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ABSTRACT. Spontaneous release of nitric oxide (NO) from S-nitrosothiols cannot explain their bioactivity,
suggesting a role for cellular metabolism or receptors. Using immortalised cells and human platelets, we have
identified a cell-mediated mechanism for the biotransformation of the physiological S-nitrosothiol compound
S-nitrosoglutathione (GSNO) into nitrite. We suggest the name “GSNO lyase” for this activity. GSNO lyase
activity varied between cell types, being highest in a fibroblast cell line and lowest in platelets. In NRK 49F
fibroblasts, GSNO lyase mediated a saturable, GSNO concentration-dependent accumulation of nitrite in
conditioned medium, which was inhibited both by transition metal chelators, and by subjecting cells to oxidative
stress using a combination of the thiol oxidant diamide and Zn?™, a glutathione reductase inhibitor. Activity was
resistant, however, to both acivicin, an inhibitor of y-glutamyl transpeptidase (EC 2.3.2.2), and to ethacrynic
acid, an inhibitor of P, class glutathione-S-transferases (EC 2.5.1.18), thus neither of these enzymes could
account for NO release. Although GSNO lyase does not explain the platelet-selective pharmacological
properties of GSNO, cellular biotransformation suggests therapeutic avenues for targeted delivery of NO to other
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S-nitrosothiols are bioactive adducts of nitric oxide (NO)+
with sulphydryl-containing molecules, for example cysteine
residues of proteins and peptides. At physiological pH NO
oxidises thiols to generate nitrous oxide and a sulphenic
acid [1], however under aerobic conditions S-nitrosothiol
formation may arise following reaction of NO with an
electron acceptor [2], for example oxygen [3, 4], to yield a
nitrosating species such as N,O;. In addition, S-nitroso-
thiol formation during the metabolism of nitrovasodilators
may mediate the bioactivity of such drugs [5]. S-nitrosothi-
ols are detectable in both blood and tissues [6—-9], and it is
speculated that they may be a means to preserve NO from
inactivation by superoxide and/or haemoglobin within the
biological environment [10].

Glutathione is the most abundant intracellular thiol; its
interaction with NOJO,, and the factors affecting the
formation and breakdown of S-nitrosoglutathione (GSNQO)
are therefore of major importance to an understanding of
NO biology [11]. GSNO is a stable molecule, but NO
release may be brought about by photolysis [12], catalysis by
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copper (1) (Cu™) ions [13], or by transnitrosation to form a
less stable species such as S-nitrosocysteine [14]. GSNO
shows potent and selective anti-platelet activity [15, 16],
and, unlike other NO donors, acts as an arterioselective
vasodilator [17]. The basis for this selective behaviour has
not yet been defined. The anti-platelet and bronchodila-
tory activities of GSNO are reported to survive in the
presence of the NO scavenging agents oxyhaemoglobin and
2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazolin-1-oxyl

3-oxide (carboxy-PTIQ) [18, 8], suggesting that such bio-
activity is not mediated by simple release of NO into the
surrounding medium. This is consistent with the observed
lack of correlation among S-nitrosothiol compounds
between their bioactivity and their rate of spontaneous
NO release [19, 20], and points to the involvement of
mechanisms by which NO is targeted and protected as it
passes from the S-nitrosothiol carrier to the responding
cell. Evidence for both stereoselective S-nitrosothiol
receptors [21], and for metabolising enzymes [19] has
been published.

We have previously shown that the anti-platelet aggre-
gatory activity of GSNO is inhibited by the Cu* chelating
agent, bathocuproine disulphonic acid (BCS) [22], and that
NO release from GSNO is accelerated by a BCS-inhibit-
able enzyme in sonicated platelet preparations [23]. We
have now extended these investigations to measure GSNO
breakdown by intact cells, and factors involved in its
regulation.
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MATERIALS AND METHODS
Reagents

All cell culture reagents were from Life Technologies.
Bicinchoninic acid reagent for protein measurement was
obtained from Pierce. All other reagents were obtained
from Sigma Chemicals.

Preparation of S-nitrosoglutathione (GSNO)
GSNO was prepared by the method of Hart [24], dried

under vacuum and stored in the dark at —20°. Prior to use,
GSNO was dissolved in MilliQQ water, and its concentra-
tion measured by the absorbance at 334 nm using an
extinction coefficient of 0.85 mM L. Solutions were kept
on ice in the dark, and used within 120 min of preparation.

