK cells were
transfected with eNOS mutants where the Lys612 residue was
mutated to histidine (K612H, positively charged), alanine
(K612A, neutral), or aspartic acid (K612D, negatively charged)
to alter the charge on the residue that interacts with Tyr350.

FIGURE 2. Modulation of Ser617 and Ser1179 phosphorylation sites alters eNOS translocation. HEK 293 were transiently transfected with bovine eNOS
expression plasmids containing wild-type eNOS (Wt eNOS) or mutations at serine 617 to alanine (S617A) or aspartic acid (S617D) and serine 1179 to alanine
(S1179A) or aspartic acid (S1179D). After 48 h the cells were exposed or not to the peroxynitrite generator, SIN-1 (500 �M, 1 h). Mitochondrial fractions were then
isolated and the level of eNOS protein accumulation in mitochondria was determined by Western blotting. Representative images are shown (A and B). SIN-1
induces the mitochondrial translocation of wt eNOS but this is blocked when either Ser617 or Ser1179 are mutated to alanine (A). Conversely, the mitochondrial
localization of eNOS is significantly increased in cells expressing the S617D or S1179D eNOS mutants even in the absence of SIN-1 (B). Loading was normalized
by reprobing with the mitochondrial protein, VDAC, and reprobed with antibodies raised against NaK-ATPase or lamin B1 to demonstrate no cross-contami-
nation with the plasma membrane or nuclear fractions, respectively. PAEC were also transduced with a dominant-negative mutant of Akt1 (DN Akt, C, inset).
The overexpression of DN Akt attenuates the SIN-1 mediated mitochondrial translocation of eNOS (C). Finally, we used immunoprecipitation (IP) to evaluate the
interaction of Akt1 with WT eNOS and S617A and S1179A eNOS mutants in HEK 293 cells in the presence or absence of SIN-1 (500 �M, 1 h). There is an increase
in the interaction of WT eNOS with Akt SIN-1 treatment (D). However, compared with WT eNOS, both phospho-null eNOS mutants (S617A and S1179A) exhibit
a decrease in both basal and SIN-1 induced interactions with Akt1 (D). Data are mean � S.E.; n � 4. *, p � 0.05 versus untreated, †, p � 0.05 versus Wt eNOS
exposed to SIN-1 for (B) and p � 0.05 for Bonferroni comparison for untreated samples (D).
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Immunoblotting was performed to confirm equal expression of
each eNOS mutant (Fig. 6B). The effect of SIN-1 treatment on
eNOS phosphorylation at Ser617 and eNOS translocation to
mitochondria was then analyzed.We found that SIN-1 induced
eNOS phosphorylation at Ser617 in K612H-transfected cells,
but not in the alanine or aspartic acid mutants (Fig. 6C). How-
ever, under the same conditions, phosphorylation of Ser1179

was increased in all the eNOS mutant proteins (Fig. 6D),
suggesting that the mutation of Lys612 does not alter the

ability of Akt1 to bind to eNOS. The mitochondrial translo-
cation in the K612H eNOS mutant was also stimulated by
SIN-1 treatment but this did not occur in cells expressing the
K612A and K612D eNOS mutants (Fig. 6E). Together these data
indicate that replacement of Lys612 with an uncharged or nega-
tively charged amino acid significantly attenuates the ability of
eNOS to translocate to the mitochondrion and also provides fur-
ther supportingevidence for the importanceofphosphorylationof
Ser617 in regulating eNOSmitochondrial translocation.

FIGURE 3. Nitration enhances the activity of Akt1. Purified recombinant Akt1 was incubated with different molar ratios of SIN-1 to induce enzyme nitration.
The effect of SIN-1 was biphasic with a 1:75 molar ratio enhancing Akt1 activity and molar ratios of 1:300 or higher attenuating its activity (A). PAEC were also
exposed to ADMA (10 �M, 1 h) in the presence or absence of the peroxynitrite scavenger, MnTMPyP (25 �M), and the level of Akt1 nitration was determined by
immunoprecipitation (IP). Exposure of PAEC to ADMA increases Akt1 nitration and this is blocked by MnTMPyP (B). The ADMA-mediated increase in Akt1
nitration was also correlated with increased AKT activity and is again blocked by MnTMPyP (C). Data are mean � S.E.; n � 3. *, p � 0.05 versus untreated; †, p �
0.05 versus 1:75 molar ratio of SIN-1 (A) or ADMA alone (B and C).

