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ABSTRACT: In addition to its superoxide dismutase (SOD) activity, Cu,Zn-superoxide dismutase (CuZnSOD)
catalyzes the reductive decomposition ofS-nitroso-L-glutathione (GSNO) in the presence of thiols such
asL-glutathione (GSH). The GSNO-reductase activity but not the superoxide dismutase (SOD) activity
of CuZnSOD is inhibited by the commonly used polyaminocarboxylate metal ion chelators, EDTA and
DTPA. The basis for this selective inhibition is systematically investigated here. Incubation with EDTA
or DTPA caused a time-dependent decrease in the 680 nm d-d absorption of CuIIZnSOD but no loss in
SOD activity or in the level of metal loading of the enzyme as determined by ICP-MS. The chelators also
protected the SOD activity against inhibition by the arginine-specific reagent, phenylglyoxal. Measurements
of both the time course of SNO absorption decay at 333 nm and oxymyoglobin scavenging of the NO
that is released confirmed that the chelators inhibit CuZnSOD catalysis of GSNO reductive decomposition
by GSH. The decreased GSNO-reductase activity is correlated with decreased rates of CuIIZnSOD reduction
by GSH in the presence of the chelators as monitored spectrophotometrically at 680 nm. The aggregate
data suggest binding of the chelators to CuZnSOD, which was detected by isothermal titration calorimetry
(ITC). Dissociation constants of 0.08( 0.02 and 8.3( 0.2µM were calculated from the ITC thermograms
for the binding of a single EDTA and DTPA, respectively, to the CuZnSOD homodimer. No association
was detected under the same conditions with the metal-free enzyme (EESOD). Thus, EDTA and DTPA
must bind to the solvent-exposed active-site copper of one subunit without removing the metal. This
induces a conformational change at the second active site that inhibits the GSNO-reductase but not the
SOD activity of the enzyme.

Trace copper impurities found in aqueous buffers catalyze
the reductive decomposition ofS-nitrosothiols (RSNOs) (1-
6). Recently, Dicks et al. demonstrated that generation of
NO1 from RSNOs was also catalyzed by peptide- and
protein-bound copper (7), providing a mechanism for intra-
cellular RSNO breakdown (8) since cells harbor no free
copper (9). Jourd’heuil et al. (10) reported that Cu,Zn-

superoxide dismutase (CuZnSOD) exhibits GSNO-reductase
activity, yielding free NO in the presence of GSH:

Building on the work of Jourd’heuil et al. (10), we
demonstrated that CuZnSOD is an efficient catalyst of the
transfer of NO betweenS-nitrosoglutathione (GSNO) and
Cysâ93 of oxyhemoglobin (oxyHb) (11) and Cys residues
in calbindin D28K (12) at physiological protein concentrations.
We observed spectroscopically that both GSH and calbindin
reduce CuIIZnSOD (12) and proposed a general mechanism
for CuZnSOD-catalyzed S-nitrosation of protein-based thiols
(P-SH) by GSNO (12):
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1 Abbreviations: CuZnSOD, copper,zinc superoxide dismutase; cytc,
cytochromec; DDC, diethyldithiocarbamic acid, sodium salt; DTPA,
diethylenetriamine-N,N,N′,N′′,N′′-pentaacetic acid; EDTA, ethylene-
diamine-N,N,N′,N′-tetraacetic acid, disodium salt; EESOD, metal-free
superoxide dismutase; GSH, glycineN-(N-L-γ-glutamyl-L-cysteinyl);
GSNO, glycineN-(N-L-γ-glutamyl-S-nitroso-L-cysteinyl); GSSG, gly-
cine N-(N-L-γ-glutamyl-L-cysteinyl) disulfide; ICP-MS, inductively
coupled plasma mass spectrometry; ITC, isothermal titration calorim-
etry; Mb, myoglobin; MbFeIIO2, oxymyoglobin; MbFeIII , metmyoglobin;
neocuproine, 2,9-dimethyl-1,10-phenanthroline hydrochloride; NO,
nitric oxide; PBS, phosphate-buffered saline [0.01 M sodium phosphate
buffer (pH 7.4) with 0.0027 M KCl and 0.137 M NaCl]; P-SH, protein-
base thiol.

CuIIZnSOD+ GSHh CuIZnSOD+ GS• + H+ (1)

CuIZnSOD+
GSNO+ H+ h CuIIZnSOD+ GSH+ NO• (2)

GS• + GS• h GSSG (3)

CuIIZnSOD+ P-SHh CuIZnSOD+ P-S• + H+ (1′)

CuIZnSOD+
GSNO+ H+ h CuIIZnSOD+ GSH+ NO• (2)
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Unlike GS• (eq 3) (12, 13), dimerization of P-S• is suppressed
by steric bulk, allowing efficient protein S-nitrosation by the
combination of P-S• radicals with NO• (eq 4) (11, 12).

The SOD activity of CuZnSOD (eqs 5 and 6) also requires
redox turnover of the active-site copper (14-16):

Jourd’heuil et al. reported that 1 mM neocuproine, a CuI-
specific chelator, had no effect on the SOD activity of
CuZnSOD (eqs 5 and 6) but inhibited its GSNO-reductase
activity (eqs 1 and 2). They also reported that the reductase
activity was inhibited by the CuII-specific chelators, EDTA
and DTPA, but no data or mechanism was provided (10).
Consistent with the work of Jourd’heuil et al. (10), we found
that the copper chelators additionally inhibited the NO-
transferase activity of CuZnSOD (eqs 1′, 2, and 4) (11, 12).
Since EDTA and DTPA are used routinely in SOD assays
(14, 17, 18) and in RSNO investigations (13, 19, 20), the
purpose of this study is to explore the mechanism by which
these anionic polyaminocarboxylate metal chelators selec-
tively inhibit the GSNO-reductase activity of CuZnSOD.