Cel! Culture

The following cell lines were obtained from the sources
indicated, and cultured for measurement of cell-mediated
GSNO biotransformation: (1) NRK 49F rat kidney fibro-
blasts (ECACC), grown in Dulbecco’s MEM F12; (2)
AGO08473 porcine aortic smooth muscle cells (Coriell),
grown in Dulbecco’s MEM; (3) AG08472 porcine aortic
endothelial cells (Coriell), grown in medium 199; and (4)
LLCPK1 porcine kidney epithelial cells (ECACC), grown
in Dulbecco’s MEM. In all cases medium was supplemented
with 10% (v/v) foetal calf serum, 2 mM L-glutamine, 10
U/mL penicillin, 10 pg/mL streptomycin and 0.5 ug/mL
fungizone. Cells were grown to confluence in 96 well plates
at 37° in a humidified atmosphere containing 5% CO,.
Suspensions of washed human platelets from healthy vol-
unteers were obtained as previously described [22], and

suspended in Tyrode-HEPES buffer, pH 7.4.

Measurement of Cell-Mediated GSNO Breakdown by
Cultured Cell Monolayers

Growth medium was removed and cells washed twice with
phosphate buffered saline (PBS) pH 7.4, before being
incubated for 30 min in 100 wL Basal medium with Earle’s
salts (BME), containing HEPES (10 mM) and acivicin
(100 pM) to inhibit +y-glutamyl transpeptidase (EC
2.3.2.2)(y-GT) activity. In preliminary experiments using a
colorimetric assay to measure y-GT on NRK 49F cells by
hydrolysis of y-glutamyl p-nitroanilide, this concentration
of acivicin caused >95% inhibition of v-GT.

Following pre-incubation with acivicin, GSNO was
added in a volume of 50 p.L, and cells were incubated for a
further 60 min, after which 100 pL Griess reagent (mixture
of equal volumes of naphthylethylenediamine (1 g/L) and
sulphanilamide (10 g/L. in 5% (v/v) phosphoric acid) was
added to each well, and nitrite measured at 570 nm using a
MR5000 microplate reader (Dynatech). NaNQO,, added to
control cells, was used to generate a calibration curve.
Parallel control measurements of spontaneous breakdown
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of GSNO were made in the absence of cell monolayers, and
cell-mediated breakdown was calculated by subtracting
these control values from values obtained in the presence of
cells. The time course of cell-mediated GSNO biotransfor-
mation and kinetic parameters were determined. The ef-
fects of various chelating agents were measured. Com-
pounds used were the Cu™ chelator bathocuproine disul-
phonate (BCS), the Cu®" chelator cuprizone, the Fe?"
chelator bathophenanthroline disulphonate (BPS), the
Fe’* chelator desferal and the non-specific chelator EDTA.
Each was added 30 min before the addition of GSNO.
Effects of manipulation of cellular glutathione metabolism
on GSNO biotransformation were assessed following: (1)
pre-treatment of cells for 18 hr with buthionine sulphoxi-
mine (BSO) (200 pM), an inhibitor of y-glutamyl cysteine
syntherase (EC 6.3.2.2), (2) pre-treatment of cells for 30
min with the thiol oxidant diamide (100 pM) plus ZnSO,
(50 pwM), an inhibitor of glutathione reductase (EC
1.6.4.2), (3) 1-bromooctane (BrO) (60 wM), a substrate for
glutathione-S-transferase (EC 2.5.1.18) or (4) ethacrynic
acid (ETA) (30 uM), a substrate for P; class glutathione-
S-transferases with glutathione reductase inhibitory activ-
ity. In parallel experiments both reduced and oxidised
glutathione (GSH and GSSG) was measured in cell ex-
tracts and released GSSG measured in conditioned me-
dium. The effect of GSSG on GSNO biotransformation
was determined by pre-incubating cells for 30 min with
GSSG (107 7-107* M).

