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Data, both for and against the presence of a mitochondrial
nitric-oxide synthase (NOS) isoform, is in the refereed litera-
ture. However, irrefutable evidence has not been forthcoming.
In light of this controversy, we designed studies to investigate
the existence of the putative mitochondrial NOS. Using re-
peated differential centrifugation followed by Percoll gradient
fractionation, ultrapure, never frozen rat liver mitochondria
and submitochondrial particles were obtained. Following tryp-
sin digestion and desalting, the mitochondrial samples were
analyzed by nano-HPLC-coupled linear ion trap-mass spec-
trometry. Linear ion trap-mass spectrometry analyses of rat
liver mitochondria as well as submitochondrial particles were
negative for any peptide from any NOS isoform. However,
recombinant neuronalNOS-derivedpeptides fromspikedmito-
chondrial samples were easily detected, down to 50 fmol on col-
umn. The protein calmodulin (CaM), absolutely required for
NOS activity, was absent, whereas peptides from CaM-spiked
samples were detected. Also, L-[14C]arginine to L-[14C]citrulline
conversion assays were negative for NOS activity. Finally,West-
ern blot analyses of rat livermitochondria, usingNOS (neuronal
or endothelial) and CaM antibodies, were negative for any NOS
isoform or CaM. In conclusion, and in light of our present limits
of detection, data from carefully conducted, properly controlled
experiments for NOS detection, utilizing three independent yet
complementarymethodologies, independently as well as collec-
tively, refute the claim that a NOS isoform exists within rat liver
mitochondria.

Nitric oxide (NO�)2 is a highly diffusible, hydrophobic, and
gaseous free radical (1) that is responsible for autocrine and
paracrine signaling activities (2). NO� can readily partition into
and throughmembranes (3–5) to influence biological functions

such as blood pressure regulation, platelet aggregation and
adhesion, neurotransmission, and cellular defense (4, 6–11).
ThemechanismbywhichNO� influences biological functions is
by binding to target proteins that contain heme and/or thiol(s).
Alternatively, NO� can combine with O2

. to produce the highly
reactive species peroxynitrite.
Mitochondria are highly compartmentalized, membranous

organelles that contain abundant amounts of reactive hemo-
proteins and thiols (12, 13), to which NO� may bind reversibly
(14, 15) or irreversibly (16–18). Mitochondria also generate
various amounts ofO2

. during the process of cellular respiration
(19, 20). Studies conducted during the past decade have sug-
gested that NO� can diffuse into mitochondria and cause mito-
chondrial dysfunction by reversibly inhibiting cytochrome c
oxidase (14, 21, 22) and NADH dehydrogenase (23).
In the mid-90s, a putative variant of NOS was proposed to

reside within mitochondria. Initially, Kobzik et al. (24) and
Hellsten and co-workers (25) observed an apparent endothelial
NOS (eNOS) immunoreactivity in skeletal muscle mitochon-
dria. Simultaneously, Bates et al. (26, 27) observed an apparent
eNOS histochemical reactivity in inner mitochondrial mem-
brane preparations, isolated from rat liver, brain, heart, skeletal
muscle, and kidney. Tatoyan and Giulivi (28), acting on these
initial observations, performed experiments in an attempt to
confirm the identity of this putative mtNOS. Relying on immu-
nochemical analysis, Tatoyan and Giulivi (28) claimed that
inducible NOS (iNOS) was theNOS isoform present in rat liver
mitochondria. This same group using mass spectrometry later
presented data in support of the putative mtNOS being a vari-
ant of nNOS (29). Ghafourifar and Richter (30) had reported
previously that the putative mtNOS was calcium-sensitive and
constitutive in nature. Since these reports, different groups
have reported the presence of each of the three main isoforms
of NOS within mitochondria (29, 31, 32). Also, biochemical
characterization of the putative mtNOS performed by Giulivi
and co-workers (29) revealed certain post-translational modi-
fications (myristoylation and phosphorylation of the protein)
that are thought to be unique to eNOS. During the last decade,
various reports have supported the presence of at least one of
the three main isoforms of NOS residing in mitochondria.
However, the more recent reports tend to question this claim
(33–36). Because of the contradictory reports regarding the
existence of a putativemtNOS, Brookes (33) compiled a critical
and thorough reviewof the literature published up to 2003 deal-
ing with the putative mtNOS. This review brought to light the
diverse technical issues involved in the aforementioned studies.
Major issues were the degree of purity of mitochondrial prepa-
rations (37, 38), shortcomings of measurement methodology
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(29, 39–41), use of inappropriate, or total lack of, experimental
controls and confusing technical practices. Lacza et al. (42) has
reviewed the more recent developments in the area of mito-
chondrial NO� production and discussed some of the short-
comings of certain techniques still being used.
In light of this ongoing controversy regarding the presence or

absence of a mtNOS, we designed and carefully conducted
properly controlled studies to either confirmor refute the exist-
ence of any NOS isoform within mitochondria. Ultrapure rat
liver mitochondria were isolated using repeated differential
centrifugation followed by Percoll gradient purification. Pro-
teomic analyses were then performed using a nano-HPLC-cou-
pled nanospray LTQ-MS. To avoid the interfering factors that
are rampant in NO� trapping assays (43), the NOS-catalyzed
conversion of L-[14C]arginine to L-[14C]citrulline was used to
probe for NOS activity in mitochondria. Appropriate controls
were employed and, for inhibition studies, high concentrations
of L-thiocitrulline (TC) (44) were used. Additionally, immuno-
chemical analyses were performed with ultrapure mitochon-
dria using nNOS, eNOS, and CaM antibodies. The problems
faced with the commonly used techniques in mtNOS studies
are discussed.

EXPERIMENTAL PROCEDURES

Chemicals and Biochemicals—HEPES, L-arginine�HCl,
CaCl2�4H2O, bovine brain CaM, (6R)-5,6,7,8-tetrahydro-L-bio-
pterin (BH4), NADPH, L-citrulline, EDTA, EGTA, dithiothrei-
tol, iodoacetamide, sucrose,mannitol, acetone, L-thiocitrulline,
N(�)-nitro-L-arginine (L-NNA),monobasic and dibasic sodium
phosphate, SDS, alkaline phosphatase-conjugated anti-rabbit
secondary antibody, and horseradish peroxidase (HRP)-conju-
gated anti-rabbit and anti-mouse secondary antibodies were
purchased from Sigma. Dowex 50W-X8 was obtained from
Supelco (Bellefonte, PA). Acetonitrile was purchased from
Mallinckrodt-Baker, Inc. (Philipsburg, NJ). Trichloroacetic
acid was obtained from EMDChemicals, Inc. (San Diego). Tris
and nitrocellulose membranes were purchased from Bio-Rad.
SuperSignal West Pico chemiluminescent substrate was pur-
chased from Pierce. Percoll and 2�,5�-ADP-Sepharose 4B were
products of GE Healthcare. Complete protease inhibitor mix-
ture tablets were purchased from Roche Applied Science. Pri-
mary antibodies for the mitochondrial outer membrane
marker, voltage-dependent anion channel (VDAC), were
obtained from Affinity Bioreagents (Golden, CO). Primary
antibodies for glucose-regulated protein (GRP 75)/mitochon-
drial heat shock protein 70 (mt hsp70) and CaM were pur-
chased from Abcam, Inc. (Cambridge, MA). nNOS and eNOS
primary antibodies were generous gifts from Bettie Sue Mas-
ters, University of Texas Health Science Center, San Antonio.
The tubulin antibodywas a gift fromSuklaRoychowdhary,Uni-
versity of Texas, El Paso. All other chemicals and reagents were
fromcommon suppliers andwere of the highest grade commer-
cially available.
Enzymes—Recombinant nNOS and eNOS, referred to as

nNOSr and eNOSr, respectively, were overexpressed in Esche-
richia coli and purified according to established methodology
(45, 46). Superoxide dismutase (SOD) and catalase (CAT) were
purchased from Sigma. The specific activities of SOD and CAT

