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Abstract

Aim: Loss of superoxide dismutase (SOD) activity is a defining biochemical feature of asthma. However,
mechanisms for the reduced activity are unknown. We hypothesized that loss of asthmatic SOD activity is due to
greater susceptibility to oxidative inactivation. Result: Activity assays of blood samples from asthmatics and
healthy controls revealed impaired dismutase activity of copper-zinc SOD (CuZnSOD) in asthma. CuZnSOD
purified from erythrocytes or airway epithelial cells from asthmatic was highly susceptible to oxidative inacti-
vation. Proteomic analyses identified that inactivation was related to oxidation of cysteine 146 (C146), which is
usually disulfide bonded to C57. The susceptibility of cysteines pointed to an alteration in protein structure,
which is likely related to the loss of disulfide bond. We speculated that a shift to greater intracellular reducing
potential might account for the change. Strikingly, measures of reduced and oxidized glutathione confirmed
greater reducing intracellular state in asthma, compared with controls. Similarly, greater free thiol in CuZnSOD
was confirmed by *2-fold greater N-ethylmaleimide binding to C146 in asthma as compared with controls.
Innovation: Greater reducing potential under a chronic inflammatory state of asthma, thus, leads to suscepti-
bility of CuZnSOD to oxidative inactivation due to cleavage of C57-C146 disulfide bond and exposure of usually
unavailable cysteines. Conclusion: Vulnerability of CuZnSOD influenced by redox likely amplifies injury and
inflammation during acute asthma attacks when reactive oxygen species are explosively generated. Overall, this
study identifies a new paradigm for understanding the chemical basis of inflammation, in which redox regu-
lation of thiol availability dictates protein susceptibility to environmental and endogenously generated reactive
species. Antioxid. Redox Signal. 18, 412–423.

Introduction

Asthma, a disease of chronic airway inflammation, is
characterized by reversible airflow obstruction and

bronchial hyper-responsiveness (22). Spontaneous asthma
attacks and models of experimental antigen challenge are
associated with immediate release of high levels of reactive
oxygen species (ROS) (11), for example, superoxide (O2c - )
and hydrogen peroxide (H2O2), which persist throughout the
late asthmatic response (3, 4, 8, 41). Experimental models of
asthma and clinical studies of asthma indicate a mechanistic
link between intermittent excessive oxidative processes and

the progressive airway injury and remodeling, which defines
severe asthma pathology (39).

The overall effect of ROS is highly dependent on the locally
available antioxidant defenses, including enzymatic systems,
catalase, and superoxide dismutases (SODs) (3, 4, 8, 11). SODs
dismutate O2c - to H2O2, and catalase converts H2O2 to water
and oxygen (5). Three isoforms of SOD proteins are present in
eukaryotic cells: cytosolic copper-zinc SOD (CuZnSOD), mi-
tochondrial manganese SOD (MnSOD), and extracellular
SOD (EcSOD). CuZnSOD, the 32 kDa homodimeric protein,
involves cyclic reduction and reoxidation of copper during
the dismutation reaction of O2c - (40). Each monomer of
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CuZnSOD binds one copper and one zinc ion. Structurally,
CuZnSOD is described as an eight-stranded Greek b-barrel
with three extended loop regions. Four cysteine residues (C6,
C57, C111, and C146) are present in CuZnSOD monomer; C57
and C146 form a disulfide bond within each monomer, which
is important for the maintenance of the tertiary structure and
stability of the dimer enzyme. The C111, along with histidine
and tryptophan, has been described as being available for
oxidation and inactivation of the CuZnSOD enzyme (14, 32,
43, 46).

The inactivation of antioxidants has been described in the
asthmatic airways and linked to the pathophysiology of air-
way reactivity (7, 16). Total SOD activity in asthmatic lungs
and blood is lower than normal and has been previously
suggested to be related to CuZnSOD activity (8). Although
MnSOD in the asthmatic airway has oxidative modifications
(7), the majority of activity in the airway and blood is pri-
marily accounted for by CuZnSOD, which is typically highly
resistant to oxidation. The cause for the greater than 50% re-
duction of SOD activity in asthma is unknown.

We hypothesized that the widespread loss of SOD activity
in asthma is due to the oxidative modification and inactiva-
tion of CuZnSOD. To test this, in-gel SOD activity assays were
performed to evaluate CuZnSOD activity in a wide variety of
samples from asthmatics and healthy controls. Subsequently,
CuZnSOD was purified from erythrocytes and airway epi-
thelial cells that were freshly obtained from human asthmatics
and healthy controls. Targeted proteomic analyses were used
to identify oxidized peptides and quantify relative abundance
in asthmatic samples as compared with control samples.
Unexpectedly, although SOD activity in asthma was lower
than in normal, proteomic analyses of CuZnSOD freshly ob-
tained from asthmatics, it had no greater oxidative modifi-
cation than healthy control protein. Rather, CuZnSOD from
asthmatic samples was susceptible to oxidative modifications
and inactivation only on ex-vivo H2O2 exposure or reaction
during kinetic dismutase activity assay, in which O2c - is ex-
ogenously generated by xanthine/xanthine oxidase (X/XO)
and H2O2 is generated by the SOD enzyme activity. The
susceptibility of asthmatic CuZnSOD to oxidation was due to
the availability of cysteine 146, which is usually inaccessible
for reaction due to the tertiary structure and participation in a
disulfide bond. The availability of cysteine to oxidation re-
actions was accounted for by a global shift toward a greater

intracellular reducing state as determined by the measuring of
reduced and oxidized glutathione (GSH/GSSG) in asthma.