Release of Nitrite, Nitrate and NO During NRK
Cell-Mediated GSNO Breakdown

In order to investigate whether nitrite appearance during
GSNO biotransformation could be accounted for by NO
release, experiments were performed to compare the accu-
mulation of 1) NO, 2) nitrite and 3) nitrate, during GSNO
breakdown. NRK 49F cells were grown to confluence in 24
well plates, washed and pre-incubated with 1 mL BME
containing acivicin, as described above. GSNO (25 uM)
and oxyhaemoglobin (10 pM) were then added and cell-
mediated breakdown to NO measured over a period of 2 to
30 min, by transfer of supernatant medium to a spectropho-
tometer cuvette and quantification of NO by the oxidation
of oxyhaemoglobin to methaemoglobin using the differ-
ence-spectrophotometic method described by Kelm et al.
[25]. A low GSNO concentration and short incubation
time were used since the oxyhaemoglobin method is highly
sensitive, and the use of higher concentrations of GSNO,
or longer incubation periods, resuited in saturation of
haemoglobin and loss of sensitivity.

In parallel experiments, nitrite release was measured by
incubation of cells with GSNO in 1 ml of BME without
haemoglobin, removal at similar time points of 150 pL of
supernatant medium and addition of 100 pL Griess reagent.
Nitrate was measured after conversion to nitrite by incu-
bation of supernatant for 30 min with nitrate reductase (20
mU/mL™!) and NADPH (40 uM). The method was
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calibrated with NaNOj and nitrate calculated from the
measured increase in nitrite concentration. Cell-mediated
GSNO breakdown to NO, nitrite and nitrate was assessed
by comparing values obtained in the presence and absence
of cells, as described above.

Release of Nitrite and NO by Platelet-Mediated
GSNO Breakdoun

Suspensions of washed human platelets (1 mL) were incu-
bated for 30 min with acivicin (100 uM) to inhibit v-GT,
and then incubated with GSNO (50 pM) for 60 min at
37°. Platelets were then removed by centrifugation for 2
min at 15,600 X g, and nitrite measured in 150 pL of
supernatant by the addition of 100 pl Griess reagent, as
described above, using NaNQO, diluted in Tyrode-HEPES
buffer to generate a calibration curve. Platelet-mediated
breakdown was determined by subtracting spontaneous
breakdown of GSNO (occurring in Tyrode-HEPES buffer
in the absence platelets) from breakdown in the presence of
platelets. To assess the effect of platelet activation on
cell-mediated GSNO breakdown, platelets were treated for
2 min at 37° with 0.1 units mL™} bovine thrombin, or
vehicle, before being incubated with GSNO. Platelet-
mediated nitrite appearance was then compared in the
presence and absence of thrombin stimulation.

In parallel experiments, platelet-mediated NO release
from GSNO was measured by inclusion of oxyhaemoglobin
(10 wM) in the sample buffer. Following incubation with
GSNOQO and subsequent removal of platelets, supernatant
medium was transferred to a spectrophotometer cuvette and
NO quantified by the oxidation of oxyhaemoglobin to
methaemoglobin, as described above.

Measurement of Cellular Protein

Culture medium was removed and cells washed twice with
PBS, before addition to each well of 250 pL sodium dodecyl
sulphate (1% wj/v) and incubation overnight at room
temperature to allow solubilisation of cellular protein.
Samples were then mixed, and protein measured using the
bicinchoninic acid method, calibrated against a bovine
serum albumin control.

Measurement of Glutathione

Total glutathione (GSH/GSSG) was measured by the
recycling method of Tietze using glutathione reductase [26]
in (1) supernatant conditioned medium, and (2) cellular
extracts prepared by freezing and thawing cells in water
containing EDTA (1 mM). Oxidised glutathione disul-
phide (GSSG) in cellular extracts was measured following
derivitisation of reduced glutathione (GSH) for 60 min
with 2-vinyl pyridine (100 mM). GSH was then derived by
subtracting GSSG from the value obtained for total cellular
glutathione.
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Measurement of Lactate Dehydrogenase Release

As a measure of cellular injury during various treatments,
lactate dehydrogenase (LDH) release into conditioned
medium was measured spectrophotometrically [27], and
expressed as a percentage of the total intracellular concen-
tration of LDH.

Statistics

Statistical comparison of nitrite accumulation from GSNO
over the concentration range 0-100 pM in the presence
and absence of NRK49F cells was by two way analysis of
variance (ANOVA). Comparisons of GSNO biotransfor-
mation, and of glutathione concentrations following differ-
ent treatments to manipulate glutathione homeostasis were
performed by one way ANOVA followed by Student’s ¢t-test
using Bonferroni’s correction for multiple comparisons.
Comparison of platelet-mediated biotransformation in the
presence and absence of thrombin stimulation was made
using a paired Student’s t-test.

