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Abstract
Previously, in tightly controlled studies, using three independent, yet complementary techniques, we
refuted the claim that a mitochondrial nitric oxide synthase (mtNOS) isoform exists within pure, rat
liver mitochondria (MT). Of those techniques, the NOS-catalyzed [14C]-L-arginine to [14C]-L-
citrulline conversion assay (NOS assay) with MT samples indicated a weak, radioactive signal that
was NOS-independent [1]. Aliquots of samples from the NOS assays were then extracted with
acetone, separated by high performance thin-layer chromatography (HPTLC) and exposed to
autoradiography. Results obtained from these samples showed no radioactive band for L-citrulline.
However, a fast-migrating, diffuse, radioactive band was observed in the TLC lanes loaded with MT
samples. In this manuscript, we identify and confirm that this radioactive signal in MT samples is
due to the arginase-catalyzed conversion of [14C]-L-arginine to [14C]-urea. The current results, in
addition to reconfirming the absence of NOS activity in rat liver MT, also show the need to include
arginase inhibitors in studies using MT samples in order to avoid confounding results when using
NOS activity assays. (Supported by ES 011982 & 2G12RR008124 to RTM & UTEP, respectively).
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Introduction
Nitric Oxide (NO•) is a highly diffusible, hydrophobic gaseous free radical [2] that influences
biological functions such as blood pressure, platelet aggregation/adhesion, neurotransmission
as well as cellular defense [3;4;5;6;7;8;9]. Physiologically, NO• is produced by three main
isoforms of NOS: neuronal (nNOS), endothelial (eNOS) and inducible (iNOS) [5;10;11;12].
In addition, data exist both for and against the existence of a mitochondrial NOS isoform,
mtNOS. Many research groups, using a variety of approaches, have attempted to establish the
existence of mtNOS in rats as well as in different species and organs [13;14;15;16;17;18;19;
20] as well as in different organs [13;14;15;16;17;19;21;22;23]. However, no disputable
evidence exists in order to resolve this controversy. In 2004, Brookes [24] published a critical
review pointing out the errors in methodologies, sample preparation, as well as the
inappropriate controls used in reports from the mtNOS literature. Subsequently, Lacza et al.
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[25] discussed the shortcomings of the most commonly used techniques used for detection of
the putative mtNOS activity.

Taking into consideration the insights provided by those authors, we initiated studies whereby
pure mitochondria were isolated from rat liver, by repeated differential centrifugation and
followed by Percoll-gradient purification. Using proteomic analysis with electrospray
ionization linear ion-trap mass spectrometry (ESI-LIT-MS), radioactive [14C]-L-arginine to
[14C]-L-citrulline conversion assays as well as immunochemical analyses, no NOS isoform
could be detected in sequentially purified rat liver MT [1]. Interestingly, using the [14C]-L-
arginine to [14C]-L-citrulline conversion assays, incorporating purified MT, a radioactive
signal that could not be quenched by the NOS inhibitors, L- thiocitrulline or nitro-L-arginine
(L-NNA), was observed. HPTLC analyses, followed by autoradiography of the acetone-
extracted MT sample eluates from the L-arginine to L-citrulline conversion assay, confirmed
that the signal was not due to L-citrulline. In this study, experiments were performed to isolate
and identify the confounding and unidentified radioactive signal that appears in HPTLC lanes
loaded with MT samples.

Materials and Methods
Chemicals and Biochemicals

4-(2-hydroxyethyl)-1 piperazineethanesulfonic acid (HEPES), L-arginine·HCl, CaCl2·4H2O,
bovine brain calmodulin (CaM), (6R)-5,6,7,8-tetrahydro-L-biopterin (BH4), NADPH, L-
citrulline, ethylene diamine tetraacetic acid (EDTA), ethylene glycol tetraacetic acid (EGTA),
sucrose, mannitol, acetone, N-hydroxy-L-arginine and L-thiocitrulline were purchased from
Sigma (St. Louis, MO). Dowex 50WX8 was obtained from Supelco (Bellefonte, PA). Percoll
was obtained from GE Healthcare (Uppsala, Sweden). Complete protease inhibitor cocktail
tablets were purchased from Roche (Mannheim, Germany). All other chemicals and reagents
were from common commercial suppliers and were of the highest grade commercially
available.