The effects of EDTA and DTPA on (i) the d-d absorption
of CuIIZnSOD, (ii) the reduction of CuIIZnSOD by GSH,
(iii) the metal-ion content of the enzyme, and its (iv) SOD
and (v) GSNO-reductase activities were investigated. The
ability of EDTA and DTPA to protect the SOD activity of
CuZnSOD from phenylglyoxal-induced inactivation was also
evaluated. Arg141 which is 5 Å from the catalytic copper
(21) is critical for SOD activity (21-30), which is lost on
modification of Arg141 with the arginine-specific reagent,
phenylglyoxal (PGO) (26, 29, 30). Finally, isothermal titra-
tion calorimetry (ITC) was used to directly probe association
of EDTA and DTPA with CuZnSOD and its metal-free form,
EESOD (14, 31-33).

Reaction 2 is likely a key common step in the S-nitrosation
of protein thiols (P-SH) by GSNO, the most physiologically
relevant NO donor identified to date (34-38). Thus, the
GSNO-reductase activity of CuZnSOD may play a vital role
in NO signaling in vivo, and the data presented here provide
critical information about how the polyaminocarboxylate
chelators modulate this activity in vitro and suggest possible
mechanisms for its modulation in vivo.

MATERIALS AND METHODS

Materials

Bovine erythrocyte CuZnSOD (Roche Molecular Bio-
chemicals) was used without further purification except
where indicated. All reagents were analytical grade or better.
GSNO [glycine N-(N-L-γ-glutamyl-S-nitroso-L-cysteinyl)]
was obtained from Cayman. Horse heart myoglobin, horse
heart cytochtomec (type III), xanthine, xanthine oxidase,
PGO (phenylglyoxal hydrate), EDTA (ethylenediamine-
N,N,N′,N′-tetraacetic acid, disodium salt), DDC (diethyl
dithiocarbamate, sodium salt), neocuproine (2,9-dimethyl-
1,10-phenanthroline hydrochloride), DTPA (diethylene-
triamine-N,N,N′,N′′,N′′-pentaacetic acid), GSH (glutathione,

reduced form), and GSSG (glutathione, oxidized form) were
purchased from Sigma, and ultra-high purity concentrated
HNO3 was from EM Science. H2O2 (30%), 1000 ppm
standard solutions (Cu and Zn) were purchased from ACP
Chemicals Inc. Nanopure water (specific resistance of 18
MΩ-cm) obtained from a Millipore Simplicity water puri-
fication system was used to prepare all solutions. The sodium
phosphate buffers used in the SOD activity assay and ITC
measurements were treated with Chelex-100 resin (Bio-Rad)
prior to being used to remove trace metal ions.

Methods

Effects of Chelators on CuZnSOD 680 nm Absorption.The
concentration of CuZnSOD dissolved in 50 mM sodium
phosphate buffer (pH 7.2) was determined spectrophoto-
metrically (ε258 ) 10 300 M-1 cm-1 per dimer) (14). Changes
in the CuII d-d absorption of 200µM enzyme at 680 nm
(ε680 ) 300 M-1 cm-1 per dimer) (14) versus time were
monitored at 37°C in the presence of 5-10 mM EDTA,
DTPA, GSH, and GSSG. All absorbance readings were
carried out in 1 cm cells on an Agilent 8453 UV-visible
diode array or a Beckman DU 650 spectrophotometer
equipped with thermostated cell compartments.

CuZnSOD Modification by PGO.Modification of the
arginine residues in CuZnSOD by PGO was carried out as
described previously (26, 39). Briefly, 105 µM CuZnSOD
with and without 1 mM EDTA or DTPA or neocuproine
was incubated with 4.2 mM PGO in 250 mM sodium
bicarbonate (pH 8.0) with gentle shaking at room temperature
for 6 h. Aliquots were removed from the reaction vials every
hour, and the SOD activity was determined by the cyto-
chromec reduction assay as described below.

Xanthine Oxidase cytcIII Assay for SOD ActiVity. The SOD
activity was determined from the competition between
CuZnSOD and ferricytochromec (cytcIII ) for O2

•-, which
decreases the rate of cytcIII reduction (14):

CytcIII reduction was initiated by adding xanthine oxidase
to assay solutions containing 10µM cytcIII , 50µM xanthine,
and 3.3 nM CuZnSOD in 50 mM sodium phosphate buffer
(pH 7.8) at 25°C. The xanthine oxidase concentration was
adjusted to produce an initial∆A550 of 0.025 ( 0.003
absorbance unit/min in a 1 cmpath length cuvette, andA550

was read every 15 s over the course of 3 min to monitor
cytcIII reduction. SOD activities were determined from the
percent inhibition (%I, eq 9) of cytcIII reduction calculated
from the initial slopes ofA550 versus time plots generated in
the absence (SlopecytcIII ) and presence of CuZnSOD (Slopes).
The relative SOD activities (eq 10) are the ratios of%Ic for
the control (untreated CuZnSOD) and%Is for the samples
(CuZnSOD exposed to PGO or a chelator):

NO• + P-S• h P-SNO (4)

CuIIZnSOD+ O2
•- h CuIZnSOD+ O2 (5)

CuIZnSOD+ O2
•- + 2H+ h CuIIZnSOD+ H2O2 (6)

%I )
SlopecytcIII - Slopes

SlopecytcIII

× 100 (9)

% relative SOD activity)
%Is

%Ic
× 100 (10)
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GSNO-Reductase ActiVity of CuZnSOD.Solutions contain-
ing GSNO, GSH, CuZnSOD, and EDTA or DTPA were
incubated at 37°C for 30 min to establish the extent of
chelator inhibition of the GSNO-reductase activity of CuZn-
SOD (eqs 1-3). The decrease in the GSNO concentration
was determined spectrophotometrically at the S-NO absorp-
tion band (ε333 ) 0.767 mM-1 cm-1) (40).

