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Background: Nitrogen monoxide (NO) can target intracellular iron pools, leading to dinitrosyl iron complexes (DNICs).
Results:NO storage and transport aremediated by glutathione S-transferase P1-1 (GST P1-1) andmultidrug resistance protein
1 (MRP1), respectively.
Conclusion: GST P1-1 and MRP1 form an integrated detoxification unit regulating storage and transport of DNICs.
Significance: These results have broad implications for understanding the transport, storage, and signaling roles of NO.

Nitrogenmonoxide (NO) plays a role in the cytotoxic mecha-
nisms of activatedmacrophages against tumor cells by inducing
iron release. We showed that NO-mediated iron efflux from
cells required glutathione (GSH) (Watts, R. N., and Richardson,
D. R. (2001) J. Biol. Chem. 276, 4724–4732) and that the GSH-
conjugate transporter, multidrug resistance-associated protein
1 (MRP1), mediates this release potentially as a dinitrosyl-di-
thiol iron complex (DNIC;Watts, R. N., Hawkins, C., Ponka, P.,
and Richardson, D. R. (2006) Proc. Natl. Acad. Sci. U.S.A. 103,
7670–7675). Recently, glutathione S-transferase P1-1 (GST
P1-1) was shown to bind DNICs as dinitrosyl-diglutathionyl
iron complexes.Considering this and thatGSTs andMRP1 form
an integrated detoxification unit with chemotherapeutics, we
assessed whether these proteins coordinately regulate storage
and transport of DNICs as long lived NO intermediates. Cells
transfected with GSTP1 (but not GSTA1 or GSTM1) signifi-
cantly decreasedNO-mediated 59Fe release fromcells. ThisNO-
mediated 59Fe efflux and the effect of GST P1-1 on preventing
this were observed with NO-generating agents and also in cells
transfected with inducible nitric oxide synthase. Notably, 59Fe
accumulated in cells within GST P1-1-containing fractions,
indicating an alteration in intracellular 59Fe distribution. Fur-
thermore, electron paramagnetic resonance studies showed
that MCF7-VP cells transfected with GSTP1 contain signifi-
cantly greater levels of a unique DNIC signal. These investiga-

tions indicate that GST P1-1 acts to sequester NO as DNICs,
reducing their transport out of the cell byMRP1. Cell prolifera-
tion studies demonstrated the importance of the combined
effect of GST P1-1 and MRP1 in protecting cells from the cyto-
toxic effects of NO. Thus, the DNIC storage function of GST
P1-1 and ability ofMRP1 to efflux DNICs are vital in protection
against NO cytotoxicity.

Nitrogen monoxide (NO) is a short lived messenger mole-
cule that plays multiple physiological roles (1). Many of these
actions are mediated by NO binding iron in the heme group of
soluble guanylate cyclase (1). The importance of iron in medi-
ating the functions of NO is also apparent when examining its
cytotoxic effects. The cytotoxic functions of NO are observed
when it is produced in large amounts by activatedmacrophages
(MØs)5 against pathogens and tumor cells (2). These effects are
explained by the reactivity of NO with iron in iron-sulfur clus-
ters, e.g. in the electron transport chain and other pools (1, 3).
The high affinity of NO for Fe(II) results in the interaction of
NO with iron-sulfur clusters in proteins. which leads to their
degradation and the formation of dinitrosyl-dithiol iron com-
plexes (DNICs) (4, 5). Landmark studies by Hibbs et al. (2)
demonstrated that co-cultivation of tumor target cells with
MØs results in the loss of cellular iron. Further, it is known that
NO induces the formation of DNICs with the formula
Fe(RS)2(NO)2 (6) in MØs and tumor cells (7, 8). These can be
readily detected by electron paramagnetic resonance spectros-
copy (EPR) and give a unique signal of g� 2.04 (8). Intriguingly,
it has been recently suggested that DNICs are the most abun-
dant cellular adducts after exposure to NO (9).
In previous studies, we examined the effect ofNOon the iron

metabolism of neoplastic cells and showed that it led to the
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efflux of intracellular iron (10, 11). Subsequently, we discovered
that the glutathione (GSH) transporter, multidrug resistance
protein 1 (MRP1), mediates NO-stimulated iron and GSH
efflux from cells and that this process could be inhibited by
L-buthionine-(S,R)-sulfoximine (BSO) (12), an inhibitor of
GSH synthesis (13). Several recent investigations have sug-
gested that DNICs such as dinitrosyl-diglutathionyl iron com-
plexes can bind to glutathione S-transferase (GST) isoenzymes
with high affinity (Kd � 10�7-10�10 M) (14, 15). In fact, a crystal
structure of the DNIC-GST P1-1 complex (PDB ID: IZGN)
revealed that Tyr-7 in the active site of the enzyme coordinates
to iron in the DNIC, displacing one GSH ligand (14). Previous
studies with toxic exogenous (e.g. anticancer drugs) and endog-
enous agents have shown that GST isoenzymes form an inte-
grated detoxification unit withMRP1 that eliminates GSH con-
jugates (16, 17).
Considering the coordinated role of GSTs and MRP1 in

detoxification processes (16–18) and our studies showing that
MRP1 is involved in NO-mediated iron and GSH efflux from
cells (12), we have for the first time examined the hypothesis
thatGST isoenzymes� (GSTA1-1),� (GSTM1-1), and� (GST
P1-1) andMRP1 act as coordinate partners involved in the stor-
age and transport of DNICs, respectively. In the current study,
we show that GST P1-1, but not GST A1-1 or GST M1-1,
decreased NO-mediated 59Fe release from cells via MRP1,
demonstrating a relationship between the proteins in terms of
NO storage and transport and the role of DNICs in these pro-
cesses. These results are important for understanding the intra-
cellular trafficking of NO, which has broad consequences for
interpreting the diverse biological functions of this molecule.