Result

Loss of CuZnSOD activity accounts for the low serum
SOD activity in asthma

Asthmatics were similar to controls [age, asthma: 34.6 – 1.9,
healthy control: 37.6 – 1.7; asthma: n = 25 (female = 13), healthy
control: n = 37 (female = 19)] but had lower lung functions
(predicted forced expiratory volume in 1 s, asthmatic
82.5 – 3.9, control 95.2 – 2.4; *p = 0.04). All asthma subjects
were nonsevere, as defined by criteria of the American
Thoracic Society (45)(Table 1). None of the participants were
current users of tobacco products. Not all samples were
available for use in all assays due to limitations of sample
amount; numbers evaluated are identified in each result. Si-
milar to previous reports (3, 6–8), total SOD activity in serum
of asthmatics was approximately 50% of normal activity, as
determined by kinetic assay in which SOD activity units are
determined from the inhibition of cytochrome C reduction by
xanthine/xanthine oxidase (X/XO)-O2c - producing system
[control: 23 – 3 U/ml, asthma: 12 – 2 U/ml, *p = 0.003]. To de-
termine the contribution of SOD isoforms to loss of activity,
total serum proteins were separated by nondenaturing, non-
reducing polyacrylamide gel electrophoresis followed by ni-
troblue tetrazolium in-gel activity assessment. CuZnSOD was
identified as the major contributor to total serum activity
based on the mobility and size of the gel (Fig. 1A). Asthmatic
serum CuZnSOD in-gel activity was *75% less than control
serum [Fig. 1B, SOD in-gel activity as% of positive control:
Control: 80% – 11%, Asthma 21% – 5%, *p = 0.0007]. Serum
did not have detectable EcSOD activity. MnSOD in-gel ac-
tivity was present at low but similar levels among control and
asthmatic serum (data not shown).

CuZnSOD activity in asthmatic platelets
and erythrocytes is less than in healthy control

Asthmatic platelets also had significantly lower SOD ac-
tivity in kinetic assays as compared with controls [Fig. 1F,
SOD activity units/mg protein: control: 21 – 2, asthma 11 – 3,
*p < 0.001]. More than one-third of the asthma group was on
inhaled corticosteroid (Table 1). In order to assess a potential
effect of inhaled corticosteroids, we evaluated platelet SOD
activity in the asthmatics on inhaled corticosteroid in

Table 1. Asthma and Healthy Control Population

Control (n = 37) Asthma (n = 25)

Age 37.6 (1.7) 34.6 (1.9)
Gender (female/male) 18/19 12/13
Race (C/AA/A/other) 23/11/2/1 13/8/1/3
%FEV1 95.2 (2.4) 82.5 (3.9)a

%FVC 97.5 (2.5) 91.8 (3.0)
FEV1/FEC 0.81 (0.01) 0.75 (0.02)a

Inhaled corticosteroid 0% 36% (9)a

Oral or injectable
corticosteroid

0% 0%

Mean (SEM) shown for continuous variables (ap < 0.05).
%FEV1, predicted forced expiratory volume in 1 s; %FVC, forced

percentual vital capacity.

Innovation

Greater reducing potential under the chronic inflamma-
tory state of asthma leads to loss of copper zinc super oxide
dismutase (CuZnSOD) activity in human asthma. Sus-
ceptibility to oxidative inactivation is due to cleavage of the
disulfide bond and exposure of usually unavailable cyste-
ines. The distortion and loss of CuZnSOD activity likely
amplifies injury and inflammation during acute asthma at-
tacks when reactive oxygen species are explosively generated.
This study has significance for understanding a previously
unsuspected impact of physiological redox regulation of a
potent antioxidant CuZnSOD, where redox regulation of thiol
availability dictates protein susceptibility to environmental
and endogenously generated reactive species.
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comparison to SOD activity in subjects not on inhaled corti-
costeroid. The SOD activity in platelets between the two
asthmatic groups was similar [SOD U/mg protein, ( - ) in-
haled corticosteroid 10.6 – 3.1; ( + ) inhaled corticosteroid
7.8 – 2.9; p = 0.5], and each group was lower than in control
samples [control SOD U/mg protein 21 – 2; *p < 0.01 for all
comparisons]. Since the color of hemoglobin interferes with
spectrophotometric kinetic assay, erythrocyte lysates were
evaluated for activity by the in-gel method. Asthmatic
erythrocytes also had low activity as compared with controls
(Fig. 1C), but western analysis for CuZnSOD (Fig. 1C) did not
reveal a difference in protein amounts between control and
asthmatic erythrocytes. A densitometric analysis of erythro-
cyte CuZnSOD activity relative to CuZnSOD protein con-
firmed the loss of specific activity [Fig. 1D: CuZnSOD in-gel

activity/protein in erythrocyte: control 0.8 – 0.09, asthma
0.47 – 0.06, *p = 0.04].

Given lower in-gel activity, activities of purified CuZnSOD
from control and asthmatic erythrocytes were quantitatively
determined via a kinetic measure of cytochrome C reduction
by O2c - generated from xanthine and xanthine oxidase (X/
XO). The purification process removed hemoglobin, making it
suitable for the spectrophotometric assay in equal amounts of
protein from asthma and control samples. Integrity of pure
protein before use in the assay was checked by Western
analysis (inset, Fig. 2). The protein was also analyzed by mass
spectrometry (MS). Coverage of CuZnSOD (Accession num-
ber: AAB05661.1) identified more than 90% (number of pep-
tide matches: 17). A tryptic peptide of CuZnSOD, 10Gly-Lys23

(Fig. 2) was identified in all the CuZnSOD digestions and was
used as a normalization factor in all quantitative analyses.
Complete lists of peptides identified in proteomic analyses are
given in Supplementary Table S1 (Supplementary Data are
available online at www.liebertpub.com/ars) (Supplemen-
tary data). Quantitative analysis of peptides from CuZnSOD
freshly purified from erythrocytes from asthmatics was sim-
ilar to control samples. Specifically, tryptic digests containing
cysteine and tryptophan had similarly very low levels of ox-
idative modifications in freshly purified protein. However,
purified CuZnSOD from asthmatic erythrocytes had lower
specific enzyme activity as compared with control samples in
kinetic activity assay (U/mg protein; control: 27.2 – 5.9, asth-
matic: 14.1 – 1.6). A greater change in optical density with
asthmatic samples as compared with controls shows the
lower dismutase activity of asthmatic CuZnSOD (Fig. 1E).

Modification at C146 of CuZnSOD derived from human
asthmatic erythrocyte and airway epithelial cells,
in response to oxidative stress

In order to reconcile the lower level of activity of CuZnSOD
purified from asthma, and our lack of discovery of modifi-
cations in the isolated protein from asthmatic samples, we
considered that in-gel and cytochrome C reduction kinetic
assays are performed over finite times during which reactive
species are generated. Specifically, all activity assays are
performed under conditions of O2c - generation and lead to
the formation of H2O2. During kinetic activity assays, xan-
thine oxidase generates O2c - . that not only reduces cyto-
chrome C, but is also spontaneously converted to H2O2. If
SOD activity is present in the reaction, O2c - conversion to
H2O2 is accelerated, and cytochrome c reduction is inhibited.
CuZnSOD is susceptible to H2O2 oxidative inactivation but is
relatively resistant to O2c - (1). Hence, we questioned whether
there might be greater susceptibility to the inactivation of
asthmatic CuZnSOD during the kinetic assays.