Free NO is rapidly scavenged by oxymyoglobin (oxyMb,
MbFeIIO2), which is the basis of the oxyMb assay (12) used
to monitor release of NO from GSNO:

OxyMb was added to GSNO/GSH solutions with or without
CuZnSOD and chelator, and the spectral changes upon
conversion of oxyMb to metMb were monitored versus time.

ICP-MS Determination of the Metal-Ion Content of CuZn-
SOD.The levels of copper and zinc loading of CuZnSOD
following incubation with the chelators were determined by
inductively coupled plasma mass spectrometry (ICP-MS).
CuZnSOD was incubated with 5 mM EDTA, DTPA, or DDC
at 37°C for 30 min. Since DDC is known to remove copper
at neutral pH (41), the DDC/CuZnSOD incubation was
included with the controls (CuZnSOD without chelators and
the chelators alone). Acetone (1.0 mL) was added to 100µL
aliquots of the incubations, and after they stood at-20 °C
for 30 min, the precipitated protein was washed twice with
cold acetone. The SOD activity was measured before and
after acetone treatment to ensure complete enzyme precipita-
tion, and after centrifugation at 12000g for 7 min, the super-
natants were removed with micropipettes and the precipitates
were dried on a Speed Vac (SC 110, Savant). The residues
were transferred quantitatively to 10 mL beakers, digested
at 90 °C with 1 mL of concentrated HNO3 and 100µL of
30% H2O2, and diluted to a final volume of 10.0 mL with
deionized water. Samples were introduced into the torch of
a PE Sciex Elan 6000 ICP-MS device via a cross-flow
nebulizer/Scott-type spray chamber system. The RF power
was 1000 W and the rate of argon flow 0.85 L/min, which
gave the best sensitivity as determined by the recommended
optimization procedure. The optimum lens voltage was
determined by maximizing the rhodium sensitivity, and data
were acquired in the pulse-count mode (42).

Preparation of EESOD.The metal-free enzyme was pre-
pared by 24 h dialysis at 4°C of CuZnSOD against 50 mM
sodium acetate buffer (pH 3.8) containing 10 mM EDTA
(14). EDTA-free EESOD was obtained as described previ-
ously (31) via a 24 h dialysis against three changes of 50 mM
sodium acetate buffer (pH 5) and a 24 h dialysis against two
changes of 0.1 M NaClO4 in 50 mM sodium phosphate buffer
(pH 7.4) followed by a 24 h dialysis against three changes
of 50 mM sodium phosphate buffer (pH 7.4).

ITC Analysis of CuZnSOD-Chelator and EESOD-
Chelator Association.Protein samples were prepared by
overnight dialysis against Chelex-treated 50 mM sodium
phosphate buffer (pH 7.4). EDTA (a 50.1 mM standard
solution, Aldrich) and DTPA (>99% pure powder, Sigma)
were added to the dialysis buffer, and the pH was adjusted
to 7.4 using ultrapure NaOH (Fluka) to ensure minimal
background from buffer mismatch. A known concentration
of protein determined spectrophotometrically [ε258 ) 10 300
M-1 cm-1 (CuZnSOD dimer) andε258 ) 2920 M-1 cm-1

(EESOD dimer) (14, 31)] was added to the cell of a VP-
ITC microcalorimeter (MicroCal) following degassing of the
protein and chelator solutions using the ThermoVac (Micro-
Cal). The chelator was injected with 300 rpm stirring at
discrete intervals into the cell, and the heat per injection was
measured. The observed heats were corrected for the heat
of dilution of the chelator by performing control titrations
in the absence of protein, and the resulting thermograms were
analyzed using Origin for ITC supplied by MicroCal.

RESULTS

Effects of Chelators on CuZnSOD 680 nm Absorption.
CuIIZnSOD exhibits a weak CuII d-d absorption band at
680 nm (ε ) 300 M-1 cm-1 per dimer) (14). This band is
sensitive to changes in CuII ligation and geometry and is
lost upon reduction of the enzyme to CuIZnSOD (14, 43,
44). As we reported previously (12), a 30 min incubation at
37 °C of CuIIZnSOD alone or with GSSG resulted in the
negligible loss of 680 nm absorbance, but addition of DTPA
and EDTA decreased the absorbance at 680 nm by∼20%
(Figure 1). This loss could be caused by copper reduction
or removal and/or by conformational changes induced by
the presence of the chelators.

Effects of Chelators on the Metal-Ion Content of CuZn-
SOD. The ICP-MS results in Table 1 reveal that within
experimental error there is no loss of copper or zinc from
CuZnSOD following preincubation with EDTA or DTPA.

FIGURE 1: CuII d-d absorption at 680 nm vs time in incubations
of 200 µM CuZnSOD with EDTA, DTPA, or GSSG: CuZnSOD
only ([) or CuZnSOD with 10 mM DTPA (9), 10 mM EDTA
(2), and 5 mM GSSG (O). Samples were in 50 mM sodium
phosphate buffer (pH 7.2), and the absorbance at 680 nm was
recorded at 5 min intervals after addition of EDTA, DTPA, or
GSSG to CuIIZnSOD at 37°C.