RESULTS
NRK Cell-Mediated Biotransformation of GSNO

Incubation of GSNO (0-100 uM) in BME-HEPES buffer
alone resulted in spontaneous breakdown, shown by a
linear, concentration-dependent accumulation of nitrite, In
the presence of confluent NRK 49F cells, nitrite concen-
trations were significantly increased (P < 0.001). Pre-
treatment of cells with acivicin (100 wM) reduced nitrite
accumulation at each level of GSNO by an average of 24%
(data not shown), indicating that yGT accounted for this
component of nitrite release from GSNQO. All subsequent
results were obtained with acivicin-treated cells, in which
YGT activity was >95% inhibited.

Cell-mediated GSNO biotransformation, obtained by
subtracting “spontaneous” nitrite accumulation occurring
in the absence of cells, from nitrite accumulation in the
presence of acivicin-treated cells, was linear over a period of
60 min (data not shown). In the presence of GSNO
concentrations ranging from 5 to 100 wM, this activity was
substrate concentration-dependent and showed the charac-
teristics of a saturable system (Fig. 1). In both the presence
and absence of cells, no nitrite was detectable unless GSNO
was added to the system, indicating that nitrite appeared
solely as a result of GSNO breakdown. Homogeneity of cell
density among wells of a 96 well plate was assessed by
measurement of cellular protein concentration, which
showed a coefficient of variation of 7%.

In order to account for the possibility that cell-mediated
GSNO breakdown was mediated “non-specifically” by re-
active groups in proteins, control experiments were per-
formed in which GSNO conversion to nitrite was moni-
tored in the presence of increasing concentrations of foetal
calf serum. Protein-mediated acceleration of nitrite accu-
mulation was observed only when the concentration of
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FIG. 1. Nitrite accumulation in conditioned medium following
incubation of GSNQO (0-100 uM) for 60 min in BME-HEPES
medium alone, as a control (open triangles), or BME-HEPES in
the presence of a confluent monolayer of acivicin-treated
NRK49F cells (open circles). Cell-mediated accumulation of
nitrite via biotransformation of GSNO is derived by subtraction
of control values from nitrite accumulation obtained in the
presence of cells (closed circles). Points shown are mean values
from 10 experiments with SD as vertical error bars. Cell-
mediated nitrite accumulation is significantly increased com-
pared with control (P < 0.001 by two-way ANOVA).

added protein exceeded 1 mg/mL™", a value approximately
10-fold higher than the total protein concentration obtained
after solubilisation of cells. Thus “non-specific” GSNO break-
down did not explain its cell-mediated biotransformation.

Kinetic analysis of NRK 49F cell-mediated GSNO me-
tabolism was performed by the method of Hanes, plotting
[S] against [S}/V [28]. Using this transformation, the data
failed to follow simple Michaelis-Menton kinetics, indicat-
ing the presence of a complex system (Fig. 2). Other
transformations of the Michaelis—-Menton equation, includ-
ing Lineweaver-Burk (1/[S] against 1/V) and Eadie-Hof-
stee (V/[S] against V), failed to provide a clearer kinetic
analysis of the data.

GSNO Metabolism by Different Cell Types

GSNO metabolism was detectable for each of the five cell
types studied. After 60 min incubation, cell-mediated
nitrite production was detectable at concentrations in the
low micromolar range. Comparison of the different cell
types was made after normalisation of results to cellular
protein concentration, to account for differences in cell
density. NRK 49F fibroblasts showed the highest activity,
and human platelets the lowest. Thrombin-induced platelet
activation induced a small, but statistically significant
increase in platelet-mediated GSNO breakdown (P <
0.05, n = 9), although values remained lower than those
obtained with other cells (Fig. 3).
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FIG. 2. Hanes plot ([S] vs [S/V) of cell-mediated nitrite accu-
mulation following incubation of NRK49F cells with GSNO
(5-100 pM). Points represent mean values from 5 experiments.
K, value obtained by extrapolation of the linear portion of the
curve is 16.2 pM.