EXPERIMENTAL PROCEDURES

Tissue Culture—Murine embryonic fibroblasts (MEFs)
derived from MRP1 or GSTP1 wild-type or knock-out (KO)
mice were gifts fromDrs. P. Borst (NKI-AVL, Amsterdam, The
Netherlands) and K. Tew (Medical University of South Caro-
lina, Charleston, SC), respectively. MCF7-WT (WT) and
MCF7-VP (VP) cells transfected with GSTA1, GSTM1, or
GSTP1 or their empty vectors were described previously by us
(16, 18). The HaCaT keratinocyte cell type was obtained from
the American Type Culture Collection (Manassas, VA).
Protein Labeling—Apo-transferrin (Apo-Tf; Sigma-Aldrich)

was labeled with 59Fe (PerkinElmer Life Sciences) to generate
diferric 59Fe-Tf using established methods (12). 59Fe was mon-
itored using a �-counter (PerkinElmer Life Sciences).
Western Blot Analysis—Western blot analysis was performed

(19) using antibodies against GST A1-1, M1-1, and P1-1 (Cal-
biochem; 1:1000) and MRP1 (Alexis, San Diego, CA; 1:500).
Efflux of 59Fe, General Protocol—Standard methods were

used to examine the effect ofNOandother agents on 59Fe efflux
from cells (10). Cells were labeled with 59Fe-Tf ([Tf]� 0.75�M)
for 3 h at 37 °C. The cells were then washed four times on ice
and reincubated at 37 °C in treatment medium as indicated.
The supernatants and cell pellets were collected for 59Fe mea-
surement using the �-counter above (10).
Efflux of 59Fe fromMEFs—Cells were prelabeled for 24 hwith

59Fe-Tf (0.75�M), washed, and then preincubated for 30min at
37 °C withmedium containing theMRP1 inhibitor, MK571 (20

�M) (12). The cells were then reincubated for 6 h at 37 °C with
MK571 (20�M) in the presence or absence of theNOgenerator,
S-nitroso-glutathione (GSNO; 0.5 mM). For concentration
dependence studies, cells were prelabeled for 24 h at 37 °C with
59Fe-Tf (0.75 �M), washed, and then incubated for 6 h at 37 °C
with medium containing 0, 0.01, 0.05, 0.1, and 0.5 mM of
the well characterized NO generators, GSNO or spermine
NONOate (SperNO; both fromCaymanChemical, AnnArbor,
MI). As relevant negative controls, cells were also incubated
with the same concentrations of the agents without the NO
group, namely GSH and spermine (both from Sigma-Aldrich).
Inducible Nitric Oxide Synthase (iNOS) Transient Trans-

fection—The iNOS plasmid was a kind gift from Dr. Helen
McCarthy (Queens University, Belfast, Ireland). MRP1 KO-
and WT-MEFs or MCF7-VP cells stably transfected with
GSTP1 or the empty vector were transiently transfected with
the iNOSplasmid or this plasmidwithout the iNOS insert using
Lipofectamine� 2000 (Invitrogen) using the manufacturer’s
protocol. Then 24 h after transfection, cells were prelabeled for
24 h at 37 °C with 59Fe-Tf (0.75 �M) and washed four times on
ice, and the cells then reincubated for 24 h at 37 °C with control
medium. Efflux of 59Fe and nitrite (see below) was then
determined.
Determination of Nitrite Concentration—Accumulation of

nitrite in culture medium was used as an indicator of iNOS
activity in cells. Nitrite concentration in the medium was mea-
sured using theGriess reagent via standard procedures (10, 11).
siRNA Study—siRNAs specific for GSTP1 (Ambion, Austin,

TX) and the scrambled control siRNA (Ambion) were used for
gene knockdown studies in HaCaT cells. Cells were transiently
transfected with siRNA (100 nM) using LipofectamineTM 2000
(Invitrogen). Then 72 h after transfection, the cells were
assayed for 59Fe efflux and GST P1-1 levels usingWestern blot.
Determination of Intracellular 59Fe Distribution—Cells were

incubated with 59Fe-Tf (0.75�M) andGSNO (0.5mM) for 3 h at
37 °C. The cells were washed four times on ice and lysed. The
lysateswere centrifuged at 16,500� g for 45min at 4 °C, and the
cytosolic fraction was analyzed to assess intracellular 59Fe dis-
tribution by native fast protein liquid chromatography (FPLC)
(19).
Cell Proliferation—Proliferation was assessed by the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay
and validated by viable cell counts (12).
EPR Spectroscopy—This technique was performed using a

Bruker EMX spectrometer with 100-kHz modulation, as
described (12).
Statistics—Results are expressed as mean � S.D. (number of

experiments). Data were compared using Student’s t test.
Results were considered statistically significant when p � 0.05.
Statistical analysis of EPR studies was done by repeated meas-
ures one-way analysis of variancewithNewman-Keuls post hoc
test.

RESULTS

MRP1 Mediates NO-induced 59Fe Efflux from Cells—Our
previous studies demonstrated that hyper-expression of MRP1
in VP cells led to a marked increase in NO-mediated efflux of
59Fe and GSH when compared with their WT counterparts
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(12). Considering the potential for GST isoenzymes andMRP1
to form an integrated system for DNIC transport, further stud-
ies were performed to investigate the role of MRP1 in NO-me-
diated 59Fe transport using MEFs from wild-type mice (WT-
MEFs, which express MRP1) and MRP1 knock-out mice
(MRP1 KO-MEFs). Cells were labeled for 24 h at 37 °C with
59Fe-Tf (0.75�M), washed four times on ice, and then incubated
for 30 min at 37 °C with either control medium or medium
containing the well known inhibitor of MRP1, MK571 (20 �M

(12, 20)). The cells were then reincubated for 6 h at 37 °C with
the NO generator, GSNO (0.5 mM), or control media, in the
presence or absence ofMK571 (20�M), and cellular 59Fe release
was then examined (10, 12).
Incubation with GSNO (0.5 mM) induced a marked and sig-

nificant (p � 0.001) 2-fold increase in 59Fe release from WT-

MEFs, but had no significant (p � 0.05) effect on 59Fe release
from MRP1 KO-MEFs (Fig. 1A). Importantly, MK571 totally
prevented GSNO-induced 59Fe efflux fromWT-MEFs and had
no significant effect on 59Fe release from MRP1 KO-MEFs.
These results confirmed the role ofMRP1 inNO-mediated 59Fe
efflux from cells (12). In these studies, GSH acted as a negative
control for GSNO as it does not contain the NO group and had
no effect on 59Fe mobilization (Fig. 1A). Hence, consistent with
our previous study (12), these results showed that MRP1 was
crucial for NO-mediated 59Fe efflux.
Low Concentrations of Different NO generators Induce 59Fe

Efflux, but Only from Cells Expressing MRP1—Studies were
then performed to compare the effect of a concentration range
(0.01–0.5 mM) of two NO-generating agents, namely GSNO
(Fig. 1B) and SperNO (Fig. 1C), on 59Fe release from MRP1

FIGURE 1. MRP1 mediates NO-stimulated 59Fe release. A, WT- and MRP1 KO-MEFs were labeled with 59Fe-Tf (0.75 �M) for 24 h at 37 °C, washed on ice, and
then incubated with control medium with or without MK571 (20 �M) for 30 min at 37 °C. Cells were then reincubated with control medium containing either
GSNO (0.5 mM) or GSH (0.5 mM) with or without MK571 (20 �M) for 6 h at 37 °C. The inset shows MRP1 protein expression in WT- and MRP1 KO-MEFs (typical of
3 experiments). B and C, WT- and MRP1 KO-MEFs were labeled with 59Fe-Tf (0.75 �M) for 24 h at 37 °C, washed on ice, and then incubated with control medium
containing either GSNO (0.01, 0.05, 0.1, and 0.5 mM) (B) or SperNONOate (0.01, 0.05, 0.1, and 0.5 mM) (C) for 6 h at 37 °C. D, WT- and MRP1 KO-MEFs cells were
transfected with either iNOS or the relevant empty vector, labeled with 59Fe-Tf as described for B and C, and then reincubated with control medium for 24 h at
37 °C. The activity of iNOS was assessed by nitrite accumulation in the incubation medium (see “Results”). Results are mean � S.D. (3 experiments). *, p � 0.05;
**, p � 0.01; ***, p � 0.001.