To directly address whether asthmatic CuZnSOD had
greater susceptibility to reactive species separate from its
catalytic activity, CuZnSOD protein modification was inter-
rogated by quantitative proteomic liquid chromatography
(LC)-tandem MS analysis after xanthine/xanthine oxidase
treatment or direct exposure to exogenous H2O2. Consistent
with a previous report (1), on 50 mM H2O2 treatment,
CuZnSOD from control samples lost *30% of its activity;
however, under similar condition, asthma samples lost *90%
activity (SOD U/mg protein: control 16.2 – 3, asthma
1.3 – 0.1). To identify modified peptides, CuZnSOD purified

FIG. 1. Decreased copper zinc super oxide dismutase
(CuZnSOD) activity in asthma. (A) Control (lanes: 1–3) and
asthma (lanes: 4–9) serum was electrophoresed on non-
denaturing, nonreducing gels and exposed to nitroblue tet-
razolium (NBT), riboflavin, and TEMED. SOD activity was
detected by clear zones where there was an inhibition of
reduction of NBT to dark blue precipitate. All samples have
apparent CuZnSOD. Lane 10 represents in-gel activity for
pure CuZnSOD. (B) CuZnSOD activity of control (n = 13) and
asthma serum (n = 16) by densitometry (*p = 0.0007). (C)
Control (Ctrl, lanes: 1–3) and asthma (lanes: 4–6) erythrocyte
samples evaluated for CuZnSOD in-gel activity and protein
expression by Western analysis. Pure CuZnSOD is shown as
a positive control for in-gel activity assay. (D) Erythrocyte
CuZnSOD activity by densitometry (*p = 0.04). (E) Activity of
purified CuZnSOD determined by inhibition of cytochrome C
reduction by superoxide generated by Xanthine-Xanthine ox-
idase (X/XO). The kinetic assay shows a change in optical
density at 550 nm for X/XO alone (Blank), X/XO with positive
control (CuZnSOD from human erythrocyte; Sigma-Aldrich),
or equal amounts (14 lg) of CuZnSOD purified from control
(Ctrl) or asthmatic (Asthma) erythrocytes. The asthma sample
has less activity than the control as shown by less inhibition of
cytochrome C reduction. (F) Control (Ctrl, n = 10) and asthma
(n = 10) platelet samples evaluated for CuZnSOD activity by
spectrophotometric analysis (mean – SE; *p = 0.001).
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from control and asthmatic erythrocytes and bronchial epi-
thelial cell lysates were treated with 50 mM H2O2, then sep-
arated on sodium dodecyl sulfate (SDS)-poly acrylamide gel
electrophoresis (PAGE) gel along with corresponding un-
treated samples. A series of mass spectrometric-based pro-
teomic experiments were conducted to identify the site(s) of
oxidative modification in CuZnSOD. Several oxidized sites
were identified in the analysis of the H2O2-treated CuZnSOD,
including the oxidation of tryptophan (W), histidine (H), and
cysteine (C) containing peptides (Table 2). The amount of the
unmodified and oxidized forms of W was similar among

control and asthmatic samples. While a peptide containing
oxidized histidine (2-oxo-histidine) was identified, its low
abundance as well as low abundance of C57 prohibited
quantitative analysis. Surprisingly, C146 was found to be
modified in control and asthmatic samples on 50 mM H2O2

treatment. The C146 residue was identified in the 144Leu-
Gln153–tryptic peptide in both alkylated (Fig. 3A, left panel)
and cysteic acid forms (Fig. 3A, right panel). The ratio of the
oxidized and alkylated C146 peptides was subsequently de-
termined in selected reaction-monitoring (SRM) analysis.
Strikingly, CuZnSOD from asthma airway erythrocyte had
more than twice the amount of oxidized peptide at C146
(144Leu-Gln153) after 50 mM H2O2 treatment as compared
with untreated samples (Fig. 3C, right panel:% change in
C146ox/C146, untreated: 100 – 16.8, 50 mM H2O2 treated:
231 – 18.1, *p = 0.04). A significant increase in asthmatic C146
oxidation was also noticed even at lower doses of H2O2 ex-
posure (Fig. 3C, right panel, *p < 0.05). Different doses of H2O2

exposure did not increase amounts of this oxidized peptide in
healthy control samples (Fig. 4C left panel, p > 0.6). Post-
treatment in gel activity and corresponding densitometric
analyses also revealed that asthmatic CuZnSOD is more
susceptible to the loss of activity even on a low dose of oxidant
exposure (Fig. 3C).

SRM analysis also revealed that on xanthine/xanthine ox-
idase treatment, asthmatic CuZnSOD had a significantly in-
creased amount of oxidized peptide at C146 compared with
the untreated samples (Fig. 3B,% change in C146ox/C146,
untreated: 100 – 15, X/XO treated: 158 – 25, *p = 0.02). The %
change in C146ox/C146 in CuZnSOD from controls was not
affected on similar oxidant exposure (Fig. 3B). The suscepti-
bility of C146 to oxidation indicated that it was present in the
reduced sulfhydryl state rather than participating in the dis-
ulfide bond with C57. This suggested a possible change in the
intracellular reducing state of asthma.

Increased intracellular redox potential and evidence
of inflammation in asthma as compared with controls

Intracellular redox potential was assessed by the ratio of
GSH/GSSG in erythrocytes. The GSH/GSSG ratio was *1.6-
fold higher in freshly obtained asthmatic erythrocyte as
compared with controls (Fig. 4A; *p = 0.01). Inflammatory
status of the subjects was evaluated by measuring the T helper
cell Type 2 (Th2) cytokine, Interleukin 13 (IL-13) in control and
asthmatic plasma. Plasma IL-13 level was *6-fold higher in
asthma compared with control (IL-13 pg/mL, control: 4.6 – 3,
Asthma: 31.3 – 9, *p < 0.007), confirming the presence of Th2-
mediated inflammation in asthmatic subjects that also had
greater reducing potential (Fig. 4B).