were 2,500–7,000 units/mgprotein and�10,000 units/mgpro-
tein, respectively.
Animals—All experimental protocols involving animalswere

approved by University of Texas, El Paso Institutional Animal
Care andUseCommittee (IACUC).Male Sprague-Dawley (SD)
rats (250–300 g;�3months of age) were obtained fromHarlan
Sprague-Dawley (Houston, TX) and used in all studies.
Preparation of Mitochondria—Pure rat liver mitochondria

were obtained by repeated differential centrifugation followed
by Percoll gradient purification. Expertise for the mitochon-
drial purification procedure was obtained first hand and
adopted from the methodology used in the laboratory of James
Geddes, University of Kentucky, Lexington. Initially, 2–4 rats
were euthanized, and the entire livers were excised and
immersed in ice-cold mitochondrial isolation buffer (MIB)
containingmannitol (215mM), sucrose (75mM), EGTA (1mM),
HEPES/KOH (20 mM), pH 7.2. In addition, a commercially
available serine and cysteine protease-inhibiting completemix-
ture tablet was included. The liver lobes were blotted, washed
2–3 times with fresh MIB, and minced into small pieces with
scissors. The resulting minced pieces of liver were washed with
MIB to remove blood. Then 6–8ml of ice-coldMIB was added
to the washed and minced tissue. Portions of tissue samples
were placed in a glass Dounce homogenizer. The homogenizer
was then immersed in ice, and the tissue was gently homoge-
nized with six complete strokes of a somewhat loose-fitting
Teflon pestle at 250 rpm, using a variable speed motorized unit
(Glas-Col LLC., Terre Haute, IN).
Following homogenization, both differential centrifugation

andPercoll gradient fractionation stepswere performed using a
pre-cooled SM-24 rotor in an RC-5B Sorvall centrifuge at 4 °C.
Each sample was centrifuged for 10 min, unless specified oth-
erwise. First, the tissue homogenate (CO) was suspended in
ice-coldMIB and centrifuged at 800 � g. After the first 800 � g
spin, the white fatty layer covering the supernatant was care-
fully removed using a lint-free wipe or cotton wool. The 800 �
g supernatant (M1) was then collected, and the isolated pellet
containing red spots of blood and cellular debris was discarded.
M1 was spun at 10,000 � g to obtain a pellet containing mito-
chondria (M2). M2 was then gently resuspended by homogeni-
zation using the same glass Dounce homogenizer as before
(four strokes at 250 rpm). The differential centrifugation
steps were then repeated with the MIB-resuspended M2 at
800 � g (M3) and 10,000 � g (M4) to obtain a relatively pure
mitochondrial preparation. The mitochondrial pellet
obtained after the final 10,000 � g spin was resuspended in
ice-cold MIB and then centrifuged at the lower speed of
9,000 � g. The pellet (M5) isolated during this step con-
tained highly purified mitochondria.
Mitochondria (M5) were further purified using Percoll gra-

dient centrifugation as described previously (47). Percoll was
chosen as the gradient medium because of its chemical inert-
ness and negligible osmolarity (48, 49). Ice-cold MIB without
EGTA was used in all steps for preparing the Percoll gradient
solutions as well as for the wash steps. Mitochondria were sup-
plemented with an equal volume of 30% Percoll (final concen-
tration, mitochondria (M5) in 15% Percoll). A discontinuous
Percoll gradient was used, with the bottom layer containing
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40%Percoll, followedby 24%Percoll, and finally by 15%Percoll-
containing mitochondria. The density gradient was spun at
30,400 � g, and the band between 24 and 40% Percoll (contain-
ing the intact mitochondria) was carefully collected. The bro-
kenmitochondria at the bottomof the gradient were discarded.
The intact mitochondrial sample was then suspended in MIB
without EGTA and centrifuged at 16,700 � g for 15 min. Dis-
carding the supernatant, the resulting loose pellet obtained was
resuspended in MIB without EGTA and subsequently centri-
fuged at 13,000 � g followed by a 10,000 � g spin. The intact
mitochondrial pellet obtained after the final 10,000 � g spin
was collected and used for experimentation. These intact, pure
mitochondria, obtained after repeated differential centrifuga-
tion and Percoll gradient fractionation, are referred as “MT”
throughout. The protein concentration of the pure mitochon-
drial sample (MT) was measured using the Bradford protein
assay (50) using BSA as a standard.
Isolation of Submitochondrial Particles (SMPs)—Intact MT,

were placed in a small glass vial residing within an ice-jacket
and sonicated mildly for 20 s, with alternating pulse and pause
interval times of 5 s each (amplitude-25%) using an ultrasonic
processor (Sonics and Materials, Inc.) equipped with a 1⁄8-inch
diameter probe. For preparation of the positive control, sonica-
tion of MT was interrupted after 10 s, and nNOSr (200 fmol)
was spiked into the half-sonicated MT sample, and then the
spiked samples were sonicated for the remaining 10 s. Submi-
tochondrial particles were subsequently obtained from the
experimental as well as the positive control samples by ultra-
centrifugation at 100,000 � g for 1 h at 4 °C (TLA 100 rotor;
BeckmanAllegra 64 centrifuge). The supernatant fraction, con-
taining the SMPs, and the solubilized pellet (solubilized using
0.1% octyl �-D-glucopyranoside) were collected for further
processing.
Affinity Purification of SMPs—SMPs, the solubilized pellets

of MT, as well as the corresponding positive controls, were
subjected to 2�,5�-ADP-Sepharose 4B chromatography to
enrich samples with NAD(P)H-binding proteins, including
NOS, if present. Briefly, the SMPs and the solubilized pellets
obtained from purified MT (initial amounts varied depending
on the experiment) were incubated with 150 �l of the 2�,5�-
ADP-Sepharose 4B resin slurry, equilibrated with ice-cold
sodium phosphate buffer (50 mM, pH 7.4), and spun overnight
(15 h) at 4 °C. Mini-columns were fabricated in the laboratory
using 200-�l pipette tips and the suspension of SMPs that had
been preincubated with 2�,5�-ADP-Sepharose 4B beads. The
columns were then washed with ice-cold sodium phosphate
buffer (5� 100-�l portions). NAD(P)H-dependent proteins
bound to the columns were then eluted using 5� 100-�l por-
tions of 5 mM NADPH in Tris (50 mM) containing NaCl (500
mM), pH 7.4.
Sample Processing forMass Spectrometry—Protein precipita-

tion was performed by treating the affinity-purified eluates of
SMP and the corresponding positive controls with 10% trichlo-
roacetic acid for 30min on ice. Samples were vortexed every 10
min and finally centrifuged at 16,000� g for 20min at 4 °C. The
trichloroacetic acid-precipitated samples were resuspended in
acetone by repeated up-and-down pipetting and centrifuged at

16,000 � g for 20 min at 4 °C. Sample pellets were then dried
using a Centri-Vap (Eppendorf).
Dry precipitated proteins were digested as described by

Stone and Williams (51). Briefly, dried pellets from acetone
washes were solubilized with a solution of 8 M urea, 0.4 M

