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It is now well established that exposure of cells and tissues to
nitric oxide leads to the formation of a dinitrosyl-iron complex
bound to intracellular proteins, but little is known about how
the complex is formed, the identity of the proteins, and the phys-
iological role of this process. By using EPR spectroscopy and
enzyme activity measurements to study the mechanism in hepa-
tocytes, we here identify the complex as a dinitrosyl-diglutathio-
nyl-iron complex (DNDGIC) bound to Alpha class glutathione
S-transferases (GSTs) with extraordinary high affinity (K, =
107° m). This complex is formed spontaneously through NO-
mediated extraction of iron from ferritin and transferrin, in a
reaction that requires only glutathione. In hepatocytes,
DNDGIC may reach concentrations of 0.19 mm, apparently
entirely bound to Alpha class GSTs, present in the cytosol at a
concentration of about 0.3 mm. Surprisingly, about 20% of the
dinitrosyl-glutathionyl-iron complex-GST is found to be asso-
ciated with subcellular components, mainly the nucleus, as
demonstrated in the accompanying paper (Stella, L., Pallottini,
V., Moreno, S., Leoni, S., De Maria, F., Turella, P., Federici, G.,
Fabrini, R., Dawood, K. F., Lo Bello, M., Pedersen, J. Z., and
Ricci, G. (2007) J. Biol. Chem. 282, 6372—6379). DNDGIC is a
potent irreversible inhibitor of glutathione reductase, but the
strong complex-GST interaction ensures full protection of glu-
tathione reductase activity in the cells, and in vitro experiments
show that damage to the reductase only occurs when the
DNDGIC concentration exceeds the binding capacity of the
intracellular GST pool. Because Pi class GSTs may exert a simi-
lar role in other cell types, we suggest that specific sequestering
of DNDGIC by GSTs is a physiological protective mechanism
operating in conditions of excessive levels of nitric oxide.

More than 30 years ago it was discovered that paramagnetic
dinitrosyl iron complexes (DNICs)? can be formed in biological
systems (1). These compounds can be observed in isolated cells
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or tissues incubated or perfused with NO or NO-generating
systems (1-5), but traces are also present in tissues under phys-
iological conditions (4). Such complexes, in which ferrous ion
coordinates two nitric oxide molecules together with two other
ligands, with characteristic EPR spectra centered at about g =
2.03 made possible their discovery in cells or tissues. Actually
this is the only way in which NO can be observed directly in
living systems. Although the natural occurrence of DNICs
has been demonstrated unequivocally, their chemical iden-
tity in vivo is still ambiguous. In fact, even if DNICs exist as
free low molecular mass complexes of the general formula
(NO),(RS),Fe, e.g the dinitrosyl-diglutathionyl iron complex
(DNDGIC) and dinitrosyl-dicysteinyl iron complex, the exist-
ence of such free complexes in vivo has never been demon-
strated; they always appear bound to unknown proteins (1). The
binding to proteins is possible after replacing one thiol ligand of
the free complex with a protein serine, tyrosine, or cysteine to
complete the coordination shell of the iron. All these paramag-
netic species show very similar EPR spectra centered around
g = 2.03, and this technique is unable to define their precise
chemical composition (6). Also the physiological role of DNICs
is controversial; it has been suggested that they function as
more stable natural NO carriers, but they are also known to
have toxic effects in biological systems (1). In particular,
DNDGIC at micromolar concentrations is a potent and irre-
versible inhibitor of glutathione reductase (7, 8).