Iron, GST P1-1, and Dinitrosyl Iron Complexes

JANUARY 2, 2012 • VOLUME 287 • NUMBER 1 JOURNAL OF BIOLOGICAL CHEMISTRY 609



KO-MEFs relative toWT-MEFs. Two chemically different NO
generators were compared to examine the possibility that the
effect observed was only relevant for NO generated by GSNO.
In these experiments, cells were labeled with 59Fe-Tf (0.75

�M) for 24 h at 37 °C, washed, and then reincubated for 6 h at
37 °C in the presence of control medium or the NO generators
(0.01–0.5 mM). As observed in Fig. 1A, NO-mediated 59Fe
release was only identified inWT cells, there being a significant
(p � 0.05) increase in 59Fe release at 0.05 mM with either agent
relative toMRP1KO-MEFs (Fig. 1,B andC). Efflux of 59Fe from
WT-MEFs continued to significantly increase relative toMRP1
KO-MEFs as a function of concentration for both NO genera-
tors up to 0.5mM,where the release reached 35–36%of the total
cellular 59Fe. In contrast, GSNO or SperNO did not have any
effect on 59Fe release fromMRP1KO-MEFs relative to the con-
trol medium (Fig. 1, B and C). Incubation with the relative con-
trol agents without the NO group, namely GSH or spermine,
led to no effect on 59Fe efflux relative to the control (data not
shown), as observed in our previous studies (10–12). These
results demonstrated that even very low concentrations of the
NO donor markedly increased 59Fe efflux from cells that
express MRP1 relative to those that do not. Furthermore, con-
sidering that GSNO is a physiologically relevant NO donor (21,
22) and that the nitrite levels generated by this agent (10) are
similar to, or much less, than those identified in vivo (23), it is
apparent theNO levels used herein are within the physiological
range (1).
iNOSOnly Increases 59FeRelease fromCells ExpressingMRP1—

Considering theNO-mediated 59Fe release fromcells described
above using exogenous NO-generating agents, the effect of
intracellular NO generation via iNOS was then assessed. The
MRP1 KO- and WT-MEFs were transfected with iNOS or the
relevant empty vector, and the cells were prelabeled with
59Fe-Tf as described for Fig. 1, B and C, and reincubated in the
presence of control medium for 24 h at 37 °C. Under these con-
ditions, iNOS induced a significant (p � 0.001) increase in 59Fe
release fromWT-MEFs, whereas no significant (p� 0.05) alter-
ation in 59Fe release fromMRP1 KO-MEFs occurred relative to
empty vector-transfected cells (Fig. 1D). Nitric oxide genera-
tionwasmonitored by the detection of nitrite, whichwas 8-fold
greater in cells transfected with iNOS (8.0 � 0.4 �M, n � 3)
relative to those transfected with the empty vector (1.0 � 0.1
�M, n � 3). Collectively, these data demonstrated the impor-
tance of MRP1 in NO-mediated 59Fe efflux.
MCF7-WT and MCF7-VP Cells Stably Transfected with GSTs

as Models to Test Interaction between MRP1 and GSTs—
To initially test the role of MRP1 and GSTs in NO and iron
metabolism, a cell model that hyper-expressed one or both of
these proteins was required. Based on our previous use of the
VP and WT cell types to assess the role of MRP1 in NO-medi-
ated 59Fe release (12), we used these two cell types stably trans-
fected with three major classes of human cytosolic GST isoen-
zymes (�, �, and �), namely: GST A1-1, GST M1-1, or GST
P1-1 (Fig. 2) (16). In this study, these transfected cell lines are
designated as: VP�, VP�, VP�,WT�,WT�, andWT�, respec-
tively. The vector used to transfect cells withGSTP1 (encoding
GST P1-1) is denoted as “VP Vector,” whereas that used to
transfect GSTA1 (encoding GST A1-1) or GSTM1 (encoding

GST M1-1) is denoted as “VP Vector*.” In all studies, the cell
type transfected with the relevant empty vector was used as the
control.
GST P1-1 Inhibits 59Fe Release from Cells Hyper-expressing

MRP1—Although GSTs bind DNICs (14, 15), their role in iron
and NO metabolism in intact mammalian cells has never been
assessed, particularly in the context of their relationship with
MRP1. Considering that GSTs bind DNICs (14, 15), MCF7-VP
cells transfected with GSTA1, GSTM1, or GSTP1 (VP�, VP�,
or VP�) and their relevant controls (VP Vector or VP Vector*)
(Fig. 2) were examined in terms of cellular 59Fe mobilization
with or without an NO generator (Fig. 3A).
Reincubation of the various 59Fe-labeled VP cell types with

control media alone (without NO) did not result in any signifi-
cant (p � 0.05) alteration in 59Fe release from all cell lines rel-
ative to the VP Vector or VP Vector* controls, with 5–8% of
59Fe being released (Fig. 3A). In contrast, GSNO (0.5 mM)
induced a marked and significant (p � 0.001) increase in 59Fe
release fromall cell types relative to cells incubatedwith control
media (Fig. 3A). The addition of GSNO had no effect on cell
viability over 3 h as judged by phase contrast microscopy and
Trypan blue staining, as shown in our previous investigations
(11). However, VP� cells showed a significant (p � 0.01)
decrease in GSNO-mediated 59Fe efflux relative to VP Vector
cells, whereas no effect on 59Fe efflux was observedwith VP� or
VP� cells relative to the VP Vector* (Fig. 3A).
The efflux of 59Fe from VP� cells in the presence of elevated