NH4HCO3, and the sulfhydryls were reduced using dithiothre-
itol (9 mM) for 15 min at 50 °C. The samples were allowed to
cool to room temperature and then treated with iodoacetamide
(20 mM) for 15 min at room temperature. Subsequently, the
iodoacetamide-treated samples were diluted with water to
obtain a final concentration of 1 M urea. Finally, the samples
were digested overnight with 1 �g of sequencing grade trypsin
(Promega) for every 50�g ofmitochondrial protein. Proteolysis
was stopped by adding 1 �l of 100% formic acid (Sigma). The
resulting samples were desalted using reverse phase ZipTips
manufactured with 200-�l micropipette tips and containing
POROS 50 R2 resin (Applied Biosystems) (52). Next, strong
cation exchange chromatographywas performedusing POROS
50 HS resin (53), and the samples were fractionated by eluting
with increasing concentrations of NaCl (0–500 mM). The elu-
ates were again desalted using reverse phase ZipTips and dried
under vacuum centrifugation (Centri-Vap).
Each of the desalted strong cation exchange fractions were

solubilized in 30 �l of 0.05% trifluoroacetic acid, and 8 �l were
injected onto a trap column (C18, 0.25 �l, OPTI-PAK). Separa-
tions were performed using a reverse phase capillary column
(Acclaim, 3 �m C18, 75 �m � 25 cm, LC Packings, Dionex)
connected to a nano-HPLC system (nano-LC 1D plus, Eksi-
gent). For elution, the mobile phases were as follows: A, 2%
acetonitrile, 0.1% formic acid; B, 80% acetonitrile, 0.1% formic
acid. A linear gradient from0 to 40% solvent B over 100minwas
used. The eluting peptides were directly introduced into a lin-
ear ion trap-mass spectrometer equipped with a nanospray
source (LTQ XL, Thermo-Fisher Scientific). MS spectra were
collected in centroid mode over the range of 400–1700 m/z,
and the five most abundant ions were submitted twice to colli-
sion-induced dissociation (35% normalized collision energy),
before being dynamically excluded for 120 s. All MS/MS spec-
tra were from peptides of 600–4000 Da, and at least 15 frag-
ments were converted into DTA files using Bioworks version
3.3.1 (Thermo-Fisher Scientific). TheDTA fileswere submitted
for data base searching using TurboSequest (54) (available in
Bioworks version 3.3.1) and compared against rat NOS
sequences (version 3.25) from the International Protein Index.
All sequences were submitted in the forward and reverse orien-
tations for calculating the false-positive rate. The data base
search parameters included the following: (i) trypsin cleavage in
both peptide termini allowing onemissed cleavage site; (ii) car-
bamidomethylation of cysteine residues as a fixedmodification;
(iii) oxidation ofmethionine residues as a variablemodification;
and (iv) 2.0- and 1.0-Da mass tolerance for peptide and frag-
ment, respectively. The following filters in Bioworks were
applied as follows: distinct peptides, consensus scores �10.2,
DCn� 0.1, protein probability�1� 10�3, andXcorr� 1.5, 2.0
and 2.5 for singly, doubly, and triply charged peptides, respec-
tively. To ensure the quality of the analyses, the false-positive
rate was calculated by dividing the number of hits matching the
reverse sequences by the total number of identifications.
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Assay forNOSActivity—The conversion of L-[14C]arginine to
L-[14C]citrulline was used to estimate NOS activity (55). Reac-
tion mixtures consisted of HEPES (50 mM, pH 7.6), NADPH
(400 �M), CaCl2, (400 �M), BH4 (5 �M), L-arginine (20 �M, con-
taining 0.5�Ci/ml L-[14C]arginine), and a 1.5-foldmolar excess
of CaM to nNOS (based on the positive control), in a total
volume of 0.25ml (56).MT (150�g) were included in all assays,
unless mentioned otherwise. A 4-fold excess of NADPH (400
�M), compared with the normal 100 �M assay concentration,
was used to ensure that this co-substrate would not become a
limiting factor in the reactions. To further confirm that the
NADPH concentration was indeed sufficient, an NADPH-re-
generating system, consisting of glucose-6-phosphate dehydro-
genase (1 unit), glucose 6-phosphate (125 mM), and NADP�

(12.5 mM), was used in some pilot assays. The potent nNOS
inhibitor, L-thiocitrulline (800 �M), which is efficacious at this
concentration toward anyNOS isoform,was preincubatedwith
MT samples for 10 min before initiating the reactions. The
NOS inhibitor, L-NNA (400 �M), was also used in some assays.
Reactions were run for 10min at 23 °C. Reactionmixtures were
quenched with 133 �l of an ice-cold stop solution containing 1
mM L-citrulline, 10mM EDTA, and 100mMHEPES, pH 5.5, and
then applied to 2-ml Dowex columns, and L-[14C]citrulline was
eluted with 2� 1-ml portions of water. To determine NOS
activity, the entire eluates were used to quantify L-[14C]citrul-
line by liquid scintillation counting. Denatured MTs (dMT),
obtained by mild sonication for 5 s (amplitude-25%), fol-
lowed by incubation at 100 °C for 5 min, were used as nega-
tive mitochondrial controls. Overall, controls consisted of
complete reaction mix � MIB alone, complete reaction
mix � dMT � nNOSr, complete reaction mix � dMT �
NADPH, complete reaction mix � dMT � L-thiocitrulline,
and complete reaction mix � L-thiocitrulline alone. Back-
ground counts from incubations containing all ingredients
except enzyme and/or MT were subtracted from all meas-
urements. The positive controls consisted of MT (150 �g)
spiked with 30 nM nNOSr. Data were analyzed using SigmaPlot
9.0 (Systat Software, Inc.) and expressed as themean� range of
values of experimental data points from two independent
experiments, each run in duplicate.
High Performance-Thin Layer Chromatography (HP-TLC) of

Amino Acids—Samples from L-[14C]arginine to L-[14C]citrul-
line conversion assays (either eluted from Dowex columns or
not exposed to Dowex) were treated with 80% acetone, and the
precipitationwas enhanced by a freeze-thaw cycle at�80 °C for
36 h. The precipitated proteins were removed by centrifugation
at 16,000 � g for 20 min.

Control experiments were performed to determine loss of
radioactivity because of the presence of protein in the MT pel-
let. This was determinedwherein all substrates and cofactors of
the L-[14C]arginine to L-[14C]citrulline conversion assay, except
L-[14C]arginine, were added to MT, and reactions were
quenched with stop solution. L-[14C]Arginine was then added,
which was followed by acetone precipitation. Results from con-
trol experiments indicated that there was a 0.01% loss of radio-
activity because of the presence of the pellet (data not shown).
The supernatants from the 16,000 � g spins, containing the

amino acids, were collected separately and dried under a stream

of nitrogen. The dried supernatant sampleswere then dissolved
in 100 �l of methanol:water (2:1), and 10 �l of each individual
sample was loaded on HP-TLC Silica 60 plates (EMB Chemi-
cals). Ten�l of L-arginine or L-citrulline (2mg/ml) were used as
standards. Butanol:acetic acid:water (60:20:20) was used as the
mobile phase. HP-TLCwas performed in a glass chamber using
standardmethodology, and the plateswere developedwith a 2%
ninhydrin solution (in acetone). The developed plates were
then dried on a hot plate (medium setting) for 1min.Afterward,
the nonradioactive L-arginine and L-citrulline control bands
were identified visually. The dry plates were then exposed to
x-ray film (Eastman Kodak Co.) for 108 h (41⁄2 days).
SDS-PAGE andWestern Analyses—Immunochemical analy-

ses against MT as well as non-MT markers (GRP 75, VDAC,
and tubulin, respectively) were performed wherein 20 �g of rat
liver samples (M1, M2, M3, M4, M5, MT, and control tissue
homogenate (CO)) were separated by SDS-PAGE (10% polyac-
rylamide). Initially, samples were placed into 2� loading buffer
containing 125 mM Tris-HCl, pH 6.8, 2% SDS, 20% glycerol,
0.2% bromphenol blue, and 0.05%�-mercaptoethanol. Samples
were then boiled for 3 min. Electrophoresis was performed
using a Bio-RadMini Protean II gel apparatus at 100 V for 1.5 h.
The separated proteins were then transferred from the gels
onto nitrocellulose membranes (30 V) for 15 h, at 4 °C.
Nitrocellulosemembraneswere then blockedwith 5%nonfat