Table 1: Cu and Zn Concentrations of CuZnSOD Samples
Determined by ICP-MS

samplea [Cu] ( SD (µM)b [Zn] ( SD (µM)b

0.6µM CuZnSOD 1.41( 0.326 1.28( 0.233
50 µM EDTA 0.19( 0.036 0.42( 0.052
50 µM DTPA 0.24( 0.036 0.06( 0.044
50 µM DDC 0.21( 0.005 0.35( 0.043
0.6µM CuZnSOD and EDTA 1.40( 0.085 1.14( 0.198
0.6µM CuZnSOD and DTPA 1.42( 0.230 1.11( 0.087
0.6µM CuZnSOD and DDC 0.33( 0.027 0.71( 0.154

a CuZnSOD (60µM) in PBS (pH 7.4) was incubated with 5 mM
EDTA, DTPA, or DDC at 37°C for 30 min and precipitated with
acetone. The precipitates were digested with acid and diluted 103-fold
for the ICP-MS analysis (see the text).b Values are the averages of
three separate trials.

NO + MbFeIIO2 h NO3
- + MbFeIII (11)
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Consistent with the spectrophotometric data (not shown),
DDC removed 77% of the Cu from CuZnSOD as well as
44% of the Zn (Table 1). Unlike EDTA, DDC is known to
remove copper from the enzyme at neutral pH (41, 45).

Effects of Chelators on CuIIZnSOD Reduction.Figure 2A
shows the decrease in the magnitude of the 680 nm band
over 30 min after addition of 5 mM GSH to CuIIZnSOD,
which can be readily reduced (E°CuII/I ) 0.28-0.42 V) (44,
46). Addition of 3.3 mM EDTA or DTPA significantly
inhibited reduction of the active-site CuII (Figure 2B),
indicating that the chelators interfere with the transfer of
electrons from GSH to the copper possibly by interacting
with CuZnSOD close to its active-site channel.

Effects of Chelators and GSH on SOD ActiVity. Using the
xanthine oxidase-cytcIII assay (eqs 7 and 8) (14, 18, 47),
SOD activity was found to be linear with CuZnSOD con-
centration up to 6 nM enzyme (data not shown) as reported
previously (48). To prevent interference from trace metal
contaminants, 0.1-1 mM EDTA or DTPA is routinely added
to SOD activity assays (14, 18, 49). As shown in Table 2,
negligible SOD activity changes were observed in the
presence of 0.1-2 mM EDTA or DTPA as reported for the
pyrogallol autoxidation assay (18).

Figure 3 shows that CuZnSOD preincubation at pH 7.2
and 37°C for 0-60 min with 2 mM EDTA, DTPA, or GSSG
or 5 mM GSH had no effect on its SOD activity. Since thiols
interfere with the xanthine oxidase-cytcIII assay by reducing
cytcIII (48), 5 mM GSH was added to the assay solution just
prior to the measurement being taken. The activity of the
control (CuZnSOD that was not preincubated with GSH) was
also measured in the presence of thiol. The results reveal
that although GSH reduces CuIIZnSOD (Figure 2A), this does
not interfere with its SOD activity (Figure 3). Consistent with
previous reports (41, 45), a 20 min CuZnSOD preincubation
with DDC at pH 7.2 resulted in a>90% SOD activity loss
(data not shown), which is attributed to removal of Cu from
the enzyme (Table 1).

Effects of Chelators on PGO InactiVation of SOD ActiVity.
Aliquots removed from the PGO incubations were diluted
∼103-fold into the SOD assay solution. After a 6 h
preincubation with a 40-fold molar excess of PGO, CuZn-
SOD exhibited∼25% SOD activity (Figure 4), consistent
with reports that PGO modification of Arg141 resulted in
the loss of 80-97% of the SOD activity (22, 25, 26).
Addition of EDTA or DTPA to the incubations increased
the SOD activity remaining after 6 h to ∼43% (Figure 4),
suggesting that these chelators had a protective effect on
Arg141. In contrast, the uncharged copper chelator, neo-
cuproine, offered CuZnSOD no protection against PGO
inactivation (Figure 4).

Effects of Chelators and GSH on the GSNO-Reductase
ActiVity of CuZnSOD.In the presence of 30µM CuZnSOD
and 5 mM GSH,∼170 µM GSNO decomposed in 30 min
at 37 °C (data not shown). Addition of 2 mM DTPA or
EDTA decreased the level of GSNO decomposition to 47
or 59%, respectively (Figure 5), consistent with the chelators’
inhibition of reduction of CuIIZnSOD by GSH (Figure 2B).
The data in Figure 5 also show that the chelators inhibit
GSNO decomposition in the absence of the enzyme, indicat-
ing that trace copper impurities contribute to GSNO break-
down. However, this is only 32% of the GSNO breakdown
observed in the presence of CuZnSOD (Figure 5).

Release of NO from GSNO (eq 2) was confirmed using
oxyMb as a scavenger (eq 11). In the presence of GSNO
alone,∼5 µM oxyMb was converted to metMb over 20 min
(Figure 6A), consistent with the decomposition of∼5 µM
GSNO over 30 min in buffer only (data not shown). Addition
of CuZnSOD and GSH to the oxyMb/GSNO incubation
resulted in the conversion of the limiting (25µM) oxyMb
present to metMb in<4 min (Figure 6B), and release of
NO was retarded on addition of DTPA or EDTA since
oxyMb peaks are still clearly visible in the spectra after 20
min (Figure 6C,D).