We recently proposed that glutathione transferases (GSTs)
could be involved in the DNIC binding, storage, and detoxifi-
cation in living systems (9-11). GSTs represent a group of
enzymes ubiquitously distributed in all organisms and devoted
to the cell defense. The mammalian GST's have been grouped in
at least eight classes termed Alpha, Kappa, Mu, Omega, Pi,
Sigma, Theta, and Zeta (12—19). These enzymes catalyze the
conjugation of GSH to the electrophilic center of many toxic
compounds and also promote GSH-mediated reduction of
organic hydroperoxides. In addition, GSTs may act as ligandins
for xenobiotics (20) and also as antiapoptotic proteins through
protein-protein interaction with Jun kinase (21). Recently, we
demonstrated that Alpha, Pi, and Mu class GSTs, which repre-
sent 90 —95% of all mammalian GSTs, bind the dinitrosyl-diglu-
tathionyl iron complex with extraordinary high affinity, show-
ing K, values of 107'°-107° M (9-11). The association of
DNDGIC to GST's has been thoroughly investigated, revealing
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that one of the glutathiones in the iron complex binds to the
enzyme G-site, whereas the other GSH molecule is lost and is
replaced by a tyrosine phenolate in the coordination of the fer-
rous ion (11). Thus, strictly speaking, the bound complex is a
monoglutathionyl species (DNGIC). The x-ray crystallographic
structure of DNGIC bound to GSTP1-1 has been solved
recently, confirming the structure proposed on the basis of
molecular modeling studies (22). Binding of DNGIC to the first
subunit of the dimeric Alpha, Pi, and Mu GSTs also triggers a
peculiar intersubunit communication, which lowers the affinity
of the second subunit (11).

We found evidence that in crude liver homogenates one tar-
get of DNICs could be the pool of GST's (10), which thus could
represent a significant part of the “unknown” proteins that
apparently bind DNICs. However, no previous studies have
assessed the occurrence of such a complex-enzyme association
in living cells nor has any physiological role of this phenomenon
been defined. Furthermore, the intracellular iron source for
DNIC formation has never been determined. This study dem-
onstrates that DNDGIC is formed spontaneously in intact rat
hepatocytes after exposure to GSNO; this complex is never
detected as free species but always bound to GSTs. The prefer-
ential binding proteins in rat hepatocytes are the Alpha class
GSTs, which stabilize the complex for many hours. Ferritin is
the likely iron source for DNDGIC, but the amount of complex
formed never exceeds the buffer capacity of the endogenous
pool of GSTs. Evidence is also given that this highly specific
interaction is essential to protect glutathione reductase against
irreversible inactivation by DNDGIC.

EXPERIMENTAL PROCEDURES

Materials—DNDGIC was prepared essentially as described
previously (9). Human GSTA1-1, GSTM2-2, GSTP1-1 were
expressed in Escherichia coli and purified as described previ-
ously (23-25). MGST1, the microsomal GST, was a generous
gift of Prof. R. Morgenstern. The enzyme concentrations
reported in the text for all GSTs refer to the single subunit.
Horse spleen ferritin (16% iron) was a Fluka product (Buchs,
Switzerland). S-Nitrosoglutathione (GSNO) was prepared as
described previously (9).

Preparation of Rat Liver Homogenate—Rat liver homogenate
was prepared starting from 10 g of Sprague-Dawley male rat
liver washed twice with 200 ml of phosphate-buffered saline.
The tissue was homogenized in 100 ml of 0.25 M sucrose and
centrifuged at 1000 X g to remove the nuclear fraction. The
estimated concentration of the GST pool was 18 um. Alterna-
tively, the rat liver was homogenized in 30 ml of 0.25 M sucrose
to obtain a more concentrated GST medium (56 um).

Hepatocytes were isolated from male Wistar rats (2 months
old, 100 -120 g) as reported previously (26). Rats were anesthe-
tized by pentobarbital (50 mg/kg body weight, injected intrap-
eritoneally) before rapid killing by cervical dislocation and sub-
sequent liver dissection. Experiments were carried out in
accordance with the ethical guidelines for animal research (Ital-
ian Ministry of Health).

Preparation of Subcellular Fractions—After perfusion with
0.25 M sucrose and heparin to remove blood, livers from male
rats (about 10 g) were excised, minced, and homogenized in a
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Potter-Elvehjem in 0.25 M sucrose and 10 mM potassium phos-
phate buffer, pH 7.4 (50 ml per 5 g of liver). After a brief cen-
trifugation to remove unbroken cells, the homogenate was
incubated with 1 mm GSNO for 2 h and then centrifuged at
1000 X g for 10 min to isolate the nuclear fraction. The nuclear
pellet was washed three times with 20 ml of 0.25 M sucrose and
10 mm potassium phosphate buffer, pH 7.4. The collected
supernatants were centrifuged at 3,300 X g for 10 min to isolate
the mitochondrial fraction. With similar procedures the lyso-
somal fraction (16,300 X g for 20 min) and the microsomal
pellet (105,000 X g for 30 min) were isolated. Each fraction was
washed three times with 10 volumes of 0.25 M sucrose in 10 mm
potassium phosphate buffer, pH 7.4. Each fraction was tested
for purity through measurement of the activities of several
marker enzymes, typically located in separate cellular compart-
ments as follows: glucose-6-phosphate dehydrogenase for the
cytosol, cytochrome oxidase for mitochondria, acid lipase for
lysosomes, and glucose-6-phosphatase for microsomes. In
addition, the quality of isolated nuclei was examined using elec-
tron microscopy (not shown). Cross-contamination in each
fraction was below 10%. The nuclear fraction showed less than
2% of cytosol contamination; the mitochondrial fraction con-
tained less than 1% of nuclei as judged by DNA content.