dry milk in Tris-buffered saline (TBS: NaCl (0.3 M) and Tris-
HCl (40mM) containing 0.1%Tween 20 (TBST), pH 7.6) for 1 h.
After washing for 30 min (three times for 10 min) with TBST,
the membranes were incubated overnight at 4 °C with the pri-
mary antibodies against either mouse GRP 75 (1:1250), rabbit
VDAC (1:1000), or mouse tubulin (1:250). The membranes
werewashed for 30min (three times for 10min) withTBST and
incubated with the appropriate HRP-conjugated secondary
antibody (anti-mouse (1:10,000 for GRP 75; 1:1,000 for tubulin)
or anti-rabbit (1:10,000 for VDAC)) for 1.5 h at 25 °C. Mem-
branes were then washed for 30 min (three times for 10 min)
with TBST, incubated with chemiluminescent substrate
(Pierce) for 5 min, and developed using Kodak Biomax light
film.
Immunochemical analyses for NOS isoforms were per-

formed using rat liver proteins (MT or CO). Positive controls
consisted of nNOSr- or eNOSr-spiked MT. Samples (150 �g
each) were placed into 2� loading buffer and incubated for 30
min at 37 °C. Samples were loaded in wide lanes (using a 5-well
comb), and SDS-PAGEwas performedusing 7.5%polyacrylam-
ide. Separated proteins were then transferred to nitrocellulose
membranes asmentioned previously. Themembranes contain-
ing transferred proteinswere blocked for 20minwith 1%nonfat
dry milk plus 1% BSA in TBST. After thoroughly washing the
membranes for 15 min (three times for 5 min at 23 °C) with
TBST, Western blotting was performed for nNOS and eNOS.
Briefly, the membranes were incubated with either rabbit poly-
clonal nNOS antibody (1:2000) or monoclonal eNOS antibody
(1:2000) in TBST for 1 h at 4 °C. Again, the membranes were
washed for 15 min (three times for 5 min at 23 °C) with TBST
and subsequently incubated for 1 h with the appropriate alka-
line phosphatase-conjugated anti-rabbit secondary antibody
(1:2000). After washing for 15 min (three times for 5 min at
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23 °C) with TBST, the membranes were developed, and pro-
teins were visualized using the 5-bromo-4-chloro-3-indolyl
phosphate/nitro blue tetrazolium substrate (Sigma).
Immunochemical analyses against CaM were performed

whereby 150�g ofMTprotein or 30ng ofCaMspiked in 150�g
of MT (positive control) were separated by SDS-PAGE (15%
polyacrylamide) and transferred to nitrocellulose membranes
as mentioned previously. The membranes were then blocked
with TBST containing 5% nonfat dry milk and incubated over-
night with an anti-rabbit monoclonal antibody against CaM,
diluted in TBST containing 5% nonfat dry milk (1:10,000) at
4 °C. After washing for 15 min (three times for 5 min) with
TBST, the membranes were incubated with the anti-rabbit
HRP-conjugated secondary antibody (1:5000) for 1 h at 23 °C.
Membranes were washed for 15 min (three times for 5 min)
with TBST, incubated with chemiluminescent substrate
(Pierce) for 5min, and developed using a photo imager (Kodak).
Oxyhemoglobin Capture Assay—Assays containing oxyhe-

moglobin (8�M), L-arginine (100�M), CaCl2 (400�M), CaM (25
nM), BH4 (10 �M), NADPH (100 �M), and HEPES (50 mM, pH
7.6) were conducted as described previously (57). MT (50 and
500 �g) were subjected to mild sonication two times for 5 s
(amplitude 25%) and added to the assay in place of nNOSr. In
addition, 50 units each of SOD and CAT were included in all
assays to minimize interference from reactive oxygen species,
O2
. , and H2O2.

RESULTS

Purity ofMitochondrial Preparations—Control tissue homo-
genate (CO) and fractions obtained during mitochondrial iso-
lation steps (M2, M4, M5, and MT) were subjected to immu-
nochemical analyses for mitochondrial and nonmitochondrial
markers to document the purity of the preparation. Western
blot analyses probing the mitochondrial matrix marker, GRP

75, indicated sequential enrichment
of GRP 75 during purification (Fig.
1A). GRP 75 was neither detected in
control tissue homogenate (Fig. 1A)
nor in the crude supernatants (M1
or M3; data not shown). The mito-
chondrial outer membrane marker
VDAC was detected in the MT
fraction, although it was not
detected in control tissue homo-
genate (Fig. 1B). The nonmito-
chondrial cytosolic marker tubu-
lin, as a further test of purity, was
detected in control whole tissue
homogenate, although it was
absent in purified MT (Fig. 1C).
Proteomic Analyses of Mitochon-

dria—Initially, purified intact rat
liver MT (1.5 mg of protein, Brad-
ford) were trichloroacetic acid-pre-
cipitated, acetone-washed, and pro-
cessed for LTQ-MS analyses after
digestion with trypsin as described
(see under “Experimental Proce-

dures”). A total of 300 proteins were identified that includes
several well establishedmitochondrial proteins such as compo-
nents of the respiratory complexes and other mitochondrial
markers, including VDAC, NADH-ubiquinone oxidoreduc-
tase, and ATP synthase subunits. However, there were no pep-
tide signals in the experimental samples to indicate the pres-
ence of any NOS isoform (supplemental 1).
As a next step, SMP were obtained from 2.9 mg of the puri-

fied intact MT. SMP and the solubilized pellets obtained from
ultracentrifugation were then subjected to affinity chromatog-
raphy using 2�,5�-ADP-Sepharose 4B,which bindsNADPHand
NADPH-requiring enzymes. The 2�,5�-ADP-Sepharose 4B elu-
ates of both the SMP as well as the solubilized pellets were
processed as described (see under “Experimental Procedures”)
and subjected to proteomic analyses. LTQ-MS analyses of the
affinity-purified eluates of the SMP led to the identification of
284 proteins with a false-positive rate of�2% (supplemental 2).
Again, MS analyses of the SMP (supplemental 2) as well as the
solubilized pellets (data not shown) failed to provide any evi-
dence for the existence of any NOS-derived peptide(s).
To determine protein loss or recovery, nNOSr was spiked

into sequentially purified MT and processed in the exact man-
ner as experimental samples (see under “Experimental Proce-
dures”). To identify the detection threshold for NOS in MT
samples, we spiked various amounts of nNOSr (100, 10, 1, and
0.2 pmol) into the purified SMP fractions. Out of the various
amounts of nNOSr spiked into SMP, we loaded an aliquot con-
sisting of one-fourth of the total sample. Thus, for the sample
spikedwith 200 fmol of nNOSr, 50 fmol of nNOSrwas loaded in
the LC-coupled LTQ-MS. At this level of nNOSr, two nNOSr-
derived peptides were easily identified (supplemental 3). We
did not attempt to detectmuch lower amounts of nNOSr inMT
samples or determine the limit of detection of the instrument.
Furthermore, we did not spike recombinant nNOS in the crude

FIGURE 1. Immunochemical analyses of rat liver mitochondrial fractions with antibodies against mito-
chondrial and nonmitochondrial markers. Proteins collected during mitochondrial isolation and purifi-
cation steps (M2, 10,000 � g; M4, 10,000 � g; M5, 9,000 � g; MT, intact MT after repeated differential centrifu-
gation and Percoll gradient purification; and CO, control tissue homogenate) were separated by SDS-PAGE and
transferred onto nitrocellulose membranes as described (see under “Experimental Procedures”). Western blot-
ting was performed with antibodies against the following: A, mitochondrial matrix marker, GRP 75; B, mito-
chondrial outer membrane marker, VDAC; or C, cytosol marker, tubulin. The immunocomplexes were visual-
ized by the HRP-conjugate reaction using a chemiluminescence substrate (Pierce). MT lane, run on the same gel
as other fractions, was cropped and pasted alongside other fractions after removing the intervening lanes.
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cell extract because we would have lost the nNOSr during puri-
fication of the mitochondria.
We examined CaM, the protein binding partner of NOS, and

neither CaM nor any known CaM-binding protein could be
detected in MT or SMP. Thus, we conclude that NOS (any
isoform) is absent from both intact MT as well as SMP, at least
at levels that can be detected by the highly sensitive nano-LC-
MS/MS methodology.
Assay for NOS Activity—NOS activity was determined by