Identification of reduced thiol in asthmatic CuZnSOD

Given the higher reducing environment of asthmatic cells,
the presence of free thiol in asthmatic CuZnSOD was tested by
SRM analysis. To address this, erythrocyte lysates from con-
trol and asthmatic samples were first treated with 50 mM N-
ethylmaleimide (NEM), which irreversibly binds all free thi-
ols. CuZnSOD was then partially purified from NEM treated
samples and tested by SRM analysis. In these results, the NEM
modified residues (CNEM) represent free cysteines, and the
iodoacetamide-modified residues (C) correspond to disulfide
bound cysteines. As a routine analysis, these samples were

FIG. 2. Purity of CuZnSOD from human samples.
CuZnSOD was partially purified from healthy control and
asthma erythrocytes and airway epithelial cells. Each puri-
fication was tested for CuZnSOD in sodium dodecyl sulfate
(SDS)- poly acrylamide gel electrophoresis (PAGE) and
Western analysis. Inset shows a representative Coomassie-
stained CuZnSOD and corresponding Western analysis
(Lane 1, partially purified lysate, lane 2, positive control for
CuZnSOD). Collision induced dissociation (CID) spectrum
for the [M + 2H] + 2 tryptic peptide GDGPVQGIINFEQK
(10Gly-Lys23) is presented. The 751.7 Da ions contain a series
of C-terminal y ions from y2 to y12 along with a series of N-
terminal b ions from b4 to b13. The peptide was identified in
all of the CuZnSOD tryptic digests and was used as a nor-
malization factor in all of the quantitative analysis. All data
are representative of at least three different experiments.

Table 2. Identification of Unmodified and Oxidized

Tryptic Peptides in Copper Zinc Super Oxide Dismutase

Peptide sequence [M + H] + m/z

10GDGPVQGIINFEQK23, a 1501.7 751.7
144LACGVIGIAQ153 1001.5 1001.4
144LACoxGVIGIAQ153 992.5 992.5
4AVCVLKGDGPVQGIINFEQK23 2172.1 725.3
4AVCoxVLKGDGPVQGIINFEQK23 2163.1 1082.4
116TLVVHEK122 825.5 413.2
116TLVVHoxEK122 841.5 421.5
31VWGSIK36 689.4 345.3
31VW16GSIK36 705.4 353.3
31VW14GSIK36 703.5 352.3
31VW32GSIK36 721.4 361.2
31VW30GSIK36 719.4 360.2

arepresents the reference peptide for this analysis.
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run using two different LC-MS/MS methods. The first is the
survey analysis, which is used to identify CuZnSOD in these
bands; the second is the MS/MS analysis, which looks for
specific cysteine-containing peptides. C146 residue was

identified in 144Leu-Gln153–tryptic peptide in both NEM
modified (Fig. 5A) and alkylated forms. The ratio of the NEM
modified and alkylated peptides was subsequently deter-
mined in a quantitative targeted proteomic analysis. The
CNEM/C ratio for C111-containing peptide, which is known to
be available in the free thiol state, was equally modified by
NEM in control and asthma samples (Fig. 5B, right panel;
p = 0.8). In contrast, CNEM/C ratio for the C146 peptide in
asthma samples was more than 2-fold greater than controls
(Fig. 5B, left panel; *p = 0.0001). Although alkylated C6 pep-
tide was found in this analysis, we could not identify NEM-
modified C6 peptide. Two different forms of the C6 peptide
4Ala-Lys9 (AVCVLK) and 4Ala-Lys23 (AVCVLKGDGPVQ
GIINFEQK) were found in these experiments, of which the
latter includes the missed cleavage form. The presence of ly-
sine (K9) next to C6 may have interfered in the detection of
NEM-modified C6 peptide.

Modification at C6 of asthmatic CuZnSOD in response
to 50 mM H2O2 oxidant exposure

On high levels of oxidant exposure (50 mM H2O2), pro-
teomic analysis identified oxidation at the C6 residue of

FIG. 3. Identification of C146 oxidation in CuZnSOD on oxidant exposure. (A) CID spectra of the unoxidized (left panel)
and oxidized (right panel) peptide LACGVIGIAQ. The CID spectra were acquired by liquid chromatography (LC)-tandem
mass spectroscopy (MS) analysis of CuZnSOD purified from control and asthmatic samples before and after oxidant ex-
posure. Spectrum on left represents unoxidized peptide in which the cysteine residue is alkylated with iodoacetamide and to
which 57 Da is added to give a peptide with a molecular mass of 1002 Da (M + H). Spectrum on right represents the oxidized
peptide in which the cysteine residue is converted to a cysteic acid. This modification adds 48 kDa to give a peptide with a
molecular mass of 993 Da (M + H). The CID spectrum is informative and places the observed 160 Da and 151 Da mass
differences at the C146 position through the y8 and y7 ions. (B) The % change in C146ox/C146 in asthma samples indicates
significantly higher oxidation at C146 on xanthine/xanthine oxidase treatment compared with respective untreated samples
(mean – SE; *p = 0.02), whereas % change in C146ox/C146 is not significantly altered between oxidant treated and untreated
healthy control samples ( p = 0.6). (C) Greater oxidation was observed in all asthma samples exposed to different concen-
trations (50, 0.1, 0.05 mM) H2O2 (closed square,% change in C146ox/C146: mean – SE; all *p < 0.05), whereas % change in
C146ox/C146 remained unchanged in control samples under similar conditions (all p > 0.06). Loss of CuZnSOD activity (open
square) at respective doses of H2O2 was observed in asthmatic samples. Asthmatic CuZnSOD had greater susceptibility to
oxidant inactivation. SOD activity in respective untreated samples served as a negative control ({p < 0.05).