GST Activity—GST activity was assayed in 0.1 M potassium
phosphate buffer, pH 6.5, in the presence of 10 mm GSH and 1
mM 1-chloro-2,4-dinitrobenzene at 25 °C. The reaction was fol-
lowed spectrophotometrically at 340 nm where the GSH-2,4-
dinitrobenzene adduct absorbs (e = 9,600 M~ ' cm ™).

Glutathione Reductase Activity—Glutathione reductase
activity was assayed at 25 °C using a solution of 1 mm GSSG and
0.1 mM NADPH in 1 ml (final volume) of 0.1 M potassium phos-
phate buffer, pH 7.4. The activity was followed spectrophoto-
metrically at 340 nm.

EPR Analysis—Samples for EPR experiments were usually
prepared using hepatocytes in phosphate-buffered saline or rat
liver homogenate in 0.25 M sucrose with DNDGIC added from
a freshly made stock solution. EPR measurements were carried
out at room temperature with a Bruker ESP300 X-band instru-
ment (Bruker, Karlsruhe, Germany) equipped with a high sen-
sitivity TM;;-mode cavity. To optimize instrument sensitivity,
spectra were recorded using samples of 80 ul contained in flat
glass capillaries (inner cross-section 5 X 0.3 mm) (27). Unless
otherwise stated, spectra were measured over a 200-G range
using 20 milliwatts power, 2.0 G modulation, and a scan time of
42 s; typically 4 —40 single scans were accumulated to improve
the signal to noise ratio. The EPR signal was quantified by com-
parison with standard samples containing known concentra-
tions of DNDGIC and GST, as described previously (11). The
limit of detection was ~2 uM, and the range was linear up to at
least 50 um DNGIC-GST.

Calculation of Intracellular DNIC Concentrations—DNDGIC
and DNGIC-GST were determined on the basis of EPR spectra.
Calculations of the cytosolic concentration of both DNGIC-
GST and GSTs in rat hepatocytes and in rat liver homogenates
were made assuming a hepatocyte volume of 8 X 10~ 2 liters
and a cytosol volume corresponding to 56% of the cell volume.
The volume of the cytosol is 0.28 ml per g of fresh liver (28). The
concentration of the cytosolic GSTs was 0.7 mm.
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FIGURE 1. DNDGIC-GST interaction in liver homogenate and hepatocytes. g, inhibition of rat liver GSTs by
substoichiometric DNDGIC. A, DNDGIC added to a rat liver homogenate (diluted 1:3 in 0.25 m sucrose). Final
concentration of GSTs is 28 wwv; B, DNDGIC added to the purified pool of rat liver GSTs (28 um final concentra-
tion); @, theoretical inhibition curve for exclusive binding of DNDGIC to GSTs, calculated as reported under
“Experimental Procedures.” b, DNDGIC formation in rat liver homogenate. Rat liver homogenate (diluted 1:3 in
0.25 ™ sucrose) incubated with 1T mm GSNO at 25 °C; M, DNGIC-GST measured by EPR. @, GST activity; A,
theoretical inhibition for an exclusive binding of DNDGIC to GSTs. ¢, dependence of DNGIC-GST formation on
GSNO concentration. Variable amounts of GSNO were incubated at 25 °C with rat liver homogenate (diluted 1:3
in 0.25 m sucrose). A, 0.2 mm GSNO; l, T mm GSNO; @, 5 mm GSNO. d, DNGIC-GST formation in intact hepato-
cytes. Rat hepatocytes (6 X 107 of cells in Krebs-Henseleit buffer) were incubated with 1 mm GSNO at 25 °C. At
variable times, aliquots of the cells were collected by centrifugation, sonicated, and centrifuged at 105,000 X
g. The cytosolic fraction was then analyzed. B, DNGIC-GST measured by EPR spectroscopy; A, GST activity; @,

theoretical inhibition for exclusive binding of DNDGIC to GSTs.