GST P1-1 was then examined in time course studies with cells

FIGURE 2. Western blot analysis demonstrating MRP1 expression in
MCF7-VP and MCF7-WT cells as well as the pronounced protein expres-
sion of GST P1-1, GST A1-1, or GST M1-1 in cells transfected with GSTP1,
GSTA1, or GSTM1, respectively, relative to cells transfected with the
appropriate empty vectors alone. Photographs of blots are typical of 3
experiments, and densitometry is mean � S.D. (3 experiments).
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being labeled for 3 h at 37 °Cwith 59Fe-Tf (0.75�M) followed by
washing and reincubation with or without GSNO (0.5 mM) for
1–24 h (Fig. 3B). Again, VP� cells significantly (p � 0.05)
reducedGSNO-mediated 59Fe release between 2 and 24 hwhen
compared with VP Vector cells (Fig. 3B). There was no signifi-
cant effect of GST P1-1 on 59Fe release from VP� cells incu-
batedwith controlmedium in the absence of exogenousNO for
all incubation times relative to VP Vector cells (Fig. 3B). This
indicates that the effect of GST P1-1 on cellular 59Fe release is
restricted to NO-mediated iron efflux.
To examine whether the effect of GST P1-1 on 59Fe mobili-

zation could potentially be due to decreased generalized mem-

brane permeability of the VP� cells relative to VP Vector cells,
the cells were labeled with 59Fe-Tf (0.75 �M) for 3 h at 37 °C,
washed, and then reincubated with the structurally distinct NO
generators (GSNO or SperNO; 0.5 mM), their control com-
pounds (GSH or spermine, respectively), or a variety of iron
chelators at 25 �M (i.e. desferrioxamine, Exjade�, or di-2-pyri-
dylketone 4,4-dimethyl-3-thiosemicarbazone (24) (Fig. 3C).
Both NO-generating agents and the iron chelators significantly
(p � 0.001) increased cellular 59Fe efflux relative to control
medium, whereas GSH and spermine had no significant effect.
Of the five agents that mobilized cellular 59Fe, only GSNO and
SperNO led to significant (p � 0.001) 59Fe retention in VP�

FIGURE 3. Only GST P1-1, but not GST A1-1 or M1-1, significantly inhibits NO-mediated 59Fe release from MRP1 hyper-expressing VP cells. A, cells were
labeled with 59Fe-Tf (0.75 �M) for 3 h at 37 °C, washed, and then reincubated for 3 h at 37 °C with or without GSNO (0.5 mM) at 37 °C. B, cells were labeled and
washed as in A and then reincubated with or without GSNO (0.5 mM) for up to 24 h at 37 °C. Significance values compare VP� and VP Vector cells treated with
GSNO at the relevant time points. C, cells were labeled and washed as in A and then reincubated with control medium or medium containing GSNO, SperNO,
GSH, or spermine (Sper) (all at 0.5 mM) or the iron chelators desferrioxamine (DFO), Exjade�, or di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone (Dp44mT)
(all at 25 �M) for 3 h at 37 °C. D, VP Vector and VP� cells transfected with either iNOS or vector were labeled with 59Fe-Tf (0.75 �M) for 24 h at 37 °C, washed on
ice, and then incubated with control medium for 24 h at 37 °C. Activity of iNOS was assessed by nitrite accumulation in the incubation medium (see “Results”).
E, HaCaT cells treated with either si-GSTP1 (siRNA) or scrambled siRNA (Scrambled) were labeled, washed, and treated as in A. Western analysis was then done
to assess GST P1-1 expression (see inset that is typical of 3 experiments). Results are mean � S.D. (3 experiments). *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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cells relative to VPVector cells (Fig. 3C). This indicates that the
effect of GST P1-1 at inhibiting 59Fe release was not due to a
general difference in membrane permeability between the cell
types, but was related to the interaction between NO and iron.
Moreover, the inhibitory effect of GST P1-1 at preventing NO-
mediated 59Femobilization could not be observed using diverse
chelators that form iron complexes that differ greatly in struc-
ture from DNICs (24). This can be explained by the specificity
of DNIC binding to the stereochemically defined site within
GST P1-1 (14).
GST P1-1 Expression in VP� Cells Prevents 59Fe EffluxMedi-

ated by Transient Transfection of iNOS—Considering thatNO-
mediated 59Fe efflux was only decreased in cells transfected
with GST P1-1 (i.e. VP� cells) after incubation with exogenous
NO generators (Fig. 3A), studies then progressed to assess
whether a similar effect could be observed when these cells
were transfectedwith iNOS. In these experiments, VP andVP�
cells were transfectedwith iNOS or the empty vector alone, and
the cells were then reincubated with medium alone for 24 h at
37 °C (Fig. 3D). Examining VP or VP� control cells (not trans-
fected with iNOS or its relative empty vector) or those trans-
fected with the empty vector alone, there was no significant
difference in 59Fe mobilization between these cell types, which
was �7–11% of the total cell 59Fe. However, transfection of VP
Vector cells with iNOS significantly (p � 0.01) increased 59Fe
release to 29 � 2% of the total relative to these cells transfected
with the empty vector (Fig. 3D). In contrast, transfection of
VP� cells with iNOS led to 14 � 1% of total cell 59Fe being
released, which was significantly (p � 0.05) less than that
observed when VP Vector cells were transfected with the same
plasmid. Again, measurement of nitrite levels was used tomon-
itor the generation ofNOby iNOS. In these experiments, nitrite
was present at levels 7-fold greater (7.0� 1.0 �M, n� 3) in cells
transfected with iNOS relative to the empty vector (1.0 � 0.1
�M, n� 3). In summary, the results in Fig. 3,A–D, indicate that
GST P1-1 prevents 59Fe efflux mediated by exogenous NO
donors or intracellular iNOS.
Knockdown of GST P1-1 in HaCaT Keratinocytes Increases

GSNO-mediated 59Fe Efflux—To examine NO-mediated 59Fe
release from cells expressing endogenous GST P1-1, HaCaT
cells were used, which express high levels of GST P1-1 (25) and
MRP1 (26). We transiently transfected siRNA specific for
GSTP1 relative to a scrambled siRNA control to assess the
effect of decreased expression of this protein on GSNO-medi-
ated 59Fe release (Fig. 3E). Amarked and significant (p� 0.001)
decrease inGSTP1-1 expression in siRNA-treated cells relative
to control (scrambled siRNA) treated cells (Fig. 3E, inset) led to
a significant (p � 0.001) increase in GSNO-mediated 59Fe
mobilization (Fig. 3E). These results support the studies above
showing thatGSTP1-1 preventsNO-mediated 59Fe efflux from
cells.
Non-denaturing FPLC Demonstrates 59Fe Accumulation in