FIG. 4. Inflammatory and intracellular redox status in
asthma. (A) Redox environment in asthma erythrocyte.
GSH/GSSG ratio in asthmatic erythrocyte reveals a more
intracellular reducing environment than in control samples
( p = 0.01). (B) Increased inflammation in asthmatic popula-
tion. Plasma IL-13 level was increased in asthma (n = 7)
samples compared with controls (n = 11; *p < 0.0007).
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CuZnSOD. C6 was found in 4Ala-Lys23-tryptic peptide in
both alkylated (represents free C residues, Fig. 6A) and cysteic
acid forms (represents oxidized cysteine residues, Fig. 6B).
The ratio of the oxidized and alkylated C6 was subsequently
determined in quantitative targeted proteomic analysis as
described earlier. Strikingly, CuZnSOD from asthmatics had
more than twice the amount of oxidized peptide at C6 after
50 mM H2O2 treatment as compared with untreated samples
(Fig. 6C; p = 0.02). However, CuZnSOD from controls did not
exhibit a significant increase in the amount of oxidized pep-
tide at C6 after H2O2 exposure as compared with corre-
sponding untreated samples ( p = 0.2). The susceptibility of C6
of asthmatic CuZnSOD toward oxidation also indicated that
the structure of the protein is labile and the enzymic core is
disrupted in asthma.

To directly assess whether the reduction of CuZnSOD leads
to the loss of activity and greater susceptibility to oxidation at
C146, in-gel activity analyses were performed for recombi-
nant CuZnSOD on treatment with different doses of Dithio-
threitol (DTT) (0–25 mM). Loss of activity was observed at
10 mM DTT treatment, which further significantly declined at
the dose of 25 mM DTT treatment (Fig. 7A). The 25 mM DTT-
treated recombinant CuZnSOD was subsequently exposed to
50 mM H2O2, followed by SRM analyses for evaluation of
oxidative modification at C146. H2O2 exposure led to greater
cysteic acid formation at C146 in the 25 mM DTT-treated
CuZnSOD as compared with untreated CuZnSOD (Fig. 7B).

Discussion

Here, we identify CuZnSOD as the major isoform ac-
counting for the global loss of SOD activity in asthma. Pre-
vious reports suggested that the decrease in SOD activity in
asthmatic airways was due to loss of CuZnSOD activity (3, 7),
but the mechanism for the loss of SOD activity in asthma was
unknown. Although protein levels of CuZnSOD are similar
between asthma and controls, with no significant difference in
protein modifications at baseline, the CuZnSOD from asthma
samples is more susceptible to inactivation during enzyme
catalysis. Since CuZnSOD generates H2O2 in the presence of
O2c - , it is not possible to separate the primary oxidant cause

FIG. 5. Identification and quantitation of free cysteine in
CuZnSOD. (A) CID spectra of the N-ethylmaleimide (NEM)
modified C146 peptide LACNEMGVIGIAQ. The modification
of a cysteine residue with NEM results in the addition of 125 Da
to give a cysteine with a residue mass of 228 Da and a peptide
with a molecular mass of 1069 Da (M + H). The observed 228 Da
mass difference between the y8 and y7 ions is consistent with a
cysteine modified by N-ethylmaleimide (CNEM) residue at posi-
tion C146. (B) The % change in C146NEM/C146in asthma sam-
ples indicates significantly higher free cysteine at C146 compared
with healthy controls (*p = 0.0001), whereas free cysteine at C111
is similar between asthmatic and healthy controls ( p = 0.8).

FIG. 6. Identification of C6 oxidation in asthmatic CuZnSOD upon 50 mM oxidant exposure. (A and B) CID spectra of the
unoxidized and oxidized peptide AVCVLKGDGPVQGIINFEQK. The CID spectra were acquired by LC-tandem MS analysis
of CuZnSOD purified from control and asthmatic erythrocytes before and after exposure to 50 mM H2O2. Spectrum A
represents unoxidized peptide in which the cysteine residue is alkylated with iodoacetamide and to which 57 Da is added to
give a peptide with a molecular mass of 1086.8 Da (M + 2H + 2). Spectrum B represents the oxidized peptide in which the
cysteine residue is converted to a cysteic acid. This modification adds 48 Da to give a peptide with a molecular mass of 1082.4
Da (M + 2H + 2). The observed 160 Da and 151 Da mass difference at the C6 position through the y18

+ 2 and y17
+ 2 ions. (C) The

% change in C6ox/C in asthma samples indicates a significantly higher oxidation at C6 compared with respective untreated
samples (*p = 0.02), whereas % change in C6ox/C is similar between oxidant treated and untreated healthy controls ( p = 0.2).
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of SOD inactivation during enzyme catalysis. CuZnSOD is
typically highly resistant to O2c - but is susceptible to H2O2

inactivation (1). We found profound loss of CuZnSOD activity
in asthma samples when exposed to different concentrations
of H2O2 and also on exposure to X/XO at levels used in kinetic
assay. These data suggest that the oxidative modification of
CuZnSOD likely occurred by its own end product, H2O2 (1).
The inactivation of CuZnSOD by H2O2 has been described to
occur but is unusual at rates generated by the enzyme reaction
(19). Loss of activity with mM levels of H2O2 is generally
attributed to the fragmentation of enzyme and/or loss of the
metal ion. In this context, control CuZnSOD did not exhibit a
significant increase in the amount of the oxidized peptide at
C6 after 50 mM H2O2 exposure. In contrast, the susceptibility
of C6 in asthma CuZnSOD to oxidation indicates that the
structure of the protein is labile and CuZnSOD enzymic core
is disrupted in asthma samples (Fig. 8). The difference in the
susceptibility of cysteine oxidation indicates a change in the
dithiol/disulfide state of the CuZnSOD in asthma. Overall,
mechanisms underlying the loss of SOD activity in asthma are
consistent with previous in vitro studies of purified recombi-

nant protein, which identify that the loss of CuZnSOD activity
occurs due to changes in apoenzyme stability and/or con-
formational changes in dimer (12, 24). There may be accu-
mulation of H2O2 at the site of inflammation in asthma, in part
related to the low level of catalase activity (16). In support that
catalytic inactivation may be relevant to the pathophysiologic
state of asthma, numerous studies report that high levels of
O2c - and H2O2 are generated in the airways and found in the
exhaled breath condensate of asthmatic patients, particularly
during asthma exacerbations (Supplementary Table S2) (41).
To our knowledge, this is the first report which identifies that
a more reducing intracellular environment causes disulfide
bond disruption in CuZnSOD, making the protein susceptible
to oxidation inactivation.