Enzymes
Recombinant nNOS (nNOSr) was over-expressed in E. coli and purified according to
established methodology [26]. Urease was obtained from Sigma (St. Louis, MO). One unit of
urease activity corresponds to the amount of enzyme which hydrolyzes 1 μmol urea per minute
at pH 8.0 and 25 °C.

Animals
All experimental protocols involving animals were approved by University of Texas at El Paso
Institutional Animal Care and Use Committee (IACUC). Male Sprague-Dawley (SD) rats
(250–300 g; ~ 3 months of age) were obtained from Harlan (Houston, TX) and used in all
studies.

Preparation of Mitochondria
Initially, 2–4 rats were euthanized and entire livers were excised and immersed in ice-cold
mitochondrial isolation buffer (MIB) containing 215 mM mannitol, 75 mM sucrose, 1 mM
EGTA, 20 mM HEPES/KOH, pH 7.2. In addition, a complete protease-inhibitor cocktail
containing serine- and cysteine- protease inhibitors was included in the isolation buffer. 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. After
decanting the last wash, 6–8 ml of ice-cold MIB was added to the washed and minced tissue.
The minced tissue sample was placed in a glass dounce homogenizer in portions. The apparatus
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was immersed in ice and a variable speed homogenizer (Glas-Col, Terre Haute, IN) was used
to gently homogenize the tissue, using a loose-fitting Teflon pestle (6 strokes at 250 rpm).
Following homogenization, pure mitochondria (MT) were obtained by repeated differential
centrifugation followed by Percoll gradient purification as previously described [1]. The
protein concentrations of MT samples were measured using the Bradford protein assay [27]
with bovine serum albumin as a standard. MT samples in MIB were frozen using dimethyl
sulfoxide (DMSO) 10% (v/v). MT were cooled at a uniform rate of ~ 1 °C/min. Frozen MT
samples were then stored at −80 °C and thawed [28] as needed.

Assay for NOS Activity
The conversion of [14C]-L-arginine to [14C]-L-citrulline (NOS assay) was used to estimate
NOS activity [29]. Reaction mixtures consisted of 50 mM HEPES (pH 7.6), 400 μM NADPH,
400 μM CaCl2, 5 μM BH4, 20 μM L-arginine containing 0.5 μCi/ml [14C]-L-arginine, and a
1.5-fold molar excess of CaM to nNOS (based on the positive control) in a total volume of
0.25 mL [30]. MT (150 μg) were included in all assays, unless otherwise stated. The potent
nNOS inhibitor, L-thiocitrulline (800 μM) was used for inhibition of NOS activity. At this
concentration, L-thiocitrulline will inhibit all NOS isoforms (data not shown). In other assays,
the arginase inhibitor, N-hydroxy-L-arginine (40 μM), was pre-incubated with MT samples for
10 min before initiating the reactions. Reactions measuring either NOS activity or arginase
activity were run for 10 min at 23°C. Reaction mixtures were quenched with an ice-cold stop
solution containing 1 mM L-citrulline, 10 mM EDTA and 100 mM HEPES, pH 5.5. Eluates
were then applied to 2-mL Dowex columns and [14C]-L-citrulline was eluted with two x 1-mL
portions of water. The Dowex resin effectively eliminates the [14C]-L-arginine signal. Control
experiments were performed as mentioned above but were not passed through Dowex columns.
Except for the use of Dowex columns, the control samples were processed in the exact fashion
as the experimental samples. Samples or aliquots of the eluates from the experimental and
control incubations were then processed further.