Thermodynamic Parameters for Association of EDTA and
DTPA with CuZnSOD.ITC was employed in examining the
association of EDTA and DTPA with CuZnSOD and

FIGURE 2: CuII d-d absorption at 680 nm vs time of CuZnSOD/
GSH incubations with and without EDTA or DTPA. (A) Spectrum
of 690µM CuZnSOD with 5 mM GSH at 0, 2.5, 5, 10, 15, 20, and
30 min. (B) Data points are the absorbance at 680 nm vs time of
samples containing 400µM CuZnSOD with 3.3 mM GSH (2),
3.3 mM EDTA (b), or 3.3 mM DTPA ([). Absorbance values of
samples in 50 mM sodium phosphate buffer (pH 7.2) were recorded
in a 1 cmcuvette at 37°C immediately after addition of GSH,
DTPA, or EDTA to CuZnSOD (t ) 0 min) and at 2.5 min intervals
over the course of 30 min.

Table 2: SOD Activity of CuZnSOD in the Presence of EDTA and
DTPAa

chelatorb % inhibition ( SDc % relative SOD activityd

none 49.01( 0.39 100
0.1 mM EDTA 49.02( 1.45 100
2.0 mM EDTA 49.17( 0.94 100
0.1 mM DTPA 48.25( 0.58 98.4
2.0 mM DTPA 48.59( 0.45 99.1

a Assay solutions contained 10µM cytcIII , 3.3 nM CuZnSOD, and
50µM xanthine with or without chelator in Chelex-100-treated 50 mM
sodium phosphate buffer (pH 7.8), 25°C. The assay was triggered by
the addition of∼3.5 units/L xanthine oxidase.b Concentration of the
chelator in the assay solution.c CuZnSOD inhibition of reduction of
cytcIII by O2

•- as calculated using eq 9. Values given are the averages
of three measurements.d The SOD activity of 3.3 nM CuZnSOD in
the absence of chelator was taken to be 100%.
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EESOD. The heat change upon ligand binding to a protein
is given by the relationship∆Hb ) ∆HITC - ∆Hblank, where
∆HITC is the apparent heat of binding measured by ITC and
∆Hblank corrects for dilution of the ligand into the buffer only.
The raw data obtained in the titration of CuZnSOD with the
chelators as ligands (Figure 7, top panels) reveal that DTPA
binding is an endothermic process while EDTA binding is
largely exothermic. The thermograms corresponding to inte-
grated heat versus chelator/CuZnSOD dimer molar ratio are
displayed in the bottom panels. The Origin software provides
three curve fitting models involving one or two sets of
binding sites and sequential binding sites (50). Best fits were

obtained using one set of binding sites for DTPA and two
sets of sites for EDTA (Figure 7, bottom panels).

The apparent number of chelator binding sites (n) per
CuZnSOD dimer and the thermodynamic parameters, includ-
ing the dissociation constant (Kd), the enthalpy of binding
(∆H), and the entropy of binding (∆S), are listed in Table
3. One EDTA molecule per CuZnSOD dimer binds to the
high-affinity site with aKd of ∼80 nM. Thus, a single EDTA
molecule interacts with both monomers, or EDTA binding
to one monomer inhibits binding of a second EDTA molecule
to the dimer. The stoichiometry of the EDTA low-affinity
site (Kd ∼ 4 µM) is 0.2-0.4 chelator molecule per dimer,
which suggests that binding of EDTA to the high-affinity
site inhibits binding of a second EDTA molecule. On the
basis of theKd values (Table 3), the affinity of DTPA for
the CuZnSOD dimer is 2 orders of magnitude lower than
that for EDTA at 25°C. Furthermore, the negative∆Hb and
positive∆Sb values reveal that binding of EDTA to CuZn-
SOD is both enthalpically and entropically favorable, whereas
both∆Hb and∆Sb values are positive for DTPA, indicating
that DTPA binding is entropically driven. Significantly,
binding to the low-affinity EDTA site exhibits binding
parameters similar to those obtained for DTPA, especially
at 37°C. Also, since the 25 and 37°C enthalpy and entropy
values vary, the chelator-CuZnSOD complexes may under-
go temperature-dependent rearrangement.

Association of the chelators with metal-free EESOD was
also examined. Contrary to expectation, the same heat
changes were recorded on titration of the buffer (∆Hblank)
(data not shown) and EESOD with both EDTA and DTPA
(∆HITC) (Figure 8). Thus, the EESOD thermograms show
no heat changes revealing that the metals promote the
association of the chelators with CuZnSOD.

DISCUSSION

The ITC data summarized in Table 3 reveal that the
CuZnSOD homodimer binds a single polyaminocarboxylate
chelator.Kd values of 0.08 and 8.3µM, at 25 °C, were
obtained for association of EDTA and DTPA, respectively,

FIGURE 3: Effects of preincubation with chelators, GSSG or GSH,
on SOD activity of CuZnSOD. CuZnSOD (20µM) was preincu-
bated with 2 mM EDTA, 2 mM DTPA, 2 mM GSSG or 5 mM
GSH in 50 mM sodium phosphate buffer (pH 7.2) at 37°C for 60
min. Aliquots were removed every 20 min and assayed for SOD
activity. Assay solutions contained 10µM cytcIII , 50µM xanthine,
and 3.3 nM CuZnSOD in 50 mM sodium phosphate buffer and
0.1 mM EDTA (pH 7.8). Where indicated, 2 mM chelator or 2 mM
GSSG was also present in the assay solution. To trigger the assay,
∼3.5 units/L xanthine oxidase was added (as well as 5 mM GSH
to the assays containing this reagent). The relative SOD activity of
untreated CuZnSOD was taken to be 100%.