Theoretical Inhibition of the Cytosolic GSTs Because of
DNDGIC Binding—An inhibition simulation algorithm has been
developed based on the following assumptions. (2) In the male rat
liver, Alpha and Mu GSTs are 43 and 56%, respectively (29, 30).
These values were confirmed for our male rat liver preparations by
means of high pressure liquid chromatography (31). (b) Specific
activities of Alpha and Mu GSTs are 16 and 22 units/mg, respec-
tively. These values are the weighted average of the specific activ-
ities of the three major Alpha isoenzymes, i.e. GSTA1-1 (18 units/
mg), GSTA2-2 (18 units/mg), and GSTA3-3 (14 units/mg), and of
the two major Mu isoenzymes, i.e. GSTM1- 1 (29 units/mg) and
GSTM2-2 (15 units/mg) (32). (¢) K, values for the high and low
affinity binding sites of Alpha and Mu GST's were reported previ-
ously (11). (d) Half-site inhibition is operative for the Alpha GSTs,
i.e. 95% inhibition when the enzyme is half-saturated (11).

Statistics—Results are shown as the mean = S.D. of at least
three experiments.

RESULTS

DNDGIC-GST Interaction in Rat Liver Homogenate—In a
first approach, we verified that in rat liver GST represents
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sponds well to that found experi-
mentally. The inhibition pattern of
the purified pool of liver GSTs is
also very similar (Fig. la). Some-
what less inhibition can be observed
using more diluted samples (5 um
GSTs; data not shown), probably
because of incomplete saturation of
the low affinity sites of GSTs and to
the instability of free DNDGIC at
very low concentrations (10). The
inhibition pattern observed using
Alpha class specific co-substrates,
like cumene hydroperoxide and 7-chloro-4-nitrobenzo-2-oxa-
1,3-diazole, gave further indication that Alpha GST but not Mu
GST is primarily involved in DNDGIC interaction (data not
shown). As expected, the EPR analysis of the homogenate after
reaction with substoichiometric DNDGIC confirmed that all
complex is bound to protein (Fig. 2). It should be remembered
thatin ratliver homogenate the GST-DNGIC signal is stable for
many hours, whereas DNDGIC in a GST-depleted homogenate
appears as a free species and is highly unstable, with a £, of 10
min (10).

GSNO Forms DNDGIC in Rat Liver Homogenate—Incuba-
tion of 1 mm GSNO in rat liver homogenate (56 um GSTs)
depleted only of the nuclear fraction induces a time-dependent
accumulation of DNIC that reaches an apparent plateau of ~18
uM after about 2 h of incubation (Fig. 15). This is followed by a
second phase with a very slow increase that ends only after
14—16 h, at a concentration of ~26 um DNIC (not shown). The
EPR spectra showed that the iron complex does not exist as a
free species but is entirely bound to proteins (Fig. 3), and the
spectrum is identical to that obtained after addition of authen-
tic DNDGIC to the homogenate. The identity of DNGIC-GST
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FIGURE 2. EPR spectra of DNDGIC and DNGIC-GST. Spectrum g, authentic
DNDGIC (5 um) in 0.1 M potassium phosphate buffer, pH 7.4. Spectrum b, DNDGIC
(9 uMm) added to a rat liver homogenate containing 18 um GSTs. Spectrum c,
DNDGIC (9 um) added to the purified pool of rat liver GSTs (18 um) at pH 7.4.
Spectrum d, DNDGIC (10 um) added to purified GSTA1-1 (20 um). Spectrum e,
rat liver homogenate as a control.