Release of Nitrite, Nitrate and NO During
Cell-Mediated GSNO Breakdoun

NRK cell-mediated biotransformation of GSNO resulted in
a parallel, progressive rise of both NO and nitrite, reaching
a concentration in the medium of approximately 2 pM
after 30 min. In contrast, no nitrate accumulation was
observed following cell-mediated GSNO breakdown (Fig.
4). Platelet-mediated biotransformation of GSNO resulted
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FIG. 3. Biotransformation of GSNO (100 pM), expressed as
pmol nitriteth/pg cellular protein, by NRK 49F rat kidney
fibroblasts, AG08473 porcine aortic smooth muscle cells,
AGO08472 porcine aortic endothelial cells, LLCPK1 porcine
kidney epithelial cells and both resting and thrombin-activated
human platelets. Biotransformation by activated platelets was
significantly increased compared with resting platelets (P <
0.05, n = 6). Mean values from 3 to 6 experiments are shown,
with SD as vertical error bars.
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FIG. 4. Accumulation of NO (open circles), nitrite (closed circles) and nitrate (open diamonds) during biotransformation of GSNO.
Values shown represent the cell-mediated accumulation of NO,, derived by subtraction of control values, obtained in the absence of
cells, from those obtained in the presence of cells. Mean values from 4 experiments are shown, with SD as vertical error bars.

in accumulation of nitrite to concentrations of 1.16 * 0.88
M and 2.16 = 1.81 pM (mean * SD) in supernatant
medium from resting and activated platelets, respectively.
The corresponding values for NO were 0.62 * 0.76 uM
and 1.67 * 0.69 pM, respectively. In the absence of added
GSNO there was no appearance of either nitrate or nitrite,
nor any oxidation of oxyhaemoglobin to methaemoglobin.

Effect of Transition Metal Chelating Agents on
Cell-Mediated GSNO Metabolism

Concentration-dependent inhibition of NRK cell-mediated
GSNO breakdown was shown by both the Cu* chelator
BCS, and by the iron chelators BPS and desferal (Fig. 5).
The Cu®* chelator cuprizone was only partially effective at
concentrations above 100 uwM. EDTA was ineffective.
Cellular injury was not detectable following incubation of
cells with any of the chelating agents except desferal. LDH
release in the presence of desferal (1 mM) showed a slight
increase from control values of 0.5 = 0.1% to 1.7 *+ 0.3%
(mean * SD).

Effect of Manipulation of Cellular Glutathione
Homeostasis on GSNO Biotransformation

Intracellular GSH was significantly depleted, compared
with control cells, by each of the treatments used (P <
0.05, n = 5) (Fig. 6). Total glutathione (GSH/GSSG) in
cells and conditioned medium was significantly depleted
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FIG. 5. Effect of metal chelators on biotransformation of GSNO
by NRK 49F cells, expressed as a percentage of a control value
obtained in the absence of any chelator. Agents used were the
Cu™ chelator BCS (open circles), the Cu®>* chelator cuprizone
(open diamond), the Fe?* chelator BPS (closed circles), the
Fe** chelator desferal (closed triangles), and the non-specific
chelator EDTA (closed diamonds). Points shown are mean
values from 8 to 10 experiments. SD error bars have been
omitted for clarity.
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FIG. 6. Intracellular GSH (open bars), GSSG (closed bars) and
extracellular GSSG in conditioned medium (hatched bars) fol-
lowing manipulation of glutathione homeostasis in NRK 49F
cells. Values shown are means from 5 experiments. Upward
vertical error bars are SD for extracellular GSSG. Downward
vertical error bars are SD for intracellular GSH. SD values for
intracellular GSSG have been omitted for clarity. Intracellular
GSH is significantly lower than control following all treatments
(P < 0.05); total GSH/GSSG in cells and conditioned medium
together is significantly lower than control following treatment
with BSO, BrO and EA (P < 0.05), but not following diamide/
Zn.

following inhibition of glutathione synthesis with BSO,
and conjugation of GSH with either BrO or ETA. Treat-
ment with the thiol oxidant diamide together with the
glutathione reductase inhibitor Zn*", led to an efflux of
GSSG into conditioned medium, to a concentration of 12
nM. (Fig. 6).

Cell-mediated GSNO biotransformation was signifi-
cantly inhibited only following treatment with diamide/
Znt* (P < 0.001,n = 5). Zn** alone had no effect (data
not shown). BrO and ETA failed to produce any significant
alteration, whilst BSO treatment significantly increased
GSNO biotransformation (P < 0.05, n = 5) (Fig. 7).
LDH release, as a measure of cellular injury, showed no
change from control values following treatments to manip-
ulate glutathione metabolism (data not shown). Alter-
ations in GSNO biotransformation could not, therefore, be
explained by cell injury. Pre-treatment of cells with GSSG
(0.1-100 puM) failed to produce any inhibition of cell-
mediated GSNO breakdown (data not shown).