measurement of the conversion of L-[14C]arginine to L-[14C]-
citrulline (see under “Experimental Procedures”), with intact
MT (Fig. 2A) as well as with the SMP fractions (Fig. 2B). The
assay containing nNOSr (30 nM) alone, along with all neces-
sary substrates and co-factors, was used as a positive control.
The positive control produced a substantial amount of
L-[14C]citrulline (Fig. 2, A and B, 1st bar). Addition of the NOS

inhibitor, L-thiocitrulline (800 �M) abolished this activity by
98.5% (Fig. 2, A and B, 2nd bar). Initially, in the absence of
nNOSr, when intact MT samples were added to the assay, a
weak signal of radioactivity was observed (Fig. 2A, 3rd bar).
However, this signal could not be inhibited using L-thiocitrul-
line (Fig. 2A) or L-NNA (data not shown), providing evidence
against aNOS-catalyzed reaction. Although L-thiocitrulline is a
potent nNOS inhibitor, at 800�M, it is nonspecific, cross-react-
ing with all NOS isoforms and resulting in almost complete
inhibition of NOS-catalyzed L-[14C]citrulline production.
Assays conducted with the SMP also showed a weak radio-

active signal (Fig. 2B). As with the weak signal observed with
intact MT, this signal could not be inhibited by L-thiocitrulline
(800 �M) (Fig. 2B, 4th bar). Furthermore, when the solubilized
pellet fractions were added to the assay, it did not show any
signal (data not shown). When this weak radioactive signal,

FIGURE 2. L-[14C]Arginine to L-[14C]citrulline conversion assay using MT, SMP, and a pure protein, BSA. Measurement of the conversion of L-[14C]arginine
to L-[14C]citrulline was performed on MT, SMP, as well as on nNOSr plus BSA. Control values from incubation containing all ingredients except enzyme or MT
were subtracted from all data points. Data were expressed as the mean � range of values, of experimental data points from two independent experiments,
each run in duplicate. The positive control was nNOSr (30 nM) in all experiments (A–C, 1st bar). L-[14C]Citrulline production by nNOSr was almost completely
inhibited by the NOS inhibitors, thiocitrulline (800 �M; denoted as TC; 2nd bar on A and B) and L-NNA (400 �M; C, 2nd bar). L-[14C]Citrulline production was by the
following: A, MT (150 �g; 3rd bar) and MT � TC (150 �g; 4th bar). B, SMP from 150 �g of MT (3rd bar) and SMP � TC (4th bar). C, intact MT of various amounts
as follows: 280 �g (3rd bar), 560 �g (4th bar), and 1000 �g (5th bar), and 1000 �g of MT � L-NNA (6th bar). D, nNOSr (30 nM) plus BSA of various amounts as
follows: 250 (2nd bar), 500 (3rd bar), and 750 �g (4th bar). Here, values are represented as the percentage change in relation to control radioactivity of nNOSr
alone (shown as 1st bar).
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emanating from intact MT samples, was investigated, it was
found that assays performed with increasing amounts of intact
MT protein produced a titratable increase in radioactive signal
(Fig. 2C). Additionally, this radioactive signal could not be
inhibited using L-NNA (400 �M, Fig. 2C). Thus, the radioactive
signal obtained withMT or SMP that could not be inhibited by
NOS inhibitors indicated that the radioactive signal was prob-
ably not a product of an enzymatic reaction catalyzed by NOS.
When assays were performed with increasing amounts of
another protein, pure BSA (250, 500, and 750 �g) instead of
MT, no radioactive signal was apparent in the flow-through
(�3%) above control (data not shown). When assays were con-
ducted with pure BSA, increasing amounts of BSA (250, 500,
and 750 �g) plus nNOSr (30 nM) slightly increased the radioac-
tive “signal” that was produced when compared with nNOSr in
the absence of BSA (Fig. 2D).3 AnNADPH-regenerating system
was included in some of the assays with MT to ensure that
NADPHwas not becoming a limiting factor. Again, nNOSr (30
nM) was used as the positive control. Results obtained withMT
using the NADPH-regenerating system showed the same weak
radioactive signal as samples containing NADPH alone (Fig. 3).
When nNOSr was spiked into MT samples, the L-[14C]citrul-
line signal dramatically increased (82% of the activity of the
positive control). Additional control assays using dMT were
performed to investigate the reason(s) behind the weak signal
that could not be diminished by NOS inhibitors (see under
“Experimental Procedures”). nNOSr (30 nM) was used as a pos-
itive control, and dMT alone was used as a negative control.
nNOSr (30 nM)-catalyzed L-[14C]citrulline production was
measured in the presence of increasing amounts of dMT. Fol-
lowing incubation of 150 �g of dMT with nNOSr plus all sub-

strates and cofactors, the correspondingDowex column eluates
displayed a significant increase (63%) in the 14C signal when
compared with the nNOSr signal in the absence of MT (Fig. 4,
4th and 5th bars). dMT at concentration �150 �g of protein
plus nNOSr caused a protein concentration-dependent
increase in the 14C signal (Fig. 4, 6th and 7th bars). Additional
control assays were performed with the following: (a) dMT
minus NADPH and (b) dMT plus L-thiocitrulline. The Dowex
eluates from these control assays were negative for a 14C signal
(data not shown). Results from assays containing nNOSr with
titrated amounts of dMT indicate that there is an nNOS-inde-
pendent but protein concentration-dependent increase in the
14C radioactive signal contained in the Dowex column eluates.
An important point to note is that this effect occurs even when
twice the normal amount of Dowex (2 ml) was used. One ml of
Dowex is normally used in our laboratory as well as in the liter-
ature. Furthermore, when all the substrates and co-factors,
minus nNOSr,MT,NADPH, andBH4 (C-Mix), were incubated
withMT, and then eluted from the Dowex columns, once again
a titratable increase in 14C signal was observed (Fig. 5, 2nd bar)
compared with the C-Mix alone samples (Fig. 5, 1st bar). This
signal (Fig. 5, 2nd bar) could not be inhibited by L-thiocitrulline
(800�M, Fig. 5, 3rd bar). Results fromFig. 5 clearly indicate that
this signal is observed even in the absence of NADPH and BH4
and is not because of a NOS-catalyzed reaction. Here, the con-
trol values from incubations containing all ingredients except
enzyme or MT were not subtracted from all data points (Fig. 5,
2nd and 3rd bars). To identify the source of the weak radioac-
tive signal emanating from the MT samples, we probed the
conversion assay eluates for amino acids, using HP-TLC (Fig.
6). L-[14C]Arginine to L-[14C]citrulline conversion assay eluates
of the respective samples (nNOSr (30 nM; Fig. 6, lane 1); nNOSr
� L-thiocitrulline (800 �M; lane 2); MT (150 �g; lane 3); and3 R. T. Miller, unpublished observations.

FIGURE 3. L-[14C]Citrulline production in the presence of NADPH-regen-
erating system. Measurement of the conversion of L-[14C]arginine to
L-[14C]citrulline was performed using an NADPH-regenerating system con-
taining glucose 6-phosphate (125 mM), NADP (12.5 mM), and 1 unit of glucose-
6-phosphate dehydrogenase. 1st bar, positive control, nNOSr (30 nM); 2nd bar,
MT (150 �g); 3rd bar, MT (150 �g) � nNOSr (30 nM). Values from control
incubations containing all ingredients except enzyme were subtracted from
all data points. Data were expressed as the mean � range of values, of exper-
imental data points from two independent experiments, each run in
duplicate.