Cell Fractions Containing GST P1-1—Collectively, the studies
above demonstrated thatGSTP1-1 prevented 59Fe release from
cells, and this was probably due to an intracellular accumula-
tion of 59Fe as the DNIC-GST P1-1 complex (14). To examine
this further, the intracellular distribution of 59Fe was assessed
using non-denaturing FPLC (Fig. 4 and supplemental Fig. S1,A

and B). VP�, VP�, or VP� cells and their relevant vector con-
trols were labeled with 59Fe-Tf (0.75 �M) in the presence of
GSNO (0.5 mM) for 3 h at 37 °C prior to analysis by FPLC.
Significantly (p � 0.001) increased intracellular 59Fe was found
in fractions 20–22 (Fig. 4, shaded area), which contained GST
P1-1 in VP� cells relative to VP Vector cells. This suggested
that the altered cellular 59Fe distribution was due to the forma-
tion of a 59Fe-DNIC-GST P1-1 complex (14), and this conclu-
sion was supported by the functional studies in Fig. 3.
The intracellular 59Fe distribution in VP� and VP� cells rel-

ative to VP Vector* cells was then assessed (supplemental Fig.
S1,A and B). The distribution of 59Fe in VP� and VP� cells was
different from that found in VP� cells, probably because these
are different clones. However, although GST A1-1 and GST
M1-1 were also detected by Western blot in fractions 20–22,
there was no increase in 59Fe content above that found for VP
Vector* cells in these fractions (supplemental Fig. S1, A and B).
Collectively, these native FPLC results confirmed that GST
P1-1, but not GST A1-1 or M1-1, resulted in increased intra-
cellular 59Fe retention by the protein.
EPR at 77 K Demonstrates Formation of a DNIC-GST P1-1

Complex in MCF7-WT Cells—To further elucidate the altered
59Fe distribution in NO-treated VP� cells observed in Fig. 4,
EPR (7, 12) at 77 K was used to assess the formation of cellular
DNICs after exposure to GSNO (0.5 mM) for 3 h at 37 °C. As a
control, we first examined the EPR signal of a synthetically pre-
pared (15) low Mr DNIC, containing GSH (dinitrosyl-digluta-
thionyl iron complex), which gives the characteristic spectrum
of this complex with g � 2.04 (15, 27) (Fig. 5A, panel i). Incu-
bation of WT cells transfected with the empty vector alone
(WTVector) for 3 h at 37 °C with control medium gave no EPR
signal (Fig. 5A, panel ii). In contrast, incubation of WT Vector
cells with GSNO gave a clear EPR signal (Fig. 5A, panel iii) that
was similar to the synthetic DNIC standard (Fig. 5A, panel i).
Hence, these data indicate DNIC formation in cells incubated
with an exogenousNOgenerator (7, 12). As expected, solutions
of GSNO or GSH alone (0.5 mM) in the absence of cells gave no
significant EPR signals (Fig. S2A, panels i and ii). Interestingly,
inWTcells transfectedwithGSTP1 (WT�) and incubatedwith

FIGURE 4. Increased intracellular 59Fe accumulation is identified in a peak
that contains GST P1-1 in VP� cells relative to VP Vector cells after frac-
tionation of the cytosol using non-denaturing FPLC. VP cells (transfected
with vector alone or GSTP1) were incubated with 59Fe-Tf (0.75 �M) for 3 h at
37 °C with GSNO (0.5 mM). The cells were then washed and lysed, and the
cytosolic fraction was analyzed by FPLC. The fractions were then assessed by
Western blot, and GST P1-1 expression was observed in fractions 20, 21, and
22 only. Results are typical of 3 experiments.
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GSNO, a different EPR line shape was observed (Fig. 5A, panel
iv, circled area) when compared withWTVector cells (Fig. 5A,
panel iii). These results suggest changes in the coordination
sphere of the complex due to the binding of different ligands (6,
12). Thus, these results are consistent with the formation of a
chemically distinct complex in the presence of GST P1-1.
Over 3 experiments, therewas no significant difference in the

intensity of the EPR signal between WT Vector or WT� cells

incubated with GSNO (Fig. 5A, panel v). In addition, no EPR
signal was obtained whenWT� cells were incubated with con-
trol medium alone (supplemental Fig. S2B, panel i).
EPRat 77KShowsThatGSTP1-1 Expression Increases Inten-

sity of the EPR DNIC Signal in VP Cells—Studies then assessed
EPR spectra of VP cells at 77 K (Fig. 5A, panels vi–viii) for
comparison with the spectra ofWT cells (Fig. 5A, panels ii–iv).
As found inWTcells (Fig. 5A,panel ii), incubation ofVPVector

FIGURE 5. Transfection of WT or VP cells with GSTP1, but not GSTA1 or GSTM1, resulted in a unique EPR signal after incubation with GSNO (0.5 mM) for
3 h at 37 °C. A, panels i–iv, low temperature (77 K) EPR spectra of a synthetic dinitrosyl diglutathionyl iron complex (DNDGIC; 0.5 mM) (panel i); WT Vector cells
(1010 cells) incubated with either control medium (panel ii) or GSNO (0.5 mM) (panel iii); and WT� cells after incubation with GSNO (0.5 mM) (panel iv). Panel v,
quantification of EPR signals from panels iii and iv and from panels vii and viii. EPR signal intensity is represented as normalized peak height in arbitrary units.
Results are mean � S.D. (3–5 experiments), ***, p � 0.001. Panels vi and vii, low temperature (77 K) EPR spectra of VP Vector cells incubated with either control
medium (panel vi) or GSNO (0.5 mM) (panel vii). Panel viii, VP� cells after incubation with GSNO (0.5 mM). Panels ix and x, room temperature (293 K) EPR spectra
of VP Vector (panel ix) or VP� cells (panel x) after incubation with GSNO (0.5 mM) or control medium for 3 h at 37 °C. Arrows highlight the additional features
resolved in the VP� cells, consistent with the formation of different DNICs when compared with VP Vector cells. B, panels i–iii, low temperature (77 K) EPR
spectra of VP Vector* (panel i), VP� (panel ii), or VP� (panel iii) cells incubated with GSNO (0.5 mM) for 3 h at 37 °C. Panel iv, quantification of EPR signals from
panels i–iii. EPR signal intensity is represented as normalized peak height in arbitrary units. Results are typical scans of 3–5 experiments, and the quantification
represents mean � S.D. (3–5 experiments).
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cells in control medium gave no EPR signal at 77 K (Fig. 5A,
panel vi), and this was also observed with VP� cells incubated
in control medium (supplemental Fig. S2B, panel ii).
However, incubation of VPVector cells with GSNO led to an