3440

is confirmed by the GST inhibition pattern that is close to that
expected assuming GSTs to be the sole target of this complex
(Fig. 1b). Increasing the final concentration of GSH in the
homogenate up to the physiological levels in rat hepatocytes (10
mM) results in faster kinetics of the first phase for DNDGIC
formation, but the final amount of complex formed is the same
(not shown). The kinetics of DNDGIC formation also depends
on GSNO concentration (in the range from 0.2 to 5 mm), but the
final concentration of DNGIC-GST does not change apprecia-
bly (Fig. 1¢). Thus it appears that iron availability is the limiting
factor for the final level of the complex. In our experimental
conditions, DNDGIC never exceeds the amount of the endog-
enous GST pool, which is 56 um. Only by adding 50 um of
exogenous ferrous ions to the homogenate can the typical EPR
signal of unbound DNICs be seen, superimposed on a large
GST-DNGIC signal (Fig. 3). In that case, the GST activity
almost disappears, and the amount of the bound DNIC corre-
sponds to the concentration of the entire pool of cytosolic
GSTs.

DNDGIC Formation in Intact Hepatocytes—Exposure of rat
hepatocytes to GSNO causes a time-dependent intracellular
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FIGURE 3. EPR spectra of DNGIC-GST formed by GSNO. Spectrum a, homo-
genate (56 um GSTs) after 1 h of incubation with T mm GSNO. Spectrum b, as in
a with 50 um Fe(ll) added before incubation; spectrum is shown at half the
actual size. Spectrum ¢, hepatocytes (4 X 107 cells) after 1 h of incubation with
1 mmGSNO. Spectrum d, membrane fraction isolated from sample ¢; spectrum
was amplified twice.
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accumulation of a paramagnetic species with an EPR spectrum
centered at ¢ = 2.03, very similar to that obtained in the crude
homogenate after incubation with GSNO and reasonably
because of a DNGIC-GST complex (Fig. 3). Also in this case, the
kinetics of DNIC formation is proportional to the GSNO con-
centration (within 0.5 and 2 mmMm), whereas the final level of the
complex is almost independent (data not shown). After 2 h of
incubation with 1 mm GSNO, DNGIC-GST reaches a plateau of
12 pum in the sample, corresponding to an intracellular concen-
tration of about 0.19 mm (Fig. 1d). As in the homogenate, the
EPR signal was stable for several hours; this stability might be
due to a steady-state equilibrium between decomposition and
re-synthesis of the complex in the presence of an excess of
GSNO. However, after repeated washing of the cells, the EPR
signal was still stable for hours, thus suggesting that true stabi-
lization occurs in the cell. At fixed times, hepatocytes were son-
icated and centrifuged at 105,000 X g. The cytosolic DNGIC-
GST was measured by EPR spectroscopy and compared with
the degree of GST inhibition. As observed in the homogenate,
the inhibition pattern parallels DNDGIC formation, and it also
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FIGURE 4. Subcellular association of high mass DNICs. Rat liver homoge-
nate (18 um GSTs) was incubated with 1 mm GSNO for 60 min at 25 °C. After
incubation, nuclei, mitochondria, lysosomes, and microsomes were isolated
by differential centrifugation, washed three times with 10 volumes of 0.25 m
sucrose in 10 mm potassium phosphate buffer, pH 7.4, and analyzed by EPR
spectroscopy. Values represent the percentage of DNIC compared with the
total high mass DNIC found in the cytosol.
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approaches the inhibition curve calculated for exclusive bind-
ing of DNDGIC to the endogenous GSTs (Fig. 1d). Interest-
ingly, DNGIC-GST never exceeds the concentration of the
intracellular GSTs pool; it actually becomes similar to the
concentration of the high affinity binding sites of Alpha GST
(0.15 mm).

We noticed that the concentration of DNIC measured in the
cytosol (0.16 mm) is about 20% lower than that observed in
intact cells, suggesting that a not negligible amount is retained
by intracellular organelles or cell membranes. In fact, the
105,000 X g pellet showed the presence of a bound DNIC with
an EPR spectrum very similar to that of the DNGIC-GST com-
plex (Fig. 3). Further details were obtained by isolating nuclear,
mitochondrial, lysosomal, and microsomal fractions after 1 h of
incubation of a rat liver homogenate with 1 mm GSNO. All
subcellular fractions contain detectable amounts of the bound
DNIC, but it is mainly localized in the nuclear fraction (Fig. 4).
An identical distribution of bound DNICs was found by incu-
bating separately each subcellular component with DNDGIC,
indicating that the protein counterpart is constitutively bound
to these fractions and not associated as a consequence of
DNDGIC binding. As Alpha and Mu GSTs are considered cyto-
solic enzymes and the peculiar membrane-bound microsomal
MGSTT1 is found to have scarce affinity for DNDGIC,? these
results might indicate the presence of unknown proteins asso-
ciated with subcellular organelles, able to bind DNDGIC but
different from cytosolic GSTs. Unexpectedly, after treatment
with 10 mm KCN to displace the complex (9), we find consid-
erable GST activity associated with these components (not
shown). The accompanying paper (31) demonstrates that the
EPR signal is entirely because of the DNGIC-GST species and