FIGURE 4. L-[14C]Citrulline production assays containing nNOSr with
dMT. Measurement of the conversion of L-[14C]arginine to L-[14C]citrulline
was performed on various amounts of dMT in the presence of nNOSr (30 nM).
The incubates are as follows: 1st bar, dMT alone; 2nd bar, MIB alone; 3rd bar,
nNOSr � intact 150 �g of MT; 4th bar, nNOSr alone; 5th bar, nNOSr � 150 �g
of dMT; 6th bar, nNOSr � 280 �g of dMT; 7th bar, nNOSr � 560 �g of dMT.
Values from control incubation containing all ingredients except enzyme
were subtracted from all data points. Data were expressed as the mean �
range of values, of experimental data points from two independent experi-
ments, each run in duplicate.
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MT � L-thiocitrulline (lane 4)) and the non-Dowex-treated
C-Mix (lane 5) were acetone-precipitated and centrifuged, and
the supernatants were subjected to HP-TLC followed by auto-
radiography (Fig. 6). On the other hand, when C-Mix and the
L-[14C]arginine to L-[14C]citrulline conversion assay eluates of

theMT samples (Fig. 6, lanes 6 and 7, respectively) were applied
to Dowex columns, the eluates were vacuum-centrifuged and
then subjected to acetone precipitation (see under “Experi-
mental Procedures”). C-Mix, which contained L-[14C]arginine
minus nNOSr, was used as a positive control (Fig. 6, lane 5). In
Fig. 6, the nNOSr-containing sample was also used for valida-
tion of the assay. Both the reaction substrate (L-[14C]arginine)
and the product (L-[14C]citrulline) were present (Fig. 6, lane 1).
L-Thiocitrulline was included in the conversion assay as a neg-
ative control. Inhibition of nNOSr prevented L-[14C]citrulline
production by 98.5% (Fig. 6, lane 2). Results from MT samples
indicated no conversion of L-[14C]arginine to L-[14C]citrulline
(Fig. 6, lane 3), whereas the migration of authentic standard of
L-citrulline was detected by ninhydrin staining. When C-Mix
alone was passed through a Dowex column (Fig. 6, lane 6), the
positively charged L-[14C]arginine was completely bound to the
Dowex resin, and thus no L-[14C]arginine signalwas observed in
the eluates. Importantly, MT sample eluates that were passed
through Dowex (Fig. 6, lane 7) did not contain L-[14C]citrul-
line. Thus, results obtained from assays measuring the con-
version of L-[14C]arginine to L-[14C]citrulline confirmed that
the weak radioactive signal associated with MT samples did
not represent NOS-catalyzed L-citrulline production. Thus,
data from the activity assays conducted in the presence of
various amounts of protein validate one another and support
the contention that no NOS activity is observed in rat liver
mitochondria.
Immunochemical Analyses of MT using NOS and CaM

Antibodies—Immunochemical analyses were performed with
MT using rabbit polyclonal anti-nNOS and rabbit monoclonal

anti-eNOS antibodies. SDS-PAGE
and gel transfer onto nitrocellulose
membranes followed by Western
blotting were performed as de-
scribed (see under “Experimental
Procedures”).Western blot analyses
of MT (150 �g) using nNOS anti-
bodies were negative for any NOS
protein (nNOS/iNOS) (Fig. 7A).
Furthermore, no signal for any NOS
protein was observed in the control
tissue homogenate, confirming the
lack of cellular contaminants in
these preparations. However, when
30 ng of nNOSr was spiked into
control samples containing 150 �g
of MT, a clear signal could be
detected (Fig. 7A).
Western blot analyses, using a

highly specific eNOS antibody, also
failed to detect the eNOS isoform in
MT, whereas the positive control
containing 30 ng of eNOSr spiked in
150 �g of mitochondria could be
easily detected (Fig. 7B). Also, no
clear signal for eNOS was detected
in the control tissue homogenate.
Although the polyclonal nNOS

FIGURE 5. Control experiments using L-[14C]citrulline production assays.
Data were expressed as the mean � range of values, of experimental data
points from two independent experiments, each run in duplicate. Measure-
ment of the conversion of L-[14C]arginine to L-[14C]citrulline was performed
with all substrates and cofactors (L-arginine, CaCl2, CaM, L-[14C]arginine,
HEPES) (C-Mix) in the absence of NADPH and BH4. 1st bar, C-Mix; 2nd bar,
C-Mix � 150 �g of MT; 3rd bar, C-Mix � 150 �g of MT � 800 �M L-thiocitrulline
(denoted as TC). Incubates were eluted with a Dowex column, and scintilla-
tion counting was performed.

FIGURE 6. HP-TLC of the acetone-precipitated supernatants of L-[14C]arginine to L-[14C]citrulline conversion assay
eluates. Acetone-precipitated L-[14C]arginine to L-[14C]citrulline conversion assay eluates (lanes 1–7) and the stand-
ards, L-arginine and L-citrulline, were loaded on a plate coated with silica gel, and HP-TLC was performed and
developed as described (see “Experimental Procedures”). The lane pattern in HP-TLC was as follows: nNOSr, positive
control detecting L-[14C]arginine (substrate) and L-[14C]citrulline (product) (lane 1); nNOSr� L-thiocitrulline (denoted
as TC), negative control for NOS reaction showing no conversion of L-[14C]arginine to L-[14C]citrulline (lane 2); MT
included in the assay, no conversion of L-[14C]arginine to L-[14C]citrulline (lane 3); MT � TC included in the assay, no
conversion of L-[14C]arginine to L-[14C]citrulline (lane 4); C-Mix standard without MT or nNOSr, negative control for
L-[14C]citrulline (lane 5); C-Mix followed by Dowex chromatography, no L-[14C]arginine, no L-[14C]citrulline, and no
unidentified bands (lane 6); MT included in the assay followed by Dowex chromatography, no conversion of
L-[14C]arginine to L-[14C]citrulline. The migration of authentic standards of L-arginine and L-citrulline, as detected by
ninhydrin staining, is indicated on the right.

Absence of NOS in Rat Liver Mitochondria

19850 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 30 • JULY 24, 2009



antibody is 10-fold more specific toward detecting the nNOS
isoform, at lower dilutions it cross-reacts with other NOS iso-
forms, including iNOS.4 In contrast, the monoclonal eNOS
antibody is absolutely specific for detecting eNOS (58). Thus,
immunochemical analyses using NOS antibodies (with reactiv-
ities to nNOS, eNOS, and iNOS) were negative for any NOS
isoform in mitochondria. Additionally, Western blot analyses
using a rabbit monoclonal antibody to CaM were negative for
the presence of CaM inMT.However, the positive control sam-
ple containing 30 ng of CaM spiked into a sample of 150 �g of
MT could be easily detected (Fig. 7C).

DISCUSSION

This study describes carefully planned and executed studies
and presents solid experimental evidence, using several inde-
pendent but complementary assays, to refute the claims for the
presence of any NOS isoform residing in mitochondria. Highly
purified rat liver mitochondria were obtained, and to our
knowledge we are the first group to have performed repeated

differential centrifugation steps as well as a Percoll gradient
purification to obtain this level of mitochondrial purity. These
ultrapure mitochondria were then used to determine the pres-
ence or absence of any NOS isoform residing in or on mito-
chondria. The Percoll gradient purification procedure was
demonstrated by Brown et al. (47) to produce pure mitochon-
drial preparations devoid of contamination by other organelles.
We took painstaking measures to avoid contamination and to
obtain pure rat liver mitochondria as follows: for example, use
of an ice-jacketed tube during homogenization; avoidance of
detergents for washing glassware, centrifuge tubes, and all
other containers; removal of the fatty layer floating above the
supernatant of the various spins; and avoidance ofMg2� inMIB
to prevent Mg2� from inhibiting any putative mtNOS activity,
as suggested previously (59).
Western blot analyses using mitochondrial and nonmito-

chondrial markers were used to estimate mitochondrial purity.
In addition, results from LTQ-MS analyses revealed that MT
contained abundant mitochondrial proteins but only 0.006%
cytosolic proteins and zero lysosomal proteins (supplemental 1
and 2).4 B. S. Masters, personal communication.