High levels of H2O2 can cause inactivation and fragmen-
tation of the normal enzyme (35, 37). Uchida and Kawakishi
(43) showed that histidine residues, located at active sites of
the enzyme, are selective targets of O2c - and H118 (corre-
sponding to human H120), which are selectively oxidized to
2-oxo-histidine. Several other studies also confirm that histi-
dines present in CuZnSOD are prone to oxidation on exposure
to ascorbic acid/Copper (II) Chloride (32) or peroxynitrite (1).
Consistent with these reports, in our study, a peptide-con-
taining modified histidine (2-oxo histidine at H120) was found,
but at very low abundance in asthma and control samples,
indicating that nonspecific oxidation or fragmentation was not
a primary cause of activity loss. Structurally, human CuZnSOD
does not have a tyrosine residue, a potential target of nitrative
modification; rather, it has a single tryptophan residue (W32),
the modification of which has been described to cause up to
15% loss of activity (48). In our study, several peptides with
oxidative modification of tryptophan were identified (Table 2);
however, again the amount was similar among control and
asthmatic samples, indicating that nonspecific oxidation was
not the mechanism of CuZnSOD inactivation.

Human CuZnSOD has 4 cysteine residues: C6, C57, C111,
and C146. An intra-monomeric disulfide bond exits between
C57 and C146 and is responsible for protein stability (40).
Consistent with the findings in this article, a recent study has
shown significant loss of CuZnSOD activity in the C146S
mutant (18). The crystal structure of the cysteine-depleted
human CuZnSOD reveals that loss of the C57-C146 disulfide
bond frees the interface loop IV in the apoprotein (21). C6 is
well buried in the b-barrel motif and is usually inaccessible to
the solvent unless the SOD b-barrel core structure is severely
disrupted (42). In contrast, C111 is exposed on the protein
surface near the dimer interface and may be oxidized or
modified (33). The sulfur atom of cysteine can undergo dif-
ferent types of oxidation: (i) reversible to disulfide (S-S) or
sulfenic acid (-SOH) or (ii) irreversible oxidation to sulfinic
acid (-SO2H) or sulfonic acid (-SO3H) (34). Earlier studies
identified that C111 in human CuZnSOD may be oxidized to
corresponding sulfinic acid and sulfonic acid even by oxygen
in air (14). It was also demonstrated that CuZnSOD isolated
from human erythrocytes can be glutathionylated at C111
(46), and this modification can induce dimer dissociation in
CuZnSOD (33). However, this particular modification at C111
was not found in our study. All cysteine modification studies
were performed in reducing conditions, which might con-
tribute to the absence of detection of modifications at C111.
The very low abundance of the C57 peptide also precluded
quantitation in this study. On the other hand, C146 of

FIG. 7. Analyses of in-gel CuZnSOD activity and oxida-
tion at C146 on dithiothreitol (DTT) treatment and oxidant
exposure. (A) Recombinant CuZnSOD was treated with dif-
ferent doses of DTT (0–25 mM) followed by in-gel SOD ac-
tivity analysis. Dose-dependent loss of activity was observed
starting at 10 mM DTT with a further significant decline with
25 mM DTT. (B) 25 mM DTT-treated CuZnSOD had signifi-
cantly more cysteic acid formation at C146 on H2O2 treatment
as compared with the DTT-treated, H2O2-untreated, as well as
DTT- and H2O2-untreated sample (*p < 0.0001).

FIG. 8. Redox effects on Cys 6, 146 in human CuZnSOD.
Cys57 and Cys146 are usually involved in the intra-subunit
disulfide bond (S-S) in CuZnSOD and are critical for anti-
oxidant activity. Under the greater cellular reducing envi-
ronment in asthma, the C57-146 disulfide bond becomes
labile, causing distortion in structure and C6 is exposed,
contributing to loss of activity. On extreme oxidant exposure,
Cys146 and Cys6 of asthmatic CuZnSOD are then readily
oxidized to cysteic acid (-SO3H). The findings suggest that
the structurally distorted enzyme is incapable of performing
dismutase activity. (To see this illustration in color the reader
is referred to the web version of this article at www.liebertpub
.com/ars.)
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asthmatic CuZnSOD was found to be selectively oxidized to
corresponding sulfonic acid in different types and amounts of
oxidant exposure.

Greater susceptibility of C146 in asthma samples to oxi-
dation identifies that it is present in a reduced state and,
therefore, more available to reactions. We reasoned that this
could occur if the redox in asthmatic cells was set to a greater
reduced (-SH) environment. This appears counterintuitive at
first, because asthma is a disease that is characterized by in-
creased production of reactive oxygen and nitrogen species.
However, the general cellular response to oxidative inflam-
mation is to increase reducing potential in order to guard
against oxidative stress. The induction of intracellular GSH is
a known response to oxidative stress in many systems and is
the primary determinant of tolerance and survival to oxidiz-
ing environments (4, 9, 31). In a previous study of airway
epithelial cells exposed to chronic oxidative stress, intracel-
lular GSH levels increased and the ratio of GSH/GSSG in-
creased more than 1.6-fold (4). Previous studies also identify
that oxidative stress increases GSH and the ratio of GSH/
GSSG via induction of the rate-limiting enzyme in GSH bio-
synthesis, gamma-glutamylcysteine synthetase (31), as well as
via the increased cell uptake of GSH and cell export of GSSG
(9). It is interesting to speculate that asthmatic tissues/cells
may use similar strategies in response to the inflammation
and oxidative stress of asthma in vivo (9). In support of this
possibility, intracellular GSH/GSSG ratio was significantly
increased in asthma as compared with control samples, that
is, intracellular redox potential in asthma is skewed to a more
reducing state. Consistent with these findings, a recent study
by Fitzpatrick et al. have shown that the extracellular airway
epithelial lining fluid of asthmatic children is characterized by
higher GSSG and a lower GSH/GSSG ratio than nonasth-
matic samples (13). Taken together, asthma may be charac-
terized by greater GSH synthesis and greater GSSG extrusion
from cells (3, 4). In addition to the differential regulation of
redox in intracellular and extracellular compartments in the
airway, the assessment of multiple types of samples (plasma,
erythrocyte) reveals that the shift to a more reducing intracel-
lular state is systemic, even though asthma is localized to air-
ways. This causes us to consider the notion that patients with
localized inflammation have systemic changes in intracellular
redox that influence proteins throughout the body, for exam-
ple, via effects on disulfide bonds. Although several studies
suggest that GSH or its precursor may benefit asthma (23),
other studies conducted on mild asthma suggest that GSH
worsens asthma (26). Further studies are needed to assess the
potential role of redox-modulating therapies in asthma.