3 G. Ricci and J. Z. Pedersen, unpublished observations.
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that significant amounts of GSTs, mainly GSTA1l-1 and
GSTA2-2, are associated with the nucleus.

Ferritin Is the Likely Iron Source for DNDGIC in Hepatocytes—
The amount of GST-DNGIC generated both in intact hepato-
cytes and in liver homogenates after exposure to GSNO
requires mobilization of iron from the intracellular iron storage
proteins. The cytosolic free iron pool is only 5 um (33), a con-
centration 2 orders of magnitude lower than that of the
DNDGIC formed in the cell after GSNO treatment. It has been
reported previously that iron can be mobilized from ferritin by
NO-generating systems (34). We confirm here that, in the pres-
ence of GSNO and GSH, iron is readily extracted from purified
horse ferritin to produce free DNDGIC (Fig. 5a), and similar
results were obtained using transferrin as the iron source (data
not shown). Interestingly, the kinetics of DNDGIC formation
from ferritin and its final concentration are independent of the
presence of GST (data not shown), indicating that GST is not a
kinetic or thermodynamic drawing force for DNDGIC; the
complex is formed at the same rate in the presence or absence
of GST, the only difference being that in the first case the com-
plex will bind immediately to the transferase. Although the
kinetics of DNDGIC formation depends directly on GSNO
concentration and on ferritin (Fig. 5, b and ¢), the final amount
of DNDGIC is determined by the amount of ferritin available
(Fig. 5a). Importantly, only a small fraction of the iron present
in the ferritin protein can be mobilized by GSNO (about 0.3%).
The mobilization of iron from horse ferritin also occurs in a
complex milieu such as the crude homogenate. Addition of
horse spleen ferritin to the rat liver homogenate in the presence
of 1 mmM GSNO and 10 mm GSH causes a net increase in the
DNDGIC formed (Fig. 5d). This overproduction of DNDGIC
corresponds to that calculated by assuming the homogenate
does not alter the reaction observed with the purified system.
Interestingly, the amount of iron extractable from the endoge-
nous rat liver ferritin appears 10-fold higher than that coming
from the purified horse spleen protein. In fact, the total ferritin
iron present in our homogenate is about 1 mm, whereas the final
concentration of DNDGIC is 28 uM (3%). A higher propensity
for iron mobilization from rat ferritin compared with that of the
horse protein has been observed previously, in the case of iron
extraction by superoxide ions (35).

GSTs Protect Glutathione Reductase against Irreversible Inhi-
bition by DNDGIC—It is known that DNDGIC irreversibly
inactivates glutathione reductase (GR). This reaction was stud-
ied in detail by Boese et al. (7), and the x-ray crystal structure of
the DNDGIC-inactivated enzyme has been solved by Karplus
and co-workers (8). It has been clearly demonstrated in vitro
that free DNDGIC at micromolar levels (IC,, = 3—4 um) oxi-
dizes irreversibly the essential thiol group of Cys-63 to sulfinic
acid (8). Therefore, we tested whether the complex bound to
GST was still able to inactivate GR. Exposure of rat hepatocytes
to 1 mm GSNO did not cause any detectable inhibition of GR
even after 120 min of incubation (not shown), although the
estimated cytosolic concentration of GST-DNGIC reached
0.16 mm. To prove the involvement of GSTs with this protec-
tion and to evaluate the maximal defense capacity of the cell, we
compared the effects of increasing amounts of DNDGIC added
to rat liver homogenate. Inactivation of GR is observed only
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affinity Alpha sites are saturated.
This behavior could be predicted on
the basis of the different dissocia-
tion constants for DNDGIC deter-
mined previously for each GST
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tions (11), but the present data dem-
onstrate that the binding properties
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of these enzymes are unchanged in a
complex protein system that
approximates the in vivo conditions.
Obviously, we cannot exclude that a
small amount of DNDGIC may bind
to other proteins, but we can con-
clude that more than 95% of the
complex is bound to GST in a 1:1
stoichiometric interaction.