FIGURE 4. Identification of tyrosine 350 as the nitration site on Akt1. Akt1 was immunoprecipitated from HEK 293 cells treated or not with SIN-1 (500 �M,
1 h). A tryptic digest of Akt1 was analyzed for tyrosine nitration sites not present in untreated cells. The peptide with m/z 1335.67 (parent peptide LPFYNQDHEK
with m/z 1290.61 � 45 Da of nitro group) was further fragmented and MS/MS data analyzed. Solid lines represent predicted masses for the nitrated peptide
found in MS/MS with error less than 0.3 ppm. MS/MS spectrum of the 1335.6 m/z ion was obtained in positive reflector mode fitted with peptide
347LPFY(NO2)NQDHEK356 from the Akt1 sequence.
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Physiologic Role of eNOS Translocation on Mitochondrial
Function—Nextwe addressed the question regarding the actual
physiologic role of eNOS on mitochondrial function. To
accomplish this we examined the effect of wild-type and S617D
and S1179D eNOS overexpression on mitochondrial bioener-
getics, superoxide production, andATPproduction inHEK293
cells. Initial studies confirmed that each construct exhibited
similar levels of expression (Fig. 7A, upper panel) and generated
similar levels of NO (Fig. 7A, lower panel). Interestingly, we did
not observe the expected increase in NO production in the
S1179D mutant perhaps due to the fact that our studies were
carried out under nonstimulated conditions. Furthermore,
ATP levels were not altered by wild-type or phosphomimic
eNOS overexpression (Fig. 7B). However, the basal mitochon-
drial OCR was dramatically reduced in wild-type eNOS-trans-

fected cells and reduced even further by overexpression of
S617D or S1179D eNOS (Fig. 7C). Finally, to evaluate the effect
of the overexpression ofmitochondria-targeted eNOSonmito-
chondrial oxidative stress we utilized live cell imaging in cells
exposed to themitochondrial superoxide production indicator:
MitoSOX. Our data demonstrate that all three eNOS proteins
attenuatedmitochondrial superoxide levels (Fig. 7D). Together
these data suggest that the eNOS mitochondrial translocation
leads to a decrease in basal respiration rate with decreased
superoxide production, but without affecting cellular ATP
levels.

DISCUSSION

ADMA is an endogenous competitor of L-arginine for the
NOS active site. It has been well documented that increased

FIGURE 5. Expression of a Y350F Akt1 mutant protein attenuates eNOS mitochondrial translocation. HEK 293 were transiently transfected with either
wild-type Akt1 (Wt Akt) or a mutant in which Tyr350 was replaced with phenylalanine (Y350F Akt). Initial Western blotting confirmed equal overexpression of the
two constructs (A). The cells were also exposed or not to the peroxynitrite generator, SIN-1 (500 �M, 1 h), and the effect on Akt activity was determined. SIN-1
increased Akt1 activity only in the WT Akt overexpressing cells (B). HEK 293 cells were also co-transfected with WT eNOS and either the parental plasmid
(pcDNA3) or Y350F Akt and the effect of SIN-1 on eNOS mitochondrial translocation was determined. The SIN-1-mediated increase in eNOS mitochondrial
translocation was blocked by overexpression of Y350F Akt (C). Loading was normalized by reprobing with the mitochondrial protein, VDAC, and reprobed with
antibodies raised against NaK-ATPase or lamin B1 to demonstrate no cross-contamination with the plasma membrane or nuclear fractions, respectively. PAEC
were also transiently transfected with either the parental plasmid (pcDNA3) or the Y350F Akt mutant plasmid. After 48 h, the cells were exposed to the Akt
activator VEGF (100 nM, 10 min) and then the effect on eNOS phosphorylation at Ser1179 was determined by Western blotting. Representative images are
shown. VEGF increases eNOS Ser1179 phosphorylation, however, overexpression Y350F attenuates this affect (D). Blots were stripped and reprobed for eNOS
and Akt1. Data are mean � S.E.; n � 3. *, p � 0.05 versus untreated.
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levels of ADMA accompanies many pathological conditions
(26–30) causing both oxidative and nitrosative stress (13,
31–33). One of the proposed mechanisms for these events is
eNOS uncoupling (13, 34). Furthermore, due to the rapid reac-
tion between the superoxide and NO produced by uncoupled
eNOS, the local concentration of peroxynitrite is likely to be
markedly increased making it probable that the proteins that
interact with eNOS will be preferentially targeted for nitration.
Indeed this has been shown for Hsp90 (35). Our previously
published data indicate that ADMA-mediated increases in per-
oxynitrite generation leads to the translocation of eNOS to the
mitochondrion resulting in mitochondrial dysfunction (13).
Here we identify Akt1 as a novel target of ADMA-induced pro-
tein nitration that is involved in eNOS trafficking. Our data
indicate that nitration of Akt1 leads to its activation in agree-
ment with a recent study in which Akt1 activation has been
shown to occur as an acute response to peroxynitrite exposure
in the PDGF signaling cascade (36).
Akt1 belongs to the serine/threonine protein kinase family