High Performance-Thin Layer Chromatography Analyses of Amino Acids in MT
Aliquots of Dowex-treated (Dowex (+)) and Dowex untreated (Dowex (−)) reaction mixtures
from the NOS assay were extracted with 80 % acetone. The precipitation of the proteins was
enhanced with a freeze-thaw cycle (−80°C for 36 hrs). The precipitated and resuspended
protein pellets were removed by centrifugation at 16,000 × g for 20 min in an Eppendorf table-
top microcentrifuge at 4°C. Control experiments were performed to determine possible loss of
radioactivity due to non-specific sequestration or binding within, or to, the MT protein pellet
as described previously [1]. Results from control experiments indicated that there was
negligible (0.01%) loss of radioactivity remaining in the pellet (data not shown). The
supernatants from the 16000 × g spins, containing the amino acids and other products, were
individually collected and dried under a gentle stream of nitrogen. The dried samples of
supernatant were then dissolved in 100 μl methanol:water (2:1, v/v). Aliquots of the MT sample
eluates were then incubated for 10 min with urease (0.05 U). HPTLC was performed in a glass
tank using standard methodology. Aliquots (10 μl) of each individual MT sample were loaded
on to HPTLC silica 60 plates (EMB chemicals). Samples (Dowex +/−) were loaded on separate
TLC plates. Ten microliters of 2 mg/ml L-arginine, L-ornithine or L-citrulline were used as
standards. A solution consisting of Butanol:acetic acid:water (60:20:20, v/v/v) was used as the
mobile phase for TLC. The plates were developed with a 2 % ninhydrin solution (in acetone)
and then placed on a hot plate (Model # PC-351, Corning; medium setting) for 1 min. After
the visualization, non-radioactive L-arginine, L-citrulline and L-ornithine standard bands, the
plates were exposed to X-ray film (Kodak) for 4.5 days (108 hrs).
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Results and Discussion
Arginase-dependent signal in sample eluates of MT

[14C]-L-arginine to [14C]-L-citrulline conversion assay samples (Dowex (+) and Dowex (−))
were extracted with acetone and subjected to HPTLC as described (Vide Infra). The products
from both Dowex (+) and Dowex (−) samples were loaded exactly as in the HPTLC and both
plates were analyzed in parallel for comparison. Samples (Dowex (+) and Dowex (−)) were
loaded as follows: control (all ingredients except nNOSr and MT (lane 1)); nNOSr (30 nM;
lane 2); nNOSr + L-thiocitrulline (800 μM; lane 3); MT (150 μg; lane 4); MT+ L-thiocitrulline
(lane 5); denatured MT (dMT; 150 μg; lane 6); MT plus N-hydroxy L-arginine (N-OH L-arg;
40 μM; lane 7); nNOSr plus N-hydroxy L-arginine (N-OH L-arg; 40 μM; lane 8); N-hydroxy
L-arginine (N-OH L-arg; lane 9). The standard, nonradioactive, samples, L-arginine, L-
citrulline and L-ornithine were run along and used for comparison. The Dowex (+) control
eluate containing all NOS substrates and cofactors but excluding nNOSr and MT (lane 1, Fig.
1) clearly showed that the positively charged [14C]-L-arginine remained bound to the Dowex
resin, thus, no [14C]-L-arginine signal was observed. On the other hand, the Dowex (−) control
eluates clearly display an L-arginine band (lane 1, Fig. 2).

nNOSr-containing samples were used as controls for validation of the assay. The product
([14C]-L-citrulline) was present in the Dowex (+) eluates (lane 2,Fig. 1) whereas, both the
reaction substrate ([14C]-L-arginine) as well as the product ([14C]-L-citrulline) were present
in the Dowex (−) samples (lane 2, Fig. 2). For NOS inhibition studies, high concentrations of
L-thiocitrulline (800 μM; TC) [31] were included in the conversion assays as negative controls.
Inhibition of NOS using L-thiocitrulline prevented [14C]-L-citrulline production (lane 3,Figs.
1 and 2). Results from Dowex (−) and Dowex (+) MT sample eluates indicated no conversion
of [14C]-L-arginine to [14C]-L-citrulline (lane 4,Figs. 1 and 2). These results were in stark
contrast to the clear band from the positive control (Figs. 1 and 2) that contained L-citrulline.
These results support findings from our previous studies [1], that the radioactive signal
associated with MT samples does not represent NOS-catalyzed L-citrulline production.