FIGURE 7. Immunochemical analyses of MT using NOS and CaM antibodies. Proteins were separated with SDS-polyacrylamide gel under the conditions
described under “Experimental Procedures.” 8 �l of protein prestained standard (Bio-Rad) was loaded (1st lane). Western blots were performed with the
following. A, rabbit nNOS antibody. The positive control was 30 ng of NOSr spiked in 150 �g of MT (lane 2). B, rabbit monoclonal eNOS antibody. The positive
control was 30 ng of eNOSr spiked in 150 �g of MT (2nd lane). The immunocomplexes of A and B were developed by alkaline phosphatase reaction using
5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium substrate. MT lane, run on the same gel as other fractions, was cropped and pasted along with
other fractions after removing intervening lanes. C, rabbit CaM antibody. The positive control was 30 ng of CaM spiked in 150 �g of MT (2nd lane). The
immunocomplexes were developed by HRP conjugate using a chemiluminescence substrate (Pierce), and MT denotes 150 �g of purified mitochondria (3rd
lane).
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We focused on designing experiments to confirm or refute
the presence of a mtNOS. We began by using a logical step-
wise approach, namely the use of nano-HPLC-coupled
LTQ-MS utilizing a nanospray source. MS analyses of whole
MTdid not produce data in support of the presence of anyNOS
isoform inMT (supplemental 1). To investigate further, we pre-
pared SMP from sonicated whole MT. The SMP and the solu-
bilized pellet were applied to a small column of 2�,5�-ADP-
Sepharose 4B affinity resin. This affinity purification step
enriched the SMP and the solubilized pellet fractions with
NAD(P)H-binding proteins. The eluted proteins were pro-
cessed and analyzed using LTQ-MS. Even by including this
enrichment step, we failed to detect any NOS isoform in the
SMP (supplemental 2) or the pellet (data not shown). So that we
did not miss anything, samples of the flow-through from both
SMP and the solubilized pellet obtained during affinity purifi-
cationwere tested, and LTQ-MS failed to detect the presence of
a NOS protein in these flow-through fractions (data not
shown). Collectively and without exception, thorough exami-
nation of all MT fractions was, in every instance, negative for
the presence of any NOS isoform. Importantly, nNOSr,
which was spiked into randomMT samples and processed in
parallel with the other samples, could be detected at absolute
levels of �50 fmol (supplemental 3). These positive controls
confirmed that the chosen analytical methodology, LTQ-
MS, possessed more than adequate sensitivity to detect NOS
protein, if present.
We then used various other complementary biochemical

techniques to test for the presence ofNOS inmitochondria. For
enzyme activity, L-[14C]citrulline production assays (and not
the L-[3H]citrulline production assay)were performedwithMT
samples. The conversion of L-[14C]arginine to L-[14C]citrulline
was used because it provides a more stable signal with little
chance of isotope exchange, thus decreasing apparent false-
positives because of tritium exchange with water in an aqueous
environment. At lower concentrations, L-thiocitrulline is selec-
tive for inhibiting nNOS, but at higher concentrations (800
�M), it becomes a nonspecific inhibitor to all NOS isoforms.
The background radioactive signal observed withMT samples,
which could not be inhibited using L-thiocitrulline (Fig. 2A),
was also observed using L-NNA, a widely used and nonspecific
NOS inhibitor (data not shown).However, control experiments
using dMT (Fig. 4) as well as comparison of radioactive signals
of C-Mix, MT, and MT plus L-thiocitrulline (Fig. 5) clearly
demonstrated that the radioactive signal was not a NOS-cata-
lyzed product.
Results from HP-TLC of the acetone-precipitated

L-[14C]arginine to L-[14C]citrulline conversion assay eluates of
MT clearly indicated that there is no NOS-catalyzed
L-[14C]citrulline production emanating from MT (Fig. 6, lane
7). However, a fuzzy band was seen at the topmost region of all
the HP-TLC lanes that contained MT sample eluates (Fig. 6,
lanes 3, 5, and 7), and this signal could not be inhibited by
L-thiocitrulline (lane 4). Currently, studies are underway to
identify this radioactive signal. Preliminary results using urease
indicate that the fuzzy band is because of arginase-produced
urea. Thus, results from NOS activity assays showed that the
weak radioactive signal observed in the L-[14C]arginine to

L-[14C]citrulline conversion assays, which contained MT, did
not represent NOS-catalyzed L-citrulline formation. Collec-
tively, our data demonstrate that there is no NOS-catalyzed
conversion of L-[14C]arginine to L-[14C]citrulline with MT
samples.
Earlier studies separately reported the presence of each NOS

isoform within mitochondria (24–30). Several authors found
immunoreactivity toward eNOS in the inner mitochondrial
membrane (26, 27, 31, 60), although some of those studies were
not validated with confirmatory experiments using alternative
methods. In some cases, the commercially obtained antibodies
have since been shown to be somewhat nonspecific depending
on the source. For example, Giulivi and co-workers (29, 61)
used iNOS and nNOS antibodies to detect a 130-kDa mito-
chondrial protein, using protein mass fingerprinting, which
they later claimed to be nNOS�. However, Lacza et al. (42) have
identified the same 130-kDa protein in nNOS� knock-outmice
using the same antibodies from the same source as the Giulivi
and co-workers (29, 61).We performed immunochemical anal-
yses by using NOS antibodies that had been well characterized
for Western blotting and proven specific (58).5 Unlike the data
presentation methods of many groups, which consisted of
croppedWestern blots, we present the full immunoblot images
showing that the nNOS and eNOS antibodies were unable to
detect any sign ofNOS inmitochondria. On the other hand, the
positive controls, nNOSr and eNOSr, when spiked into mito-
chondrial samples, at levels as low as 30 ng, could be easily
detected (Fig. 7, A and B). The eNOS antibody displayed abso-
lute specificity for eNOS alone and no cross-reactivity with the
other isoforms (58). At higher dilutions, the nNOS antibody is
�10-fold more specific toward the nNOS isoform. At lower
dilutions, it can cross-react with other isoforms (eNOS and
iNOS) as well. Therefore, detection of the three main NOS iso-
forms was provided for by the nNOS and eNOS antibodies.
Also, the protein CaM, required for NOS activity, was not
detected by Western analyses of MT (Fig. 7C).
Many of the papers supporting the existence of a mtNOS

have used the “oxyhemoglobin conversion to methemoglobin”
or “oxymyoglobin conversion to metmyoglobin” assays for
measuring NO� production and thus NOS activity. We con-
ducted oxyhemoglobin conversion assays for demonstration
and comparison purposes to demonstrate to the reader that this
is a useless assay in systems where other free radicals are being
produced. The oxymyogobin assay was avoided on purpose, as
the extinction coefficient of oxymyoglobin (581–592 nm; 11.6
mM�1 cm�1) (28) is much lower, and thus much less sensitive,
than that of oxyhemoglobin measured at 401 nm (59.9 mM�1

cm�1) (57). Because hemoglobin ormyoglobin cannot enter the
mitochondrial matrix, and because of the considerable back-
ground present from the high light absorption and thus cloud-
iness of mitochondrial suspensions, we used mildly sonicated
MT with the oxyhemoglobin capture assay as suggested previ-
ously by Ghafourifar (62). Mildly sonicated MTs (50 and 500
�g) along with SOD and CAT (50 units each) were prepared,
and the assays were performed as described previously (57) (see

5 P. Martasek and B. S. Masters, personal communication.

Absence of NOS in Rat Liver Mitochondria

19852 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 30 • JULY 24, 2009

http://www.jbc.org/cgi/content/full/M109.003301/DC1
http://www.jbc.org/cgi/content/full/M109.003301/DC1


under “Experimental Procedures”). Theoretically, this reaction
should produce a consistent positive rate in the presence of
NOS alone. Results with mildly sonicated MT clearly showed a
negative rate for the reaction, which became more negative
with increasing amounts of mildly sonicated MT (50 and 500
�g) (Fig. 8). The slope of the hemoglobin capture assay is nor-
mally positive when a flux of NO� is present and can go negative
when a flux of O2