In addition we show that
DNDGIC is formed and succes-
sively stabilized by GSTs in a similar
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FIGURE 5. DNDGIC formation from horse ferritin, GSH, and GSNO. g, horse spleen ferritin was incubated in
1 ml of 10 mm GSH and 1 mm GSNO in 0. 1 m potassium phosphate buffer, pH 7.4, at 25 °C. At variable times,
DNDGIC was measured by EPR measurements. @, ferritin 1.4 mg/ml (final concentration) (estimated 4 mm total
iron); B, ferritin 2.8 mg/ml (final concentration) (estimated 8 mwm total iron). The iron extracted by GSH and
GSNO is about 0.3%. b, horse spleen ferritin (3 mg/ml) was incubated with variable amounts of GSNO and 10
mMm GSH in 0.1 M potassium phosphate buffer, pH 7.4. At variable times the rate of DNDGIC was measured by
EPRanalysis or by the extent of GST inhibition, as described previously (10). ¢, variable amounts of horse spleen

way both in a crude liver homoge-
nate and in intact hepatocytes
exposed to GSNO. The unique stoi-
chiometric binding/inhibition pat-
tern of the GST-complex interac-
tion reveals that the DNIC species
formed in the cells is indeed the
DNDGIC. This conclusion is

ferritin were incubated with T mm GSNO and 10 mm GSH in 0.1 m potassium phosphate buffer, pH 7.4. At

variable times the rate of DNDGIC was measured by EPR analysis or by the extent of GST inhibition. d, rat liver
homogenate was implemented with 1.4 or 2.8 mg/ml of horse spleen ferritin and incubated with 10 mm GSH
and 1 mm GSNO in 0.1 m potassium phosphate buffer, pH 7.4. At various times the amount of DNDGIC was

measured by EPR spectroscopy.

when the GST activity is almost reduced to zero, i.e. when the
“buffer” capacity of GST is exhausted (Fig. 6a). In a different
experiment, a fixed quantity of DNDGIC, over-stoichiometric
to the endogenous GST pool, was incubated in homogenate
previously implemented with variable amounts of GSTA1-1.
Also in this case, the activity of GR is unaffected as long as the
fixed DNDGIC concentration remains under-stoichiometric to
the total GST level (Fig. 6b). These results demonstrate that
Alpha GST acts as a potent protection system and allow us to
predict that DNDGIC in hepatocytes in theory may accumulate
alevel up to 0.6 — 0.7 mm without doing any significant damage
to the cell.

DISCUSSION

This study gives a definitive demonstration of the profound
interaction between the natural NO carrier DNDGIC and GST's
in intact hepatocytes and proposes a possible physiological sig-
nificance. A first important finding is that this iron complex,
when present at levels substoichiometric to GSTs, is almost

MARCH 2, 2007« VOLUME 282+-NUMBER 9

important because the identity of
intracellular DNIC species has
never been established before. In
hepatocytes DNDGIC is found
entirely bound to GST and is never observed as the free com-
plex. Preliminary data from our laboratory indicate that
DNDGIC is formed and binds to GST's also in other types of
cells. Considering that GST's are ubiquitous, and also Pi class
GSTs bind the DNDGIC with high affinity, we propose that all
the immobilized DNICs detected in biological systems through
their characteristic EPR signal at g = 2.03 might be ascribed to
intracellular DNGIC bound to GSTs.