and is known to phosphorylate eNOS at Ser617 (37) and Ser1179
(38). Our data indicate that ADMA stimulates the activity of
Akt1 resulting in increased eNOS phosphorylation at Ser617
and Ser1179. Phosphorylation at both sites is thought to enhance

the activity of the enzyme likely through the reversal of the
enzyme suppression associated with the autoinhibitory loop
and reducing the concentration of calcium required for activa-
tion (39–41). Interestingly, introducing an aspartic acid to
mimic the phosphorylation at Ser617 and Ser1179 enhanced
eNOS mitochondrial translocation. Aspartic acid mutants
expressed in HEK cells without additional stimulation pro-
duced the same amount of NO as wild-type eNOS, thus, it is
unlikely that thesemutations are producing significantly differ-
ent levels of peroxynitrite. Conversely, the S1179A and S617A
eNOSmutants were resistant to nitration-mediatedmitochon-
drial translocation. Serine 617 is located adjacent to the region
of eNOS (627–631) previously shown to be required for eNOS
to redistribute to the mitochondrion (14). An examination of
our homology model of the eNOS reductase domain suggests
that the positively charged RRKRK region of the mitochondrial
translocation sequence lies within the autoinhibitory loop of
eNOS. From our molecular model of eNOS it also appears that
when Ser617 is not phosphorylated this sequence is located deep
within the eNOS protein and so it is not likely to be accessible
for phosphorylation. However, our MD simulations predict
that the introduction of a phosphate group at Ser617 increases
solvent exposure of the loop such that themitochondrial trans-

FIGURE 6. Role of Lys612 in the interaction of eNOS with nitrated Akt1. Analysis of the interactions between the Akt1 client protein binding groove and eNOS
at Ser617 indicates the pre-positioning of a positively charged lysine residue located at 612 (K612) in eNOS with Tyr350 of Akt1. As tyrosine nitration results in the
addition of a negative charge this suggests that there might be an enhanced interaction with eNOS via the positively charged Lys612 (A). HEK 293 cells were
transfected with eNOS mutants in which different charged residues were introduced at position 612: K612H, slightly positive charge; K612A, neutral; and
K612D, negative charge. Initial Western blotting confirmed the equal overexpression of the three constructs (B). Cells were also exposed or not to the
peroxynitrite generator, SIN-1 (500 �M, 1 h), and the level of phosphorylation at Ser617 was determined by Western blotting. Representative images are shown.
SIN-1 increases Ser617 phosphorylation only in the K612H eNOS mutant (C). Blots were stripped and reprobed for eNOS to normalize loading. However, under
the same conditions, phosphorylation of Ser1179 was increased in all the eNOS mutant proteins (D). Mitochondrial fractions were also isolated and the level of
eNOS protein accumulation in mitochondria was determined by Western blotting. Representative images are shown. Only the K612H eNOS mutant is
redistributed to the mitochondria in response to SIN-1 (E). Data are mean � S.E.; n � 3. *, p � 0.05 versus untreated. UT, untransfected.
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location sequence flexes outward, which increases its exposure.
Our data also demonstrate the importance of Ser1179 phos-
phorylation in eNOS mitochondrial translocation. Ser1179 is
located far from the mitochondrial translocation sequence and
it is unclear howSer1179 is involved in the translocation process.
We speculate, based on our homology model and previously
published data, that Ser1179 is more accessible to Akt1 than
Ser617 and that its phosphorylation induces a conformational
shift in eNOS that makes Ser617 more accessible to Akt1. After
phosphorylation of Ser617, the loop undergoes a conforma-
tional shift exposing themitochondrial translocation sequence,
allowing eNOS to redistribute. If true, this hypothesis would
predict that although Ser1179 phosphorylation is important for
the mitochondrial translocation of eNOS it is the phosphory-
lation of Ser617 that actually drives the process. Our data do
support this hypothesis as we found that Akt1/eNOS interac-
tions are decreased in the S617A and S1179Amutants, whereas
themitochondrial translocation of S617D is significantly higher
than that of S1179D.
Another question that arises from this study is what proteins