. and/or H2O2 is present (data not shown).3
These results indicate that O2

. and/or H2O2, generated by the
mildly sonicated MT, interfered with the NO� trapping assays.
This effect was evident regardless of any low level NO� fluxes
that may have been present. Assays performed using mildly
sonicated MT in the absence of SOD and CAT produced even
more negative rates than assays conducted in the presence of
SOD and CAT (data not shown). When the amounts of SOD
and CATwere tripled (150 units each), there was no significant
change in the negative slope of the reaction (data not shown).
Upon spiking nNOSr (5 nM) into themildly sonicatedMT sam-
ples, the slope of the line for the oxyhemoglobin capture assay
shifted to the positive direction indicatingNO� production (Fig.
8). It should be of note that use of excessive amounts (1000
units/ml) of SOD with the mildly sonicated MT, as suggested
previously (59), may totally dysregulate the mitochondrial
enzyme systems and may result in interference with protein
structure and functions. Any effect observed with such high
levels of SOD in techniques such as amperometry would likely
be due to dissociated redox-active metal or some nonspecific
protein effect. Therefore, by using the oxyhemoglobin capture
assay, production of NO� by SMPs could not be confirmed in
this laboratory because of interference by oxygen radicals. The
inability of SOD and/or catalase to completely scavenge these

reactive oxygen species makes this assay useless for detecting
NO� production in thismodel. These data support the results of
Tay et al. (36), who also could not detect NO� using the oxy-
myoglobin capture assay.
Electrochemical techniques have been performed by many

investigators in attempts to detect NO� production by mito-
chondria. Results published by Kanai et al. (32) and Schild et al.
(63) usingmouse heart and rat livermitochondria, respectively,
could not be reproduced by the Lacza et al. (34) or Tay et al.
(36). This laboratory also failed to detect NO� production by
sonicatedMT (150 �g) using a NO� analyzer (Apollo 4000 NO�

analyzer). However, the electrode readily detectedNO� flux by a
positive control consisting of 2.5 nM nNOSr-spiked mitochon-
dria samples or by S-nitrosopenicillamine (250 nM) (data not
shown). The fact that we could not detect extremely low levels
of NO� production when using the NO�-specific electrode
appears to be a sensitivity problem with the method. Further-
more, this method is susceptible to false-positive signals, espe-
cially when attempting to detect low levels of NO�, because of
the ubiquitous presence of nitrite in buffers and other assay
components. However, using the tried-and-true radioactive
conversion of L-[14C]arginine to L-[14C]citrulline, our limit of
detection for L-citrulline was �14.2 pmol/min per 1 pmol of
nNOSr, the minimal amount that can produce easily measura-
ble L-citrulline productionusing our criteria, whichwas that the
signal must be �9 times the value of the standard deviation of
the control triplicates. Although there are many other proteins
in mitochondria, the MS and immunochemical analyses failed
to detect the presence of CaM, a protein that is absolutely
required for NOS function (supplemental 1 and 2).

NOS in endothelial cells can provide NO� levels at less than
nanomolar concentrations over a sustained period of time, and
these subnanomolar concentrations do have any effect. The
lifetime of NO� at these concentrations is on the order of sec-
onds, thus allowing NO� more than ample opportunity to find,
and bind, its specific target guanylate cyclase. However, in con-
trast toMT, endothelial cells have sensitive and specific targets
for NO� to bind and propagate its message and do not support
the high concentrations of O2

. found in and around mitochon-
dria. High concentrations of O2

. dramatically shorten the life-
time ofNO� by reactingwithNO� to formperoxynitrite, the role
of which, inmitochondria, is still unclear. It is without question
that sensitive targets do exist in MT, such as aconitase (64).
However, the possibility of specific, regulatory, or signal trans-
duction targets for NO� existing inMT is still an open question.
On the other hand, there may be circumstances whereby

translocation of NOS into mitochondria could occur, and this
possibility cannot be ruled out. However, to our knowledge, at
the present time, there is no evidence or precedence for trans-
location of NOS into mitochondria.
The question of whether or not NOS, and thus NO� produc-

tion, is localized inside or outside the mitochondria is all about
biological significance. NO� produced at, or near, its site of
actionwithinmitochondriawould not have far to travel to exert
its effect(s) and could be easily accepted as playing a role in
mitochondrial energy regulation. NO� is freely diffusible across
membranes and, for the sake of argument, would not have to be
generated by an intra-mitochondrial NOS. However, the bio-

FIGURE 8. Oxyhemoglobin capture assay with mildly sonicated MT. Mildly
sonicated MT (50 and 500 �g) along with SOD and CAT (50 units each) were
incubated, and the assays were performed as mentioned (57). The rate of
absorbance of mildly sonicated MT (50 and 500 �g) was negative in slope.
When nNOSr (5 pmol) were spiked, the curves shifted positive.
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logical significance of NO� produced outside the mitochondria
becomes an issue of distance if one considers the diffusion-
limited reaction rate between NO� and O2

. (65). Even though
NO� is able to freely diffuse through most, if not all, biological
membranes, the issue of NO� being freely diffusible encounters
a problem when mitochondria are involved. NO�, diffusing
across the plasma membrane or membrane(s) of other cellular
organelles, does not encounter the onslaught of O2

. as happens
when NO� approaches and then diffuses across the outer mito-
chondrial membrane and into mitochondria. It has been esti-
mated that under certain in vitro conditions, mitochondria can
leak up to 2% of the electrons moving down the electron trans-
port chain (66). Therefore, theNO� approaching themitochon-
driawould encounter a gradient of increasing concentrations of
O2
. the closer it came to the outer mitochondrial membrane.

Thus, regulation of mitochondrial energy production by NO�

generated outside the mitochondria would be an unreliable
mechanism of regulation uponwhich the cell could not depend
formillisecond-to-millisecond control of energy supplies. Con-
sidering carefully conducted studies with aconitase showing
that inactivation by either NO� solutions or NO�-producing
NONOates under anaerobic conditions is seen for both iso-
forms (mitochondrial and cytosolic aconitase). This inactiva-
tion, which occurs in the presence or absence of substrate, is
accompanied by the appearance of a protein-bound dinitrosyl-
iron-dithiol complex in the d7 state (64). We contend that the
production of O2

. by mitochondria may be a protective mecha-
nism that mitochondria use to guard against the possibility of
decreased energy production that could occur at the hands of
NO� interacting with critical iron and iron/sulfur-containing
enzymes of the electron transport chain such as aconitase.
The existence of NOS within mitochondria has been ques-

tioned for the past 10 years or more. This situation may be due
to the following: 1) differences in the purity of the mitochon-
drial preparations used among groups; 2) failure to confirm
results with complementary techniques; 3) lack of use of appro-
priate controls; as well as 4) poor reliability and reproducibility
of certain techniques as suggested by Brookes (33). Isolation of
the purest mitochondria possible is absolutely necessary if
groups are to determine with any certainty whether there is a
NOS isoform within mitochondria. Although Lacza et al. (34,
35) initially identified eNOS in mitochondria, their subsequent
studies conducted with brain, heart, and liver mitochondria
from mice, rats, and pigs under stringent conditions did not
support their original observations (31). We performed exper-
iments under stringently controlled conditions to isolate,
purify, and analyzemitochondriawith appropriate controls and
markers using a variety of complementary yet independent
techniques. Results obtained, using LTQ-MS analyses comple-
mented by other techniques, such as the L-[14C]arginine to
L-[14C]citrulline conversion assay as well as immunochemical
analyses, collectively and individually refute the claim that any
NOS isoform resides within rat liver mitochondria. However,
our studies and conclusions pertain only to rat liver.We do not
say that our results are all inclusive or that they pertain to every
organ, tissue, cell type, or species. The issue of NOS in mito-
chondria from other organs or other species is still an open
issue.
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40. López-Figueroa, M. O., Caamaño, C., Morano, M. I., Rønn, L. C., Akil, H.,
and Watson, S. J. (2000) Biochem. Biophys. Res. Commun. 272, 129–133
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