FIGURE 4: Effects of preincubation with PGO without or with
EDTA or DTPA on SOD activity of CuZnSOD: CuZnSOD with
PGO only (]) and in the presence of 1 mM EDTA (2), 1 mM
DTPA (O), or 1 mM neocuproine (9). In the experiment, 105µM
CuZnSOD was incubated with 4.2 mM PGO in 250 mM Na2CO3
(pH 8.0) with or without 1 mM chelators with gentle shaking at
room temperature for 6 h. Aliquots were removed and diluted 70-
fold, and 10µL was added to 3 mL of 50 mM sodium phosphate
and 0.1 mM EDTA (pH 7.8) and assayed for SOD activity as
described in Materials and Methods. The relative SOD activity of
CuZnSOD from<1 min incubations was taken to be 100%.

FIGURE 5: Effects of EDTA and DTPA on the GSNO-reductase
activity of CuZnSOD with GSH as a donor substrate: (Control)
GSNO/GSH/CuZnSOD, (1) GSNO/GSH/CuZnSOD/DTPA, (2)
GSNO/GSH/CuZnSOD/EDTA, (3) GSNO/GSH, (4) GSNO/GSH/
DTPA, and (5) GSNO/GSH/EDTA incubations. In the experiment,
solutions containing 470µM GSNO, 5 mM GSH, 30µM CuZn-
SOD, 2 mM DTPA, and 2 mM EDTA where indicated were
incubated in 50 mM sodium phosphate buffer (pH 7.2) at 37°C
for 30 min. The amount of GSNO remaining was determined
spectrophotometrically (ε333 ) 0.76 mM-1 cm-1), and the decom-
position of 170µM GSNO in the control was normalized to 100%.
Each bar represents the mean( the standard deviation of triplicate
determinations.

Chelator Inhibition of GSNO-Reductase Activity of CuZnSOD Biochemistry, Vol. 45, No. 42, 200612727



with the enzyme, and a second low-affinity EDTA site was
also detected but with a low binding stoichometry (Table 3).
Since it was previously reported that Arg141 is a phosphate
binding site in CuZnSOD (25) and EESOD binds EDTA
(31), we presumed that the chelator binding site included

Arg141 and possibly Lys120 and/or Lys134 (Figure 9A).
However, no evidence for association of the chelators with
metal-free EESOD was obtained by ITC (Figure 8), indicat-
ing that the active-site copper is necessary for the high-
affinity binding observed here.

FIGURE 6: OxyMb assay of effects of metal chelators on the release of NO from GSNO: (A) oxyMb/GSNO, (B) oxyMb/GSNO/GSH/
CuZnSOD, (C) oxyMb/GSNO/GSH/CuZnSOD/EDTA, and (D) oxyMb/GSNO/GSH/CuZnSOD/DTPA incubations. In the experiment, 25µM
oxyMb and 145 M GSNO were incubated with 1 mM GSH, 20µM CuZnSOD, and 1 mM chelator (where indicated) in 50 mM sodium
phosphate buffer (pH 7.2) at 37°C for 20 min. Spectra in panel A were recorded in a 1 cmcuvette at 0, 12, and 20 min, in panel B at 0,
2, and 4 min, and in panels C and D at 0, 12, and 20 min. The down arrows at 542 and 580 nm indicate oxyMb decay, and the up arrows
at 502 and 632 nm indicate metMb growth.

FIGURE 7: ITC analysis of binding of EDTA and DTPA to CuZnSOD. (A) Aliquots (5µL) of 806 µM DTPA were injected into the 1.5 mL
ITC cell containing CuZnSOD at an initial concentration of 41.0µM at 37 °C. (B) Aliquots (5µL) of 501 µM EDTA were injected into
the 1.5 mL ITC cell containing CuZnSOD at an initial concentration of 36.1µM at 25 °C. Both protein and chelators were in 50 mM
phosphate buffer (pH 7.4). Top panels show the raw data for 45-48 injections of chelator into the CuZnSOD solution at 4 min intervals.
The data points in the bottom panels are the integrated heats of binding (∆Hb) after subtraction of the blank (∆Hblank). The solid lines
correspond to the best fits of the data to (A) one set of binding sites and (B) two sets of binding sites using Origin software.
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The X-ray structure shows that active-site cavity of bovine
CuZnSOD is∼15 Å deep and 12 Å wide near the protein
surface and narrows to∼3 Å at the catalytic copper, which
has a solvent-exposed surface area of∼5 Å2. The copper is
coordinated by His44, His46, His61, His118, and a weakly
bound water molecule which occupies the axial position of
a distorted square pyramid and is directed toward the cavity
opening. Strong ligands such as CN- and N3

- bind to CuII-
ZnSOD and cause a weakening of the Cu-His46 bond (51).
The zinc, which is completely buried in the protein, is
bridged to the copper by the imidazolate side chain of His61.
Since the only access to the copper is from the active-site
cavity, the chelators must enter the channel. This interaction
would be promoted by the positive residues lining the channel
such as Arg141, Lys120, and Lys134 (Figure 9A). In fact,
it has been suggested that phosphate bridges Arg141 and
cobalt in the CoZnSOD metalloderivative, leading to cleav-
age of the imidazolate bridge and movement of the tetra-
hedral cobalt toward the cavity (52). A similar situation can
be envisaged whereby the copper moves toward an oxygen
donor atom of the chelator but remains bound to the poly-
peptide, which has a high affinity for the metal (Kd ) 6 fM)
(9). Consistent with this proposal, the CuIIZnSOD-chelator
complexes are>1011-fold less stable than the Cu(EDTA)2-

and Cu(DTPA)3- complexes with logKa values of 8.8 and
21.1, respectively (53). The ICP-MS analysis (Table 1) con-
firmed that EDTA or DTPA does not sequester any metal
from CuZnSOD at pH 7.4. In contrast, incubation with DDC,
which is known to remove copper from the enzyme at neutral
pH (41, 54), led to significant demetallation (Table 1), and
EESOD was formed in EDTA incubations at pH 3.8 (14,
31, 32) with loss of SOD activity (data not shown).