EPR signal (Fig. 5A, panel vii) that was similar in line shape, but
significantly less (p � 0.001) intense, than that in WT Vector
cells (Fig. 5A,panel iii). The lower intensity EPR signal in theVP
Vector cells relative to WT Vector cells incubated with GSNO
could be explained by the hyper-expression ofMRP1 inVP cells
(Fig. 2). This leads to marked NO-induced iron and GSH efflux
from the cell via MRP1 (12), and thus, a less intense DNIC EPR
signal. Comparison of VP Vector cells (Fig. 5A, panel vii) and
VP� cells (Fig. 5A, panel viii) in the presence of GSNO demon-
strated: 1) a difference in the shape of the EPR signal and 2) a
marked and significant (p � 0.001) increase in the intensity of
the EPR signal in the VP� cells relative to the VP Vector cells
(Fig. 5A, panel v). Irrespective of whether either GSNO or
SperNOwas used as theNO generator, the same EPR spectrum
was observed in VP� cells (supplemental Fig. S3). This indi-
cates that the spectra obtained were not dependent on the NO
source. Collectively, these observations demonstrated greater
accumulation of the DNIC in VP� cells and the direct binding
of DNICs by GST P1-1 (14).
It is notable that no difference in intensity of the DNIC EPR

signal was found between WT Vector (Fig. 5A, panel iii) and
WT� (Fig. 5A, panel iv) cells in the presence of GSNO, whereas
a significant (p� 0.001) difference was observed comparing VP
Vector (Fig. 5A, panel vii) and VP� (Fig. 5A, panel viii) cells
treated similarly. This disparitymay relate to themarkedMRP1
expression in VP cells (Fig. 2), which actively transports iron
and GSH out of the cell probably as DNICs (12), making the
VP� DNIC binding and accumulation by GST P1-1 obvious.
Indeed, the efficient efflux of the DNICs by MRP1 out of VP�
cells may limit NO binding to other iron-containing molecules
(e.g. iron-sulfur clusters that are known to form DNICs (1, 28,
29)), preventing their generation and removing this “back-
ground DNIC signal.” In contrast, in WT cells, MRP1 is not
present at significant levels (Fig. 2) to efficiently “pump out”
DNICs. Hence, the increased binding of DNICs by GST P1-1 in
WT cells may be obscured via the generation of DNICs with
other iron-containing molecules that scavenge excess NO.
The results above using EPR are in very good agreement with

our functional data in VP� cells, where: 1) NO-mediated 59Fe
release fromVP� cells was significantly lower than from theVP
Vector cells (Fig. 3, A–D), demonstrating binding of the DNIC
by GST P1-1; and 2) intracellular 59Fe distribution studies
showed that 59Fe accumulated in the GST P1-1-containing
fractions (Fig. 4).
EPRSpectra at 293KDemonstrate Formation of aDNIC-GST

P1-1 Protein Complex—EPR spectra were then recorded at 293
K (Fig. 5A, panels ix and x) to differentiate between protein-
bound and low Mr DNICs (12), which is not possible at 77 K
because of the immobilization of the complexes upon freezing.
EPR analysis at 293 K revealed low intensity, broad, anisotropic
signals with no resolvable fine structure in GSNO (0.5 mM)-
treated VP Vector cells (Fig. 5A, panel ix) that were not
observed in VP Vector cells incubated with control medium
alone (Fig. 5A, panel ix). Importantly, EPR spectra of VP� cells

at 293 K revealed the presence of additional features (Fig. 5A,
panel x, marked by arrows) in the signals after incubation with
GSNO. These findings were consistent with the formation of a
specific DNIC-GST P1-1 protein complex (g � 2.04) (14, 27).

These results at 293 K were consistent with the formation of
a specific DNIC-GST P1-1 protein complex (g � 2.04) (14, 27)
and support the EPR studies done at 77 K that suggest the for-
mation of a chemically distinct DNIC in the presence of GST
P1-1 (Fig. 5A, panel iii, cf. panel iv, and Fig. 5A, panel vii, cf.
panel viii). Furthermore, considering these results together
with: 1) x-ray crystallography studies that showed that GST
P1-1 forms a distinctive DNIC through ligation to Tyr-7 dis-
placing one GSH ligand (14); 2) the significant increase in the
EPR signal intensity at 77 K comparing VP cells transfected
with GST P1-1 relative to the empty vector (Fig. 5A, panel v);
and 3) FPLC experiments that directly demonstrated 59Fe accu-
mulation in cell fractions containingGSTP1-1 (Fig. 4), it can be
concluded that GST P1-1 acted effectively to bind DNICs.
In further support of the results above, GSTP1 knock-out

(GST P1-1 KO)MEFs displayed a marked (p � 0.001) decrease
in the EPR-DNIC signal at 77 K (supplemental Fig. S2C, panel
iv) relative toWT-MEFs (supplemental Fig. S2C, panel ii), con-
firming the role of GST P1-1 in DNIC binding (14). Clearly, a
weak DNIC EPR signal was still observed in GSTP1 knock-out
cells as other molecules apart from GST P1-1 (e.g. iron-sulfur
cluster-containing proteins) are also known to form DNICs (1,
28, 29). Of relevance,WT-MEFs andGSTP1-1KO-MEFs incu-
bated with control medium alone did not display a DNIC signal
(supplemental Fig. S2C, panels i and ii).
Unlike GST P1-1, GSTA1-1 andGSTM1-1DoNot Alter EPR

Spectra—Unlike VP� cells, no alteration in EPR line shape or a
significant increase in signal intensity was found at 77 K when
comparing VPVector* cells (Fig. 5B, panel i) with VP� (Fig. 5B,
panel ii) or VP� (Fig. 5B, panel iii) cells after incubation with
GSNO (0.5mM) for 3 h at 37 °C (Fig. 5B, panel iv). This supports
our functional studies, where GST A1-1 orM1-1 had no signif-
icant effect on cellular 59Fe release (Fig. 3A), nor did these pro-
teins bind intracellular 59Fe, as indicated by native FPLC (sup-
plemental Fig. S1,A andB). As found for theVPVector cell type
incubated with control media (Fig. 5A, panel vi), VP Vector*
cells treated in the same way gave no EPR signal, and this was
also observed for VP� and VP� cells incubated with control
media (supplemental Fig. S2D, panels i–iii).
MRP1 Inhibitor, MK571, Increases EPR DNIC Signal in VP