Although disulfide bonds usually maintain stability and
integrity of proteins (20), a few proteins exhibit functions that
are regulated by disulfide bond cleavage to dithiol state (15,
20, 44). Yang et al. established that the formation of protein
disulfides are redox regulated in mammalian cells (49). Pe-
terson et al. showed that the EcSOD can have different
primary structures due to alternate disulfide bridge arrange-
ments which occur when EcSOD is synthesized in cells; in-
deed, the disulfide bridge formation of EcSOD profoundly
affects the activity of the final extruded protein (30). Studies
conducted by Erle’s group found that the anterior gradient
homologue 2, an unique member of protein disulfide isom-
erase family, plays a role in intracellular mucin processing
through mixed disulfide bond formation and may contribute

to mucin overproduction in asthma (38). Disulfide bond
cleavage in disease pathogenesis has been previously de-
scribed in human immunodeficiency virus (HIV) infection,
where disulfide exchange in cluster of differentiation 4 (CD4)
is exploited by HIV-1 to enter T-cell. (27). This study extends
the concept of disulfide bond loss in pathophysiologic protein
function; the dithiol CuZnSOD is highly vulnerable to oxidant
inactivation and has the potential to propogate oxidative
events (19, 36, 50). The exact mechanism for disulfide cleavage
is still not clear. C146 in the disulfide bond is located in the b-
sheet, pointing outward from b-barrel and is not under high
strain as in the disulfide bond of CD4 (20). Acid-assisted hy-
drolysis could be a mechanism of cleavage; sputum and ex-
haled breath condensate of asthmatics identify acidity in
contrast to the neutral pH of healthy individuals (17). Dis-
ulfide cleavage might be particularly favored in the acidic and
reducing conditions of the asthmatic airway, where aspartic
acid (D55), located close to C57, may facilitate hydrolysis via
ammonium cation formation (20).

The instability of the CuZnSOD dimer is known to change
the enzyme’s tertiary structure and expose C6 to oxidation
(42). Significant oxidation at C6 on H2O2 exposure was
identified in asthma samples in this article. However, we
could not identify free C6 residue, which may be due to the
reactivity of the adjacent lysine (K9) amine group toward
NEM or its modification by other processes. On the other
hand, NEM equally modified the C111 residue in healthy
control and asthmatic CuZnSOD, suggesting that it is not
involved in the loss of SOD activity in asthma. In summary,
patients with asthma have loss of CuZnSOD antioxidant ac-
tivity. Although further studies are needed to evaluate
structure-function mechanisms of loss, specific proteomic
findings in this study uncover a destabilization of CuZnSOD
due to instability of the disulfide bond in cellular conditions of
asthma. Others and we have shown that asthmatics have in-
flammation that is typified by oxidative and nitrative stress (7,
16). In this article, the intracellular environment in asthma
is revealed to be globally skewed toward a reducing state,
perhaps in response to intermittent bursts of inflammation
and oxidative stress that accompany asthma exacerbations.
A greater intracellular reducing environment in asthmatic
cells contributes to the lability of the normally rigid intra-mo-
nomeric C57-146 disulfide (Fig. 8), which weakens dimeric in-
terface of the protein and subsequently disrupts the enzyme
core (42). Given that loss of dismutase activity is closely linked
to asthma severity and airway reactivity (6), further studies
conducted on the redox environment underlying structure-
function changes in asthma, and in particular in severe asthma
where oxidative burden is high and unremitting, are needed to
define the biochemical pathophysiology of asthma. If this par-
adigm holds, it will be important for the design of therapies,
which may apply existing therapies to protect free thiols (27, 29).

Materials and Methods

Samples of blood and airway from individuals
with asthma or healthy controls

The study population is described in table 1. Control and
asthmatic individuals underwent bronchoscopy to obtain
fresh bronchial airway epithelial cells as previously described
(8) and were processed for SOD activity assays or proteomic
studies as described.
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Peripheral blood was obtained from study subjects on the
same day as bronchoscopy. Serum and packed erythrocytes
were extracted by centrifugation of the whole blood and
were frozen at - 80�C. Platelets were isolated by differential
centrifugation from human venous blood collected in citrate-
containing tubes. Briefly, whole blood was centrifuged (150 g,
10 min) in the presence of Prostacyclin (PGI2),; Sigma-
Aldrich) to obtain platelet-rich plasma. Platelets were subse-
quently pelleted from platelet-rich plasma (1500 g, 10 min).
Platelet pellets were washed with ‘‘Erythrocyte Lysis Buffer’’
(Qiagen) containing PGI2 and were resuspended in modified
tyrode’s buffer. The study was approved by the Cleveland
Clinic Institutional Review Board, and written informed
consent was obtained from all individuals who had enrolled
in the study.

Sample preparation for SOD activity analysis

Erythrocytes from normal and asthmatic blood were lysed
with an equal volume of activity lysis buffer (50 mM Tris.Cl
(pH 7.5), 50 mM sodium chloride, 2 mM ethylenediaminete-
traacetic acid, 0.5% Triton X-100, 5% glycerol, and protease
inhibitors) for 20 min on ice with occasional vortexing. Lysates
were centrifuged (13,000 g, 20 min, 4�C), and the supernatant
was used for CuZnSOD activity analysis. Aliquots of serum
samples were treated with an equal volume of activity lysis
buffer and concentrated (2 · ) through a spin column (10 kDa
cut off). Platelets were lysed in SOD activity assay buffer
(Cayman Chemicals).

SOD activity assay

In-gel SOD activity for serum and erythrocytes was deter-
mined in a nondenaturing polyacrylamide gel (PAGE) (2).
The assay is based on the inhibitory effect of SOD on the
reduction of tetrazolium by O2c - that is generated by pho-
tochemically reduced riboflavin (8). A densitometric analysis
of serum in-gel SOD assay was performed using the CuZn-
SOD band of the healthy control in lane 1 as 100% of activity.

Total SOD activity in partially purified SOD of healthy
control and asthmatic erythrocytes was also spectrophoto-
metrically measured, where the rate of cytochrome c reduc-
tion with one unit (U) of SOD activity was defined as the
amount of SOD which was required to inhibit the rate of cy-
tochrome c reduction by 50% (7). For a proteomic analysis, the
reaction was scaled down to 200 ll. SOD activity in platelets
was spectrophotometrically measured by using a commer-
cially available SOD activity assay (Cayman Chemicals).