DISCUSSION

We have demonstrated a saturable activity associated with
intact cells which accelerates the biotransformation of the
S-nitrosothiol compound GSNQ, with consequent release
of NO and accumulation of nitrite in the conditioned
medium. We suggest the name “GSNO lyase” for this
activity.
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FIG. 7. Biotransformation of GSNO (50 pM) following manip-
ulation of glutathione homeostasis in NRK 49F cells, expressed
as a percentage of control value obtained in the absence of any
pre-treatment. Values are mean from 5 experiments, with SD
shown as vertical error bars. Biotransformation is significantly
higher than control following treatment with BSO (P < 0.05),
and significantly lower than control following treatment with

diamide/Zn (P < 0.001).

Control B8SO

GSNO lyase was measured in five cell types: fibroblasts,
endothelial cells, smooth muscle cells, epithelial cells and
platelets. In order to compare activity, results were nor-
malised to the amount of cellular protein. Of the five cell
types studied, four were immortalised cell lines, in contrast
to platelets, which were freshly prepared. GSENO lyase was
present in each of the cell lines studied, but there was
variation in the level of activity. It is not yet known
whether this reflects differences in expression of enzyme
protein, or in regulation of activity between cell types.
GSNO lyase in platelets was much lower than that ob-
served in the immortalised cells. We have previously
reported a GSNO metabolising enzyme in sonicated plate-
let preparations, [23], in which NO release proceeded
approximately tenfold faster than in the present study,
using intact platelets. A similar pattern of accelerated NO
release from GSNO by lysed, but not by intact, platelets
was reported by Radomski et al. [15], who suggested that
platelet activation might be required for GSNO metabo-
lism to occur. Following thrombin-induced platelet activa-
tion, we found a statistically significant increase in GSNO
breakdown, but values remained lower than those obtained
with other cell types. These findings are not compatible
with a role for GSNO lyase in mediating the platelet
selective action of GSNO, however it is possible that
measurement of extra-cellular NO release, with subsequent
accumulation of nitrite in supernatant medium, is inappro-
priate to reflect the physiological function of GSNO and
GSNO lyase. To address this further we are currently
developing methods to detect intra-platelet uptake of NO
from GSNO.

NRK 49F fibroblasts showed the highest activity of
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GSNO lyase, and were therefore used for investigation of
regulatory factors. This activity may be relevant to the
physiological control of fibroblast function, since NO
regulates fibroblast collagen synthesis, contractility and
proliferation [29, 30]. Analysis of GSNO lyase activity
failed to show simple Michaelis-Menton kinetics, and
suggested the presence of a complex system. This might be
due to the fact that enzyme activity was measured using
intact cells, where other factors such as substrate accessi-
bility, intracellular redox regulation and intracellular prod-
uct transfer may act as confounding variables. Extrapolation
of the linear portion of this plot predicts an apparent K, of
16.2 uM, which is greater than the reported concentration
of endogenous GSNO [7]. It is possible that the activity at
high concentrations of GSNO might arise as a consequence
of long term cell culture, but this will require investigation
using primary cultures of freshly obtained fibroblast, endo-
thelial, smooth muscle and epithelial cells.