Because of the very high amounts of GST's in hepatocytes, the
final level of DNDGIC is always substoichiometric to the GSTs
pool. Inhibition data confirm that Alpha GST is primarily
involved in this interaction also in intact cells. Interestingly, in
the liver homogenate, a free form of DNIC produced by GSNO
can be observed only when exogenous iron is added in amounts
exceeding the GST concentration. Thus iron availability seems
to be a crucial factor for DNIC accumulation in these multi-
component systems. In fact, experiments performed with puri-
fied horse ferritin indicate that this protein is the likely iron
source for DNIC formation, but the iron released is only 0.3% of
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FIGURE 6. GSTs protect glutathione reductase against DNDGIC. g, rat liver
homogenate (1:10in 0. 25 M sucrose) was incubated with variable amounts of
DNDGIC (up to 8.7 mexcesses on endogenous GSTs) and 1 mm NADPH in 0.1 m
potassium phosphate buffer, pH 7.4 (1 ml final volume). The final concentra-
tion of GSTs was 4.5 um. After 30 min, the activity of endogenous glutathione
reductase was assayed as described under “Experimental Procedures.” No
inhibition was observed even at the highest DNDGIC concentration in the
absence of NADPH, as reported previously (7). b, rat liver homogenate (1:10in
0.25 m sucrose) was incubated with a fixed DNDGIC concentration (10 um), 1
mMm NADPH, and variable amounts of GSTA1-1 (up to 20 nmol/ml) in 0.1 m
potassium phosphate buffer, pH 7.4 (1 ml final volume). After 30 min, the
activity of endogenous glutathione reductase was assayed as described
above.

its total iron content. Although rat liver ferritin displays a
10-fold higher propensity to iron mobilization (about 3% of its
iron content), the level of DNDGIC never exceeds the GST
concentration. In any case, both iron extraction from ferritin or
transferrin and the formation of DNDGIC depend only on the
presence of NO together with high levels of GSH; no other
cellular component is required for the reaction. This means
that DNDGIC is generated spontaneously, and its accumula-
tion in hepatocytes exposed to a flux of NO simply cannot be
avoided. It appears likely that NO-mediated mobilization of
iron from ferritin to form DNDGIC could somehow be related
to GST expression, to ensure that practically all DNDGIC is
bound to GSTs. This may be critical for cell survival as
DNDGIC is a potent inhibitor of glutathione reductase, causing
the irreversible oxidation of Cys-63, a residue essential for
catalysis. As proved here, this inactivation occurs only when
DNDGIC is present as the free compound, i.e. when its concen-
tration exceeds the binding capacity of the GST pool (0.6 -0.8

6370 JOURNAL OF BIOLOGICAL CHEMISTRY

OUTSIDE CELL INSIDE CELL

GSSG
reductase

GSNO NO

GSH
transferase

SCHEME 1

mM). Thus GSTs, and in particular the Alpha class enzymes,
represent a strong defense system in case of NO overloading or
insult. Inhibition of GR is not the sole detriment coming from
free DNDGIC. This complex may also be extruded from some
cells through MRP1 pumps to cause iron and GSH depletion.
The NO cytotoxicity promoted by macrophages against tumor
cells (MCF7-VP) has been proposed to be due to this extrusion
(36). In hepatocytes, the high level of GST's and the strong affin-
ity of the Alpha GST seem to oppose efficiently the MRP1-
mediated extrusion of DNDGIC, as also suggested by the pro-
longed persistence (hours) of the DNGIC-GST complex inside
the cells. Tumor cells that express lower levels of GSTs, and
typically the Pi class GST with a lower affinity for DNDGIC, are
likely less efficient in retaining the complex.

The results shown in this study may also explain the benefi-
cial effect of NO against iron-mediated oxidative stress,
observed previously in rat hepatocytes. Increased levels of labile
iron (because of iron overload or to ethanol exposure) makes
the cell more susceptible to oxidative stress. NO lowers the
availability of the labile iron through DNDGIC formation (4).
We can say now that this benefit is only possible because GST's
protect GR against the killer activity of DNDGIC, and at the
same time because it avoids the extrusion of free DNDGIC that
would cause iron depletion. Scheme 1 illustrates the basic prin-
ciples of this protective mechanism. In this context it is inter-
esting that preliminary results indicate that the sensitivity to
NO of some parasites like Plasmodium falciparum could be
related to the prevalent expression of GST classes with no affin-
ity or scarce affinity for DNDGIC in these organisms. Overall,
these results depict a scenario for the cell in which cytotoxic
effects of NO could be determined by the intracellular levels of
GSTs and by their intrinsic affinity for DNDGIC.
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