Vector Cells—The role of GST P1-1 in preventing NO-medi-
ated 59Fe release via MRP1 (Fig. 3, A–D) was further examined
using theMRP1 inhibitor,MK571 (12, 20). Preincubation of VP
Vector cells withMK571 for 30 min prior to and during the 3 h
at 37 °C incubation with GSNO (0.5 mM) led to a significant
(p � 0.05) increase in the EPR signal intensity (cf. Fig. 6, panels
i and ii), demonstrating cellular accumulation of DNICs, due to
the inhibition of MRP1 transport activity. The addition of
MK571 to VP� cells incubated with GSNO also increased the
signal relative to GSNO-treated VP� cells (cf. Fig. 6, panels iv
and v), although this was not a significant increase (Fig. 6, panel
iii). This lack of a marked increase in the signal may be attrib-
uted to the larger amount of 59Fe-NO already trapped within
the cell by GST P1-1, saturating the compartment.
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Effect of GSTs on Proliferation of MCF7-WT and -VP Cells in
the Presence of NO—The relationship between GST P1-1 and
MRP1 in the storage and transport of DNICs may be part of a
novel detoxification system, protecting cells from endogenous
NO generated by nitric oxide synthase or from exogenous NO
generated by MØs (2). Considering this, we assessed the effect
of GSNO (0.02–10 mM) over 72 h on proliferation of WT and
VP cells transfected with each GST isoform (Fig. 7A, panel i).
Transfection of WT cells with GSTA1, GSTM1, or GSTP1
(WT�, WT�, WT� cells) had no significant effect on the IC50
value of GSNO relative to the WT Vector cells. This indicated
that the hyper-expression of any of these GSTs alone does not
protect cells from GSNO in the absence of high MRP1 levels.
However, all VP cell types were significantly (p � 0.001) more
resistant to the cytotoxic effect of GSNO when compared with
the WT cells (Fig. 7A, panel i), supporting a role for MRP1 in
the NO detoxification process. Transfection of VP cells with
GSTA1 (VP�) or GSTM1 (VP�) had no effect on the cytotoxic
activity of GSNO, whereas transfection with GSTP1 (VP�) led
to a significant (p � 0.001) increase in the IC50, indicating
greater resistance to GSNO (Fig. 7A, panel i). Together, these
results indicate that the presence of both GST P1-1 and MRP1
is necessary for maximum resistance to the cytotoxic effects of
GSNO. Furthermore, it demonstrates the functional relation-
ships of these two proteins in GSNO metabolism and reflects
synergistic partnership roles in DNIC storage and transport.
Hence, as found for cytotoxic chemotherapeutics (17, 18, 20),
GST P1-1 and MRP1 act together to suppress the cytotoxic
activity of NO.
Throughout our studies, we used two chemically different

NO donors (namely GSNO and SperNO; see Figs. 1, B and C,
and 2C and supplemental Fig. S3) and both have demonstrated
basically equivalent effects, namely, they induce NO-mediated
cellular iron release via MRP1 (Fig. 1, B and C); both have the
same effect via GST� on preventing cellular iron release (Fig.
2C); and both NO generators lead to the same EPR spectra in
cells (supplemental Fig. S3). Moreover, our studies with these
NO generators have also been confirmed by transfecting cells
with iNOS (Figs. 1D and 3D). Hence, in our system, SperNO
and GSNO are acting in a similar way. In fact, we also showed

that GST P1-1 hyper-expressing VP cells were more resistant
than their empty vector-transfected VP counterparts to the
effects of SperNO, as shown for GSNO (Fig. 7A, panel i).

Studies were then focused on the effect of the GSH inhibitor,
BSO (Fig. 7A, panel ii); MRP1 inhibitors MK571 and sulfinpyr-
azone (12, 20) (Fig. 7B, panels i and ii); and GST inhibitors
ethacrynic acid and dicumarol (20, 30) (Fig. 7C, panels i and ii)
on the cytotoxic activity of GSNO in WT� and VP� cells. For
all inhibitors, the most marked effects of sensitizing cells to the
cytotoxic activity of NO were observed in cells hyper-express-
ing both MRP1 and GST P1-1. This implies that disruption of
the partnership between these proteins results in problems in
handling and trafficking NO, leading to greater cytotoxic
activity.

DISCUSSION

This study is the first to show that an integrated NO storage
and transport mechanism exists within mammalian cells that
utilizes a cooperative interaction betweenGSTP1-1 andMRP1.
The evidence for this mechanism includes the following; 1)
GST P1-1, but not GST A1-1 or GST M1-1, acts to prevent
NO-mediated 59Fe release from MRP1-hyper-expressing VP
cells (Fig. 3, A–D); 2) Prevention of 59Fe efflux occurs via the
binding of 59Fe to GST P1-1, probably as a DNIC (14), as shown
by concomitant 59Fe accumulation in cellular fractions con-
taining GST P1-1 (but not GST A1-1 or GST M1-1; Fig. 4 and
supplemental Fig. S1, A and B); 3) Iron accumulation leads to a
unique and much stronger DNIC EPR signal in VP cells trans-
fected with GSTP1 (Fig. 5A, panel viii) relative to VP Vector
cells (Fig. 5A, panel vii), but does not occur in those cells trans-
fected withGSTA1 (Fig. 5B, panel ii) orGSTM1 (Fig. 5B, panel
iii) relative to VP Vector* cells (Fig. 5B, panel i); 4) Cells
expressing both MRP1 and GST P1-1 are significantly more
resistant to the cytotoxic effects of GSNO than cells expressing
GST P1-1 or MRP1 alone or cells expressing MRP1 and other
GST isoforms (Fig. 7A, panel i); 5) For all MRP1 and GST
inhibitors (Fig. 7A, panel ii, and B and C), the most marked
effects of sensitizing cells to GSNO were observed in cells
hyper-expressing both MRP1 and GST P1-1, demonstrating
that disturbance of the relationship between these proteins

FIGURE 6. The MRP1 inhibitor, MK571, markedly increases EPR signal intensity in VP Vector cells. Panels i and ii, low temperature (77 K) EPR spectra of VP
Vector cells (1010 cells) preincubated with or without MK571 (20 �M) for 30 min at 37 °C followed by incubation for 3 h at 37 °C with either GSNO (0.5 mM) (panel
i) or MK571 (20 �M) and GSNO (0.5 mM) (panel ii), respectively. Panel iii, quantification of EPR signals from VP Vector or VP� cells in the presence or absence of
MK571. EPR signal intensity is represented as normalized peak height in arbitrary units. Results are typical scans of 3–5 experiments, and the quantification
represents mean � S.D. (3–5 experiments), *, p � 0.05. Panels iv and v, low temperature (77 K) EPR spectra of VP� cells (1010 cells) incubated with GSNO (0.5 mM)
for 3 h in the presence and absence of MK571 (20 �M). Results are typical from 5 experiments.
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leads to greater NO-mediated cytotoxicity. Collectively, these
data indicate a unique role of GST P1-1 in both NO and iron
metabolism and also the cooperative relationship betweenGST
P1-1 and MRP1.
We previously showed that GSHwas essential for NO-medi-

ated iron mobilization from cells (10) and that the GSH trans-

porter, MRP1, was involved in NO-mediated efflux of iron and
GSH from cells in a form consistent with DNICs (12). Further,
GST enzymes bind DNICs with very high affinity and could act
as a storage form of NO for regulating intracellular processes
(14, 27). Most of these previous studies examining DNIC-GST
complexes have been performed on purified proteins (14, 27),