or protein complexes are involved in eNOS trafficking?
Although the identity of this protein is as yet unknown it is
possible that this will prove to be one of the molecular chaper-
ones shown to play key roles in the translocation of nuclear-

encoded proteins into themitochondrion (42, 43). For example,
it is well established that the chaperone, Hsp70maintainsmito-
chondrial targeted proteins in a translocation-competent state
(42) and its co-chaperone, C-terminal Hsc70-interacting pro-
tein (CHIP) is known to associate with eNOS and to induce
changes in its subcellular distribution (44). CHIP has been
shown to facilitate the assembly of translocation complexes
(45). It is interesting to note that CHIP contains a region that is
highly negatively charged located between aa 185 and 190
(EGDEDD) (46). It is possible that this sequence could interact
with the positively charged eNOS mitochondrial translocation
loop located at aa 627–631 (RRKRK) (14). Furthermore, we
have recently shown in an animal model of pulmonary hyper-
tension associated with increased pulmonary blood flow that
increases inADMAcorrelates with increased activities of CHIP
and Hsp70 (47) and increased translocation of eNOS to the
mitochondrion (48). However, further studies will be required
to determine whether Hsp70 and/or CHIP play a role in regu-
lating eNOS translocation to the mitochondrion.
Akt1 activation occurs when PtdInsP3 (a product of PI 3-ki-

nase) binds to the pleckstrin homology domain of Akt1 induc-
ing a translocation to the plasmamembrane. In addition, phos-
phorylation events are required for full Akt1 activation (49).
However, the phosphorylation-dependent activation of Akt1 is