A network of well-ordered water molecules is found in
the active-site cavity of CuZnSOD. This network extends
from the bottom of the cavity in two directions and connects
the copper-bound water to the solvent. The large favorable
entropies for chelator binding (21-36 eu, Table 3) are
consistent with release of water from the cavity to the bulk
solvent as well as dissociation of the aquo and histidyl ligands
from the copper. The latter bond cleavages are expected to
be enthalpically unfavorable and would contribute to the low
binding enthalpies observed for the chelators. In particular,
the positive binding enthalpy for DTPA suggests that there
is negative compensation between bond making and breaking
in the CuZnSOD-DTPA complex. Ionization of the chela-
tors, which are hexaprotic (EDTA) and octaprotic (DTPA)
acids, may also contribute to the observed heats of binding.

The data in Figures 1, 2, and 4 provide additional support
for the binding of the chelators in the active-site channel.
The loss of the 680 nm d-d absorption (Figure 1) may be
due to direct CuII-EDTA and CuII-DTPA binding as well
as to additional interaction with Arg141 since modification
of this residue is known to alter the d-d absorption (26).
GSH is a poorer reductant of CuIIZnSOD in the presence of
the chelators (Figure 2B), which could reflect decreased GSH
accessibility to the copper in the enzyme-chelator com-
plexes. Less SOD activity was lost in CuZnSOD/PGO
incubations containing EDTA or DTPA (Figure 4), suggest-
ing that the chelators decreased the access of PGO to Arg141
which is∼5 Å from the copper. On the basis of NMR data
(55), binding of formate via H-bonding of its oxygens to
the Nε and NH2 atoms of the Arg141 side chain was pro-
posed. The formate carboxylate carbon, also∼5 Å from the
copper, did not displace the coordinated water (55). How-
ever, the additional carboxylate groups in the polyamino-
carboxylate chelators would allow them to bind the active-
site copper as well as Arg141, which would explain their
affinity for the protein being 104-106-fold higher [Kd )
0.08-8 µM (Table 3)] than that for formate (Kd ) 0.24 M).

Relevant to the 2/1 CuII/chelator stoichiometry observed
here (Table 3), it was found that both Fe(CN)6

3- and IrCl62-

bound preferentially to a single CuZnSOD subunit, rendering
one of the CuII atoms nontitratable (46). The iridium complex
was used to form a heavy atom derivative of CuZnSOD,
and the major IrCl62- binding site involves Arg141 (56).
Thus, binding of a large anion in the active-site cavity of
one subunit appears to induce a conformational change at
the other active site, although the copper atoms are 34 Å
apart (56).

Coordination of EDTA with the active-site copper was
visualized by manually docking EDTA into the active-site
channel with PyMol (Figure 9B). Docking the chelator into
the static enzyme molecule demonstrates that, contrary to
expectation, one of EDTA’s carboxylate groups can coordi-
nate to the active-site copper without reorganization of groups
in the active-site cavity. Furthermore, the concentration of
positive electrostatic potential (blue) around the cavity
(Figure 9) should promote binding of anionic ligands in the
cavity. Nonetheless, copper binding has also been observed
for uncharged ligands, which underscores the accessibility
and reactivity of the metal. For example, addition of singly
charged DDC and neutral neocuproine to CuIIZnSOD gave
rise to new visible absorption bands between 450 and 460
nm, but after dilution of the enzyme into the assay buffer,
no loss of SOD activity was observed (10, 45).

Why Do the Chelators SelectiVely Inhibit the GSNO-
Reductase ActiVity of CuZnSOD?The inhibitory effect of
DTPA and EDTA on the GSNO-reductase activity of
CuZnSOD (eqs 1 and 2) is demonstrated in Figures 5 and 6.
Since CuI-catalyzed RSNO breakdown is rapid (5), the rate-
limiting step in GSNO turnover by the CuZnSOD/GSH
mixture is assumed to be formation of the cuprous enzyme
(eq 1). As shown here, the chelators retard CuIIZnSOD
reduction by GSH (Figure 2B). Additionally, the GSSG
oxidation product, known to chelate CuII and inhibit free
copper-catalyzed GSNO decomposition (3, 6), likely inhibits
reduction of CuIIZnSOD by GSH since the enzyme is not
fully reduced even in the presence of a large excess of this
thiol (12). Also, Jourd’heuil et al. (10) observed 90% decom-

Table 3: Thermodynamic Parameters from the Titration of
CuZnSOD with EDTA and DTPAa

chelatorb (T) nc Kd (µM)
∆Hb

(kcal/mol)
∆Sb (cal

K-1 mol-1)