FIGURE 7. MRP1 and GST P1-1 cooperate in preventing the cytotoxic activity of NO. A, panel i, co-expression of both MRP1 and GST P1-1 (but not GST A1-1
or GST M1-1) is required for maximum resistance against NO as GSNO. WT Vector cells, VP Vector/Vector* cells, and WT/VP�, VP�, or VP� cells were incubated
with GSNO (0.02–10 mM) for 72 h at 37 °C, and proliferation was assessed. The expression of both GST P1-1 and MRP1 in VP� cells leads to maximum resistance
to the cytotoxicity of GSNO. Panel ii, co-expression of MRP1 and GST P1-1 in VP� cells leads to greatest sensitivity to GSNO when cells were preincubated with
BSO (0.1 mM) for 20 h at 37 °C and then incubated with GSNO (0.02–10 mM) for 72 h at 37 °C; proliferation was assessed after these experiments. B, the cytotoxic
effect of GSNO and MRP1 inhibitors on cell proliferation in MRP1 hyper-expressing cells in the absence or presence of GST P1-1. The WT� and VP� cells and their
relevant vector control cells were incubated with either GSNO (0.02–10 mM) or MK571 (20 �M) and GSNO (0.02–10 mM) (panel i) or GSNO (0.02–10 mM) or
sulfinpyrazone (2 mM) and GSNO (0.02–10 mM) (panel ii) for 72 h at 37 °C, and proliferation was assessed. C, the effect of GST inhibitors in cells hyper-expressing
MRP1 in the absence or presence of GST P1-1. The WT� and VP� cells and their relevant vector control cells were incubated with either GSNO (0.02–10 mM) or
ethacrynic acid (200 �M) and GSNO (0.02–10 mM) (panel i) or GSNO (0.02–10 mM) or dicumarol (1.25 mM) and GSNO (0.02–10 mM) (panel ii) for 72 h at 37 °C, and
proliferation was assessed. Results are mean � S.D. (3–5 experiments). ***, p � 0.001.
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and none of these have examined the cooperative role of GSTs
andMRP1 on intracellular iron trafficking and release in mam-
malian cells. However, EPR studies by Pedersen et al. (27) using
cultured rat hepatocytes and liver homogenates showed that
DNICs may bind to � class GSTs. This is inconsistent with our
current work, where GST A1-1 hyper-expression did not influ-
ence NO-mediated 59Fe release (Fig. 3A), nor did it bind intra-
cellular 59Fe (supplemental Fig. S1A). Further, GST A1-1 did
not significantly increase or lead to a unique EPR signal relative
to VP Vector* cells (Fig. 5B, panels i and ii). The discordance
likely relates to the metabolic differences between rat and
human cells and the cell types studied as GSTs demonstrate
tissue-specific distributions and functions (27). Consistentwith
this idea, it is worth discussing that MCF7 cells naturally
express GST P1-1 rather than GST A1-1 or M1-1 (31). Thus,
the metabolic machinery necessary for the interaction between
GST P1-1 andMRP1 and the handling of DNICs could be pres-
ent in these cells, whereas that for GST A1-1 or M1-1 may not
exist.
The GST enzymes have long been associated with the multi-

drug resistance of tumor cells, and the cooperative relationship
of MRP1 and GST P1-1 in drug resistance is well documented
(16–18). In addition, it has been shown that GST expression is
not always sufficient to confer protection from cellular toxins
(20), and in some cell types, GSTs must be co-expressed with
MRP1 to optimally protect cells fromanticancer agents (16, 32).
Until this investigation, the combined effect of these proteins
on NO metabolism and its cytotoxicity were unknown. Our
studies show that when exposed to NO, VP cells were more
resistant than their respectiveWT cells (Fig. 7A, panel i). How-
ever, although there was no significant difference in cytotoxic-
ity between the VP Vector* and the VP� and VP� cells, VP�
cells were significantlymore resistant to the effect of NO. In the
WT transfectants, there were no significant differences in the
susceptibility to NO between the vector and all GST transfec-
tants. These results highlight the importance of the combined
effect of GST P1-1 andMRP1 in protecting cells fromNO cyto-
toxicity, as found for other types of cytotoxic agents (18). This
indicates that the storage function of GST P1-1 is not only
important for preventing NO-mediated toxicity, but also the
ability of MRP1 to efflux DNICs is crucial for optimal protec-
tion against NO-mediated cytotoxicity (12).
Central to our hypothesis is the concept of DNICs as a com-

mon currency for storage and transport of NO (Fig. 8). In fact,
DNICs are a natural storage form of NO that possesses a longer
half-life than NO alone (15). In addition, DNICs associate with
GST to stabilize NO for many hours (15), which markedly
exceeds the half-life of “free NO” (2 ms–2 s) (33). Further,
DNICs permeate cells to donate iron and trans-nitrosylate
molecular targets, demonstrating their bioavailability (1, 34).
Previous studies in vitro showed that DNICs inactivate glu-

tathione reductase and that GSTs can prevent this and act to
protect cells (27). Our work corroborates and extends these
findings and demonstrates that GST P1-1 acts as an NO store
that regulates DNIC release via MRP1 (Fig. 8). In this way,
MRP1 could act to efflux DNICs once the binding capacity
of GST P1-1 for DNICs is exceeded, preventing DNIC
cytotoxicity.

Considering the interaction of GST P1-1 with NO, GSTP1
polymorphisms correlate with preeclampsia (35), and this may
be related to the ability of these enzymes to bind and store
vasoactive NO as DNICs (14). Indeed, the ability of the cell to
actively transport, store, and traffic NO overcomes the random
process of diffusion that would be inefficient and non-targeted
(1). Finally, although our current work supports a significant
role for GST P1-1 and MRP1 in the storage and transport of
NO,we donot exclude the importance of other pathways ofNO
metabolism such as S-nitroso-thiols (36).
In summary, GST P1-1 is able to complex with DNICs intra-

cellularly, and hence, prevents their efflux from cells viaMRP1.
SinceGST enzymes andMRP1 form a closely integrated system
for removing many toxins (16–18), our studies indicate that
GST P1-1 regulates NO levels by storing and transporting
DNICs, respectively. This could have crucial consequences for
NO signaling, NO-mediated apoptosis, and the cytotoxicity of
MØs that is due, in part, to iron release from tumor target cells.
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