FIGURE 7. The effect of eNOS translocation on mitochondrial function. HEK 293 were transiently transfected with bovine eNOS expression plasmids
containing wild-type eNOS (Wt eNOS) or mutations at serine 617 to aspartic acid (S617D) or serine 1179 to aspartic acid (S1179D). Initial Western blotting
confirmed equal overexpression of the three constructs (A, upper panel). In addition, the expression of all three constructs results in a significant increase in NO
production (A, lower panel). The expression of these constructs does not change the total cellular ATP levels (B). However, the basal OCR dropped significantly
in WT eNOS-transfected cells and this is further decreased in cells overexpressing the S617D and S1179D eNOS mutants (C). The effect on mitochondrial ROS
was also determined, using MitoSOX red fluorescence. Representative images are shown. The expression of all three constructs causes a significant decrease
in MitoSOX fluorescence (D). Data are mean � S.E.; n � 5. *, p � 0.05 versus untransfected cells; †, p � 0.05 versus WT eNOS. UT, untransfected.
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complex and not fully understood. The main activation events
appear to be the phosphorylation of Thr308 in the activation
loop of the kinase and Ser473 at the COOH terminus (50). How-
ever, other studies suggest that tyrosine phosphorylation of
Akt1 regulates enzyme activity (51–53).Ourmass spectroscopy
analysis identified a single nitration site in Akt1 located at
Tyr350. Molecular modeling of Akt1 revealed that Tyr350 is
located in the binding groovewithin the kinase domain of Akt1,
suggesting that Tyr350 nitration may modulate client protein
binding. Studies by Chen et al. (51) have also identified, by
sequence alignment of subdomains VII and VIII of Akt-1, -2,
and -3, conserved tyrosine residues located at Tyr315, Tyr326,
and Tyr340. Mutations of each of these implicated Tyr315 and
Tyr326 as being important for full Akt1 activity (51). So far no
studies have suggested that Tyr350 is susceptible to phosphory-
lation. However, as several of the amino acids preceding Tyr326
are predominantly negatively charged amino acids, and that the
preferred substrates for Akt1 contain the positively charged,
RXRXXS region, Tyr326may be involved in stabilizing the inter-
action of Akt1 with its client proteins (51). This is similar to
what we suggest occurs when Tyr350 is nitrated, as nitration
also induces a negative charge on the tyrosine residue. How-
ever, unlike Tyr326 phosphorylation and Tyr350 nitration, phos-
phorylation of Tyr315 is predicted to affect the activation loop in
the kinase domain of Akt1, similar to that observed when
Thr308 is phosphorylated (51, 52). Another study failed to
identify phosphorylation of Tyr315 and Tyr326 in Akt1 but iden-
tified Tyr474 as being phosphorylated (53). In this study it was
postulated that Tyr474 phosphorylation enhances the affinity of
the hydrophobic domain with the NH2-terminal lobe within
Akt1 enabling the phosphorylation of Thr308 (53), stimulating
enzyme activity. Whether nitration of Tyr350 can modulate or
interact with these other tyrosine residues and alter Akt1 activ-
ity will require further study.
All Akt1 client proteins so far identified contain a consensus

phosphorylation motif, RXRXX(S/T) (54), with the eNOS con-
sensus adjacent to the mitochondrial targeting sequence being
612KXRXXS617 (37). Thus, the eNOS Akt phosphorylation
sequence contains two conserved positively charged amino
acids, Lys612 and Arg614 (bovine sequence). Our computational
analysis indicates that nitration of the nitro group on Tyr350
introduces a negative charge to this residue. Thismakes it likely
that a salt bridge with the Lys612 would be formed and binding
energy calculations using the sequence KXRXXS predicts
enhanced binding when Tyr350 is nitrated. This in turn was
predicted to lead to increased phosphorylation of Ser617. Using
site-directed mutagenesis of Lys612, we introduced differently
charged amino acids within the Akt1 phosphorylation motif of
eNOS.We introduced amino acids with a slight positive charge
(K612H), a neutral charge (K612A), and a negative charge
(K612D). The phosphorylation of Ser617 and mitochondrial
translocation were regulated in accordance with the charge at
amino acid 612 such that K612H � K612A � K612D. Further-
more, we found that Ser617 phosphorylation andmitochondrial
translocation was enhanced in the K612H mutants only when
cellswere stimulated by SIN-1. This suggests that the formation
of the salt bridge is dependent on the introduction of the neg-
ative charge at Tyr350 when Akt1 is nitrated. Interestingly,

phosphorylation of Ser1179 was increased in all mutants upon
SIN-1 stimulation. This suggests that in our eNOS mutants
only the interaction between Akt1 and Ser617 is modified and
provides further evidence for the importance of Ser617 phos-
phorylation in eNOS trafficking to the mitochondria. Alterna-
tively as the Akt substrate motif in eNOS 612KIRFNS* the dis-
ruption of the substrate motif with K612A or K612D may
decrease Ser617 phosphorylation independently of binding and
also independent of phosphorylation of Ser1179. Furthermore,
we found that the Y350F Akt1 mutation abrogates peroxyni-
trite-mediated eNOS phosphorylation at Ser617 (and Ser1179)
and translocation tomitochondria. Thus, our data provide clear
evidence that the positive charge at Lys612 is critical for a salt
bridge formation between eNOS and nitrated Akt1. Interest-
ingly, Tyr350 is a conserved residue in Akt1 isolated from differ-
ent species (human, rat, bovine, canine, mouse, chicken, frog,
and fly) but also between the three isoforms of Akt: 1, 2, and 3.
Thus, we speculate that a similar mechanism of nitration-me-
diated activation may be shared between the different Akt iso-
forms. However, further studies will be required to test this
possibility.
Our observations indicate that eNOS uncoupling or a per-