EDTA (25 °C) 1.09( 0.16 0.08( 0.02 -3.42( 0.02 21.05( 0.7
EDTA (37 °C) 0.83( 0.16 0.03( 0.02 -2.59( 0.41 24.29( 4.9
EDTA (25 °C) 0.23( 0.01 4.25( 11.1 3.65( 0.07 36.39( 2.1
EDTA (37 °C) 0.38( 0.03 3.25( 3.12 2.21( 0.28 32.24( 1.8
DTPA (25°C) 0.97( 0.04 8.26( 0.20 1.19( 0.24 27.23( 0.8
DTPA (37°C) 1.04( 0.02 7.58( 0.99 2.43( 0.20 31.25( 0.4

a Data were fit to two-binding-site (EDTA) and one-binding-site
(DTPA) models using Origin software. The binding parameters given
are the average of three measurements.b The experimental conditions
are given in the legend of Figure 7. The ITC experiments were per-
formed at the indicated temperatures (T). c The stoichiometry of binding
is the chelator/CuZnSOD dimer molar ratio.
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position of 10µM GSNO by CuZnSOD in the presence of
50µM GSH, whereas we observed only 36% decomposition
of 470 µM GSNO in the presence of 5 mM GSH (see the
legend of Figure 5), which is consistent with product inhi-
bition by the GSSG generated during GSNO decomposition
(eq 3). However, as we reported previously (12), addition

of 5 mM GSSG did not alter the 680 nm absorption of
CuZnSOD (Figure 1) or its SOD activity (Figure 3).

The members of an electrostatic loop, the positively
charged side chains of Arg141, Lys120, and Lys134 (Figure
9A), are 5, 12, and 13 Å, respectively, from the copper (21,
25). These residues promote access of superoxide, small

FIGURE 8: ITC analysis of binding of EDTA and DTPA to EESOD. Aliquots (5µL) of 1 mM DTPA (A) or 806 µM EDTA (B) were
injected into the 1.5 mL ITC cell containing EESOD at an initial concentration of 55.4µM at 37 °C. Both protein and chelators were in
50 mM phosphate buffer (pH 7.4). Top panels show the raw data for 30-50 injections of chelator into the EESOD solution at 4 min
intervals. The data points in the bottom panels show the integrated heats.

FIGURE 9: Docking of EDTA into the active-site channel of bovine CuZnSOD. (A) Molecular surface and electrostatic potential map (blue,
positive; red, negative) of the active-site channel of CuZnSOD. Thr56 and Glu131 form the opening of the active-site cavity. An electrostatic
loop consisting of the positively charged side chains of Arg141, Lys120, and Lys134 guides the anionic superoxide substrate to the copper
center. Arg141 and Thr135 act as a “bottleneck” for the active site, limiting the access of bulky anions to the copper shown as a yellow
sphere at the bottom of the active-site channel (63). (B) Docking of the EDTA molecule into the active-site channel demonstrates that a
carboxylic group of EDTA can access the active-site copper. The electrostatic potential surface of CuZnSOD was obtained using the
reported crystal structure (64), which was preprocessed with PDB2PQR (65), and the electrostatic potential was calculated with the APBS
package (66) and visualized with PyMOL (67).
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anionic inhibitors such as cyanide, and water to the copper
(23, 24, 28, 29, 57). The reported bimolecular rate constant
for reduction of CuIIZnSOD by O2

•-, which involves direct
binding of O2

•- to CuII, is ∼2 × 109 M-1 s-1 at 25°C (14,
16, 58). Binding of superoxide to the enzyme is the rate-
limiting step in SOD catalysis (59, 60), and saturation is not
observed in assays carried out at low superoxide concentra-
tions such as those used here. Since binding of neither EDTA
nor DTPA alters the SOD activity (Table 2), the chelators
must not alter the overall rate of reduction of CuII by O2

•-.
CuZnSOD binds one chelator per homodimer (Table 3), so
it is possible that only one copper is active in O2

•- turnover
in the CuZnSOD-chelator complexes. Thus, binding of the
chelator to one copper must increase the SOD activity and
decrease the GSNO-reductase activity at the second copper.
The latter observation is in fact consistent with the negative
cooperativity in the association of the chelators, as well as
Fe(CN)63- and IrCl62-, with CuZnSOD. Since the homodimer
does not bind two large ligands, it is not surprising that large
substrates such as GSH and GSNO have decreased access
to the second copper in the CuZnSOD-chelator complexes.
Alternatively, CuZnSOD may exhibit half-site reactivity in
both its free and chelator-bound forms, with both forms
possessing the same SOD activity but with only the free form
possessing GSNO-reductase activity. Half-site reactivity has
been demonstrated for enzymes composed of identical
subunits such as the tyrosyl-tRNA synthase homodimer (61).

CONCLUSIONS

CuZnSOD, abundant in red blood cells and many other
cell types, likely mediates NO metabolism by “moonlighting”
as a GSNO reductase. Given its high affinity for a single
EDTA or DTPA ligand, negatively charged metabolites such
as 2,3-diphosphoglycerate found in red blood cells (62) may
bind to CuZnSOD in vivo and modulate NO signaling by
altering its GSNO-reductase (eqs 1 and 2) or NO-transferase
(eqs 1′, 2, and 4) activities. The negative cooperativity in
binding large anions exhibited by CuZnSOD may serve to
control GSNO turnover and/or prevent nonproductive GSH
turnover in vivo. However, since the chelators do not inhibit
SOD activity, O2

- turnover at the single free copper in the
CuZnSOD-chelator complexes must be double that in the
free enzyme unless CuZnSOD exhibits half-site reactivity.
Irrespective of such mechanistic details, it is essential to
consider the effects of polyaminocarboxylate chelators on
the GSNO-reductase activity of CuZnSOD in studies of
GSNO and NO biochemistry.
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