In the lanes containing the MT samples (Dowex (+) and Dowex (−)), a fast-migrating diffuse
band was observed (lane 4, Figs. 1 and 2) and this signal could not be inhibited by L-
thiocitrulline (lane 5, *, Figs. 1 and 2). When denatured MT (dMT) were used (100°C, 10 min)
in place of functional MT, the diffuse band did not appear, indicating that the signal was not
due to the protein effect previously described [1] but due to the presence of enzymes from
functional mitochondria (lane 6, Figs. 1 and 2). In order to identify the source of the weak
radioactive signal emanating from the pure rat liver MT sample, N-hydroxy-L-arginine (40
μM), was added to the processed MT samples (Dowex (+) and Dowex (−)). Interestingly, the
fuzzy band present in both the Dowex (+) and Dowex (−) MT samples disappeared completely
in the presence of N-hydroxy-L-arginine (lane 7, Figs. 1 and 2). Control samples, wherein N-
hydroxy-L-arginine (40 μM) was incubated with nNOSr and its substrates, allowed [14C]-L-
citrulline formation in both Dowex (+) and Dowex (−) samples. On the other hand, when N-
hydroxy-L-arginine was incubated with substrates and cofactors without nNOSr, no [14C]-L-
citrulline formation was observed. Interestingly, most of the lower bands seen in the Dowex
(+) and Dowex (−) samples of MT eluates matched the positive control bands produced by L-
ornithine (lanes 4 and 5, Figs. 1 and 2) which appears slightly lower in the lane relative to the
L-arginine band.

At this point, we speculated that the diffuse radioactive band was due to the arginase-catalyzed
production of urea. In order to test this hypothesis, the TLC plates were sprayed with a
visualization solution consisting of 5% aqueous sodium nitroprusside, 10% aqueous sodium
hydroxide and 3% aqueous hydrogen peroxide (2:1:5, v/v/v) diluted 1:15 with water. However,
the plates turned completely purple spontaneously, clearly indicating a false positive signal.
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This detection technique was not specific to detecting urea in MT samples and thus, conclusive
evidence was not obtained (data not shown). Efforts made to carbonize the plates (using sulfuric
acid) did not result in visualization of any band (data not shown). However, when the [14C]-
L-arginine to [14C]-L-citrulline conversion assay mixtures, containing MT were treated with
urease (50 mU), the diffuse band completely disappeared (lane 3, Fig. 3). This result was in
stark contrast to lanes containing assay eluates of MT alone (lane 2, Fig. 3). Thus, our results
strongly indicate that the diffuse radioactive band of the Dowex (+) MT sample eluates was
attributable to urea.

Most groups performing radioactive assays for determination of NOS activity in MT use 3H-
L-arginine. We used 14C-L-arginine to measure NOS activity because it provides a more stable
signal with little chance of isotope exchange, thus decreasing apparent false-positive results
due to tritium exchange with water in an aqueous environment. The [14C]-L-arginine used in
the conversion assays was radiolabeled at the ureido carbon. We used L-[Ureido-14C]-arginine
(and not the arginine labeled at the guanidino carbon) in order to avoid any interference arising
from arginase activity. Interference was decreased because only 17% (one-sixth) of the labeled
carbon atoms are converted to urea [32]. Despite this precaution, we still observed an arginase-
dependent conversion of [ureido-14C]-L-arginine to 14C urea and L-ornithine, which was
dependent on the presence of MT. Although the arginase-catalyzed reaction produced L-
ornithine and urea as products from the substrate L-arginine, the NOS reaction proceeds much
faster than the arginase-catalyzed reaction due to the increased affinity of NOS (Km = 2–10
μM) for the substrate, L-arginine. This affinity is apparent when the Km (8–10 mM) of arginase
for L-arginine is compared to that of NOS (Scheme 1). Possible explanations for detecting this
reaction could be that rat liver MT contains enormous amounts of arginase [33;34;35]. Indeed,
arginase 1 was already shown to be present in highly pure mitochodrium preparations by large-
scale proteomic analysis [1;36].

Lacza et al. [37] also showed a radioactive signal produced by mouse liver MT using the 14C
radioactive conversion assay eluates that were passed through 0.5 ml Dowex 50 resin. Also,
they observed a significant radioactive signal in liver mitochondria of nNOS- and eNOS-
knockout mice as well as in iNOS inhibitor-treated mitochondria. It is to be noted that the Lacza
group incubated samples of mitochondria with 1 mM L-ornithine, an arginase inhibitor, yet
still were able to observe a weak radioactive signal. However, our studies using the arginase
inhibitor, N-hydroxy-L-arginine (40 μM), clearly inhibited the formation of the radioactive
band visualized in HPTLC assays. On the other hand, the radioactive signal observed by Lacza
group could also not be quenched using the NOS inhibitor, N-nitro-L-arginine methyl esther
(100 μM), clearly indicating that the signal was not NOS-dependent. Attempts to inhibit
arginase by use of arginase inhibitors in the MT samples during the NOS activity assays, and/
or actual removal of arginase using KCl washes during MT preparation have been suggested
previously [19;37;38;39]. Nevertheless, most groups studying mtNOS activity (using either
the 14C or 3H labeled L-arginine assay) do not make an effort to inhibit arginase. Results from
the present studies indicate that it is necessary to add arginase inhibitors when assaying MT
samples, in order to eliminate the arginase-dependent signal which is due to formation of
radiolabeled urea.