oxynitrite donor stimulate eNOS translocation to mitochon-
dria via the nitration of Akt1. As both active Akt1 and eNOS
localize predominantly to the plasmamembrane it is likely that,
at least under conditions of increased ADMA, that the per-
oxynitrite required for Akt1 activation is derived from uncou-
pled eNOS. Thus, we speculate that redistribution of eNOS is
independent of mitochondria-derived superoxide. However,
when Akt1 is activated by nitration it will likely phosphorylate
eNOS at Ser1179 and Ser617 independent of whether it is cou-
pled or not. Thus, themitochondriawill be enrichedwith eNOS
in accordance with the current cellular state and both coupled
and uncoupled eNOS will be directed to the mitochondria. As
the mitochondria are a significant source of superoxide in the
cell it is possible that even when coupled eNOS is redistributed
the generation of NO in the mitochondria will react with the
superoxide present in the mitochondria to increase peroxyni-
trite generation. Indeed, we have previously shown that when
eNOS is redistributed to the mitochondria in response to
ADMA the levels of nitrated proteins in the mitochondria
increase (13).
The physiological role of eNOS mitochondrial translocation

is still uncertain.NO is known tomodulatemitochondrial func-
tion by reversibly inhibiting cytochrome c oxidase, which
decreases mitochondrial energy production (55, 56). However,
NOmay play an adaptive role in some situations such as at the
fetal to newborn transition through its ability to modulate oxi-
dative phosphorylation (57). This may protect the cell by
decreasing mitochondrial derived ROS. In turn, this would
attenuate mitochondrial oxygen utilization through the elec-
tron transport chain leading to better coupling between oxygen
utilization and ATP generation (58). Our data strongly support
these findings as the overexpression of wild-type eNOS and the
phosphomimic mutants S617D and S1179D, which exhibit
enhanced mitochondrial translocation, all decreased basal
OCR and mitochondrial ROS production. However, this
marked decrease in respiration rate did not alter ATP produc-
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tion. This may be explained by enhanced coupling of the elec-
tron transport chain that enables the same degree of ATP gen-
erationwith decreased oxygen demand.Although, it is not clear
which are the key proteins through which NO regulates mito-
chondrial respiration, several have been identified in previous
studies. These include Complexes I and III of the electron
transport chain (60–62), manganese-superoxide dismutase
(MnSOD) (63, 64), cytochrome c (64, 65), mitochondrial crea-
tine kinase (66, 67), and aconitase (68, 69). In addition, we have
shown that carnitine acetyltransferase is also nitrated resulting
in its inactivation (70). As carnitine acetyltransferase plays an
important role in cellular energy metabolism through the reg-
ulation of fatty acid biosynthesis, alterations in its activity can
have profound effects on mitochondrial function (71). Altera-
tions in carnitine acetyltransferase activity and increased levels
of ADMA are also associated with the development of pulmo-
nary hypertension (70). Alternatively, it is possible that eNOS
translocation stimulates glycolysis in the cell. This so-called
“Warburg effect” was first observed in cancer cells (72) and has
been recently shown to occur in both SMC (73) and EC (74)
isolated from pulmonary hypertensive patients. However, fur-
ther studies will be required to determine the exact mechanism
by which the mitochondrial targeting of eNOS can reduce
mitochondrial OCR but maintain cellular ATP levels.
In conclusion, our data indicate that nitration of Akt1 at

Tyr350 leads to its activation, resulting in enhanced eNOSphos-
phorylation and subsequent mitochondrial translocation.
Increased activation of Akt1 has been implicated in cancer cell
progression through its ability to inhibit apoptotic signaling
and promote cell survival (75, 76). Although, how this activa-
tion of Akt1 occurs has not been fully elucidated it is tempting
to speculate that it may be due to its enhanced nitration espe-
cially as increased levels of nitration have been identified in a
number of cancers (59, 77, 78). Thus, preventing Akt1 nitration
may serve as a potential strategy to alleviate deleterious effects
of Akt1 activation in various pathologies.
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