Partial purification of CuZnSOD

Cell lysates were diluted by adding 3 · volume of ice-cold
deionized water; for red cells, hemoglobin was precipitated
by using Tsuchihasi’s choloroform–ethanol treatment (28).
Ice-cold ethanol and chloroform were added to diluted lysates
to a final concentration of 25% and 12% (v/v) respectively.
Then, the mixture was rotated for 30 min (4�C) followed by
centrifugation at 13,000 g (10 min). The supernatant obtained
was allowed to warm at room temperature, and solid dipo-
tassium phosphate (300 g/L) was added to it, resulting in the
separation of two liquid phases. The top lighter phase con-
taining ethanol and CuZnSOD was collected and centrifuged;
the pale yellow supernatant was cooled at 4�C, and 0.75 vol-

ume of cold acetone was added to precipitate CuZnSOD. After
20 min of incubation at - 20�C, the suspension was centrifuged
to collect the precipitate and finally dissolved in 50 mM po-
tassium phosphate buffer or 100 ll in-gel-activity lysis buffer.

Susceptibility of CuZnSOD to oxidation modifications

In specified experiments that evaluate the susceptibility of
CuZnSOD to H2O2 and protein modifications, partially puri-
fied CuZnSOD were treated with different doses of H2O2 (0.05,
0.1, and 50 mM) in phosphate buffer (pH 7.2). Immediately
after the reaction, half of the reaction mixture was evaluated for
in-gel SOD activity; the remainder was heated to 100�C with
gel-loading buffer for SDS-PAGE and SRM analysis. Untreated
CuZnSOD served as the corresponding negative control.

Treatment of partially purified CuZnSOD with NEM

To test the presence of free thiols in CuZnSOD, erythrocyte
lysates from control and asthmatic samples were first treated
with 50 mM NEM (15 min) (10), followed by the partial pu-
rification procedure as described earlier. The final precipitate
was dissolved in SDS-PAGE gel-loading buffer and tested by
SRM analysis.

Protein digestion and quantitation of modified peptide
by proteomic analysis

The protein bands were digested according to an in-gel di-
gestion procedure previously described (16). The quantitation
of the modified peptides was carried out using an SRM ex-
periment to acquire the full MS/MS spectrum for each ion of
interest. In these experiments, a series of m/z ratios that cor-
respond to peptides of interest are isolated and fragmented in
an ion trap mass spectrometer over the entire course of the LC
experiment. The formation of specific fragment ions along with
chromatographic elution times is used to construct chromato-
grams. Chromatographic peaks from each peptide are inte-
grated using the instrument software Qual Browser (Thermo
Scientific, San Jose, CA), and resulting peak areas are used in
quantitative calculations (47). Sequest program was used to
compare Collision Induced Dissociation spectra of CuZnSOD
to the database (National Center for Biotechnology Informa-
tion, accession no. AAB05661.1), using the appropriate mass
change for the different amino acid oxidation products.

Treatment of CuZnSOD with DTT and H2O2

Recombinant CuZnSOD was treated with different doses
of DTT (0–25 mM) followed by in-gel CuZnSOD activity
analysis. 25 mM DTT-treated recombinant CuZnSOD was
further exposed to 50 mM H2O2, followed by oxidative
modification analyses at C146 by SRM.

Western blot analysis

Partially purified CuZnSOD was evaluated by Western
analysis as previously described (16). The primary antibody was
polyclonal anti-CuZnSOD (Santa Cruz Biotechnology, Inc.).

Measurement of GSH/GSSG

GSH/GSSG was measured in control and asthmatic
erythrocytes as previously described (25).
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Measurement of IL-13

IL-13 was measured in control and asthmatic plasma by
ELISA (R&D system).

Statistical analysis

All data were expressed as the mean and standard error of
the mean. The comparisons between the groups were per-
formed using analysis of variance or Student’s t-test.
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Abbreviations Used

AGR2¼ anterior gradient homologue 2
Ala¼ alanine

C¼ cysteine
C6¼ cysteine at 6th residue

C57¼ cysteine at 57th residue
C111¼ cysteine at 111th residue
C146¼ cysteine at 146th residue

C146ox¼ cysteic acid oxidation at 146th residue
C146S¼mutation of cysteine at 146th residue to serine

C57-146¼disulfide bond between C57 and C146
CD4¼ cluster of differentiation 4
CID¼ collision induced dissociation

Cu¼ copper
CuCl2¼ copper (II) chloride

CuZnSOD¼ copper zinc super oxide dismutase
CNEM¼ cysteine modified by N-ethylmaleimide
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Abbreviations Used (Cont.)

D¼ aspartic acid
D55¼ aspartic acid at 55th residue
DTT¼dithiothreitol

EcSOD¼ extracellular super oxide dismutase
%FEV1¼predicted forced expiratory volume in 1 s
%FVC¼ forced percentual vital capacity

Gln¼ glutamine
Gly¼ glycine

GSH¼ reduced glutathione
GSSG¼ oxidized glutathione

H¼histidine
H118¼histidine at 118th residue
H120¼histidine at 120th residue
HIV¼human immunodeficiency virus

H2O2¼hydrogen peroxide
IL-13¼ interleukin 13

K2HPO4¼dipotassium phosphate
K/Lys¼ lysine

LC¼ liquid chromatography
Leu¼ leucine

MnSOD¼manganese super oxide dismutase
MS¼mass spectrometry

NBT¼nitroblue tetrazolium
NEM¼N-ethylmaleimide
O2c-¼ superoxide

PAGE¼poly acrylamide gel electrophoresis
PGI2¼prostacyclin
ROS¼ reactive oxygen species
SDS¼ sodium dodecyl sulfate
-SH¼ reduced sulfydral

SOD¼ super oxide dismutase
-SOH¼ sulfenic acid

-SO2H¼ sulfinic acid
-SO3H¼ sulfonic acid

SRM¼ selected reaction-monitoring
S-S¼disulfide

Th2¼T helper cell Type 2
Tris¼Tris(hydroxymethyl)amino methane,

W¼ tryptophan
X/XO¼ xanthine/xanthine oxidase

Zn¼ zinc
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