Conclusion
The question of whether there is NOS in mitochondria remains unresolved for several reasons.
Poor reproducibility of data, inconsistent purity of mitochondria preparations, use of
inappropriate controls and lack of use of complementary and confirmatory techniques are some
of the factors that have caused inconsistency in determining whether there is a NOS or not in
mitochondria. Our previous studies refuted the presence of any NOS in mitochondria and
substantiated our claims using complementary yet independent techniques including the
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radioactive NOS assay [1]. However, the reason(s) behind the NOS-independent, weak
radioactive signal appearing in NOS activity assays must be recognized as a confounding factor
when determining mtNOS activity. Using amino-acid HPTLC analyses with sample eluates
from the radioactive L-arginine to L-citrulline assay, the radioactive signal present in rat liver
MT eluate samples was shown to be due to the arginase-dependent conversion of [14C]-L-
arginine to 14C-urea. The studies described within this report, and thus any conclusions, pertain
only to rat liver. The issues of NOS in mitochondria from other organs, or for that matter, other
species, are still unresolved.
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Fig. 1. HPTLC analysis of the acetone-extracted products from the [14C]-L-arginine to [14C]-L-
citrulline conversion assay
Acetone-extracted products that were not passed through Dowex and the standards, L-arginine,
L-citrulline and L-ornithine were separated by HPTLC in silica-60 gel plates and developed as
described in Materials and Methods. Each sample contained all necessary substrates and
cofactors for NOS activity. Samples were loaded in the following order: 1) No nNOSr/MT
(negative control, Con); 2) nNOSr (30 nM); 3) nNOSr + L-thiocitrulline (800 μM; denoted as
TC); 4) MT (150 μg); 5) MT (150 μg)+ L-thiocitrulline; 6) denatured MT (dMT; 150 μg); 7)
MT (150 μg) + N-OH-L-arginine (40 μM); 8) nNOSr (30 nM) + N-OH-L-arginine (40 μM);
9) N-OH-L-arginine (40 μM). The migration of authentic standards of L-arginine, L-citrulline
and L-ornithine, as detected by ninhydrin staining, is indicated on the right. *, unidentified
compound.
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Fig. 2. HPTLC analysis of the acetone-extracted products from the [14C]-L-arginine to [14C]-L-
citrulline conversion assay
Acetone-extracted products that were passed through Dowex columns and the standards, L-
arginine, L-citrulline and L-ornithine were separated by HPTLC in silica-60 gel plates and
developed as described in Materials and Methods. Each sample contained all necessary
substrates and cofactors for NOS activity. Samples were loaded in the following order: 1) No
nNOSr/MT (negative control, Con) ; 2) nNOSr (30 nM); 3) nNOSr + L-thiocitrulline (800
μM; denoted as TC); 4) MT (150 μg); 5) MT (150 μg)+ L-thiocitrulline; 6) denatured MT
(dMT; 150 μg); 7) MT (150 μg) + N-OH-L-arginine (40 μM); 8) nNOSr (30 nM) + N-OH-L-
arginine (40 μM); 9) N-OH-L-arginine (40 μM). The migration of authentic standards of L-
arginine, L-citrulline and L-ornithine, as detected by ninhydrin staining, is indicated on the
right. *, unidentified compound.
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Fig. 3. HPTLC analysis of acetone-extracted products from the [14C]-L-arginine to [14C]-L-
citrulline conversion assay
Acetone-extracted samples that were passed through Dowex columns and the standards, L-
arginine, L-citrulline and L-ornithine were separated by HPTLC in silica-60 gel plates and
developed as described in Materials and Methods. Each sample contained all necessary
substrates and cofactors for NOS activity. Samples were loaded in the following order: 1)
nNOSr (30 nM); 2) MT (150 μg); 3) MT (150 μg) + Urease (50 mU); The migration of authentic
standards of L-arginine, L-citrulline and L-ornithine, as detected by ninhydrin staining, is
indicated on the right.
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Scheme 1.
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