GSNO lyase was inhibited by the Cu™ chelator BCS, but
the Cu®* chelator cuprizone was only weakly inhibitory at
mM concentration. These results support our earlier con-
clusion that Cu™ must be available for optimum enzymatic
release of NO from GSNO. The well-recognised catalytic
effect of Cu™ on spontaneous GSNO breakdown in solu-
tion [13] cannot explain this, since it is accounted for in our
experiments by subtraction of control GSNO breakdown.
We found NRK 49F cell-mediated GSNO metabolism also
to be inhibited by chelation of iron using BPS and, more
weakly, using desferal. This may be explained either by the
small cross-reactivity (2-3%) for copper shown by BPS [31],
or, in experiments using intact cells, by a requirement for
iron acting in a redox capacity to maintain enzyme-
associated copper in a reduced (Cu™) state. This function
can be performed by glutathione in the broken platelet
preparations studied previously. Cu™ redox maintenance
would also explain why EDTA was ineffective as an
inhibitor, since EDTA-chelated transition metals retain
their redox activity. Alternatively, the high capacity system
we now describe on NRK 49F and the previously-described
platelet-associated GSNO metabolising activity may be
distinct, with different metal requirements, and hence
different sensitivities to chelators. It is also possible that
BCS and BPS inhibit GSNO lyase by virtue of some
common mechanism unrelated to metal chelation, al-
though it is unlikely that the sulphonic acid groups on BCS
and BPS are responsible, since all experiments were per-
formed in the presence of 10 mM HEPES, itself a sulpho-
nated compound. Inhibition by chelators of metal-depen-
dent enzymes is well described, for example copper-zinc
superoxide dismutase (SOD) is inhibited by removal of
copper using diethyldithiocarbamate [32]. BPS and BCS are
able to bind to protein-bound iron and copper, respectively,
and inhibit enzymes such as phenylalanine hydroxylase [33]
and dopamine B-monoxygenase [34]. The mechanism of
inhibition appears to involve both formation of enzyme-
metal-chelator ternary complexes and removal of metal
from enzyme protein. BCS and BPS are membrane-imper-
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meable compounds [35], unable to inhibit intracellular
metal-dependent enzymes such as SOD [36]. Susceptibility
of GSNQ lyase to these chelating compounds therefore
implies that the activity must reside on the extracellular
plasma membrane.

In view of the existence of trans-plasma membrane
electron transport systems involving transition metals [35],
and of the importance of redox conditions upon the
reactivity of S-nitrosothiols [37], the cellular redox envi-
ronment might play an important regulatory role in GSNO
metabolism. In order to investigate this GSNO biotrans-
formation was measured following manipulation of gluta-
thione homeostasis. The treatments used were designed not
only to deplete intracellular GSH, but also to alter the state
of the GSH/GSSG redox couple. Depletion of GSH, either
by inhibition of synthesis with BSO, or by conjugation with
either BrO or ETA, failed to inhibit GSNO biotransforma-
tion, indeed nitrite accumulation was significantly in-
creased following BSO. In contrast, alteration of the gluta-
thione redox couple using a combination of diamide and
Zn*™, resulted both in an accumulation of GSSG in the
conditioned medium, and a significant inhibition of GSNO
metabolism. It was notable in these experiments that the
depletion of intracellular GSH was no more severe than
following either BrO or ETA, thus inhibition of GSNO
biotransformation resulted not from a loss of glutathione,
but from an increase in oxidative stress. Oxidation of
extracellular protein thiol groups by diamide, leading to
formation of mixed disulphides, might underlie the ob-
served inhibition. GSNO lyase was unaffected by pre-
treatment of cells with GSSG up to 100 pM (~1,000-fold
high than the concentration observed in cell supernatants),
indicating that inhibition by diamide/Zn?" was not medi-
ated by competition between GSNO and extracellular
GSSG, but rather on oxidative mechanisms involving
mixed disulphide formation.

GSNO lyase cannot yet be identified, however a number
of extra- and intracellular enzymes could be responsible for
GSNO lyase-like activity. For example, extracellular y-GT
cleaves the glutamyl-cysteine bond to convert GSNO to
the much less stable compound S-nitrosocystylglycine, with
subsequent release of NO [38]. v-GT is present on NRK
49F cells and is capable of accelerating NO release from
GSNO, as demonstrated by inhibition of nitrite accumula-
tion following treatment with acivicin. There remained,
however, a substantial cell-associated capacity to release
NO from GSNO, as shown in our study, where all results
were obtained following inhibition of yv-GT. The failure of
ethacrynic acid to inhibit GSNO biotransformation also
excludes P, class glutathione-S-transferase as the metabolis-
ing enzyme. Recent published data have shown catalysis of
S-nitrosothiol breakdown by glutathione peroxidase [39],
thioredoxin {40], and an unidentified enzyme present in E.
coli [41]. Further studies will be required to determine their
relationship to GSNQO lyase.

Surveys of the biological activity of S-nitrosothiols
clearly indicate that their mechanism of action cannot rely



664

solely upon spontaneous decomposition to release NO into
solution [19, 20]. The cellular biotransformation mecha-
nism we have described may help to explain some of their
actions, and to provide possible targets for tissue-selective
delivery of NO.

We thank Dr. David Meyer for helpful discussions, and the St. Peter’s
Trust for supporting this project.
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