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Extracellular superoxide dismutase (EC-SOD) is the
only known extracellular enzyme designed to scavenge
the superoxide anion. The purified enzyme exists in two
forms when visualized by reduced SDS-polyacrylamide
gel electrophoresis: (i) intact EC-SOD (Trp1–Ala222) con-
taining the C-terminal heparin-binding domain and (ii)
cleaved EC-SOD (Trp1–Glu209) without the C-terminal
heparin-binding domain. The proteolytic event(s) lead-
ing to proteolysis at Glu209–Arg210 and removal of the
heparin-binding domain are not known, but may repre-
sent an important regulatory mechanism. Removal of
the heparin-binding domain affects both the affinity of
EC-SOD for and its distribution to the extracellular ma-
trix, in which it is secreted. During the purification of
human EC-SOD, the intact/cleaved ratio remains con-
stant, suggesting that proteolytic removal of the hepa-
rin-binding domain does not occur during purification
(Oury, T. D., Crapo, J. D., Valnickova, Z., and Enghild,
J. J. (1996) Biochem. J. 317, 51–57). This was supported
by the finding that fresh mouse tissue contains both
intact and cleaved EC-SOD. To study other possible
mechanisms leading to the formation of cleaved EC-
SOD, we examined biosynthesis in cultured rat L2 epi-
thelial-like cells using a pulse-chase protocol. The re-
sults of these studies suggest that the heparin-binding
domain is removed intracellularly just prior to secre-
tion. In addition, the intact/cleaved EC-SOD ratio ap-
pears to be tissue-dependent, implying that the intracel-
lular processing event is regulated in a tissue-specific
manner. The existence of this intracellular processing
pathway may thus represent a novel regulatory path-
way for affecting the distribution and effect of EC-SOD.

Reactive oxygen species such as superoxide, hydrogen per-
oxide, and hydroxyl radical (O2

., H2O2, and OHz, respectively)
are important in several pathophysiologic events, including
inflammation, mutagenesis, and aging. Leukocytes, when acti-
vated, produce large amounts of reactive oxygen species. Al-
though this is beneficial in host defense, it may have detrimen-
tal effects on the cells and extracellular matrix in the vicinity of
the response. Because reactive oxygen species damage cells and

the extracellular matrix, several defense mechanisms have
evolved to protect against oxidant injury. Central to these
defense mechanisms are the antioxidant enzymes. These in-
clude the superoxide dismutases, catalase, and glutathione
peroxidase.

The superoxide dismutases (SODs)1 (EC 1.15.1.1) catalyze
the dismutation of two superoxide radicals into hydrogen per-
oxide and oxygen. These enzymes obey first-order reaction ki-
netics, and the forward rate constants are almost diffusion-
limited (.109 M21 s21) (1). This results in a steady-state
concentration of superoxide in tissue that varies directly with
the rate of superoxide generation and inversely with the tissue
concentration of scavenging enzymes (2). The three isozymes of
superoxide dismutase in mammals include Cu/Zn-SOD, Mn-
SOD, and EC-SOD. EC-SOD is a heparin-binding multimer
composed of disulfide-linked dimers (see Fig. 1) (3, 4). Similar
to intracellular Cu/Zn-SOD, EC-SOD contains both copper and
zinc (3). EC-SOD is the primary extracellular antioxidant en-
zyme and is highly expressed in the lungs of humans, where it
is produced in the alveolar septa by type 2 epithelial cells (5, 6).
In addition, the enzyme is highly expressed in blood vessels
and airways (7–9). In arteries, EC-SOD constitutes up to 70%
of the total SOD activity (9) and may play a pivotal role in
regulating the bioavailability of nitric oxide in vessel walls,
airways, and lung tissue. The reaction of nitric oxide with
superoxide is diffusion-limited, allowing low levels of extracel-
lular superoxide to interfere with the signaling of nitric oxide in
smooth muscle relaxation and neurotransmission and in con-
trolling inflammation. By scavenging extracellular superoxide,
EC-SOD can enhance these nitric oxide responses.

The heparin-binding domains of two EC-SOD subunits are
linked by a disulfide bond to form a cluster of 12 positively
charged amino acid residues (Fig. 1) (4). These residues provide
the basis for the electrostatic interactions with heparan sul-
fate, which anchors EC-SOD to specific regions of the extracel-
lular matrix and on cell surfaces (6, 7, 9, 11). The affinity of
purified EC-SOD can be divided in three classes (12, 13): EC-
SOD with no affinity (type A), moderate affinity (type B), or
high affinity (type C) for heparin (Fig. 2) (3). The heterogeneous
heparin affinity is a result of proteolysis of the heparin-binding
domain (13). Proteases such as trypsin specifically cleave the
heparin-binding domain of native EC-SOD in vitro; however,
the protease(s) responsible for this cleavage in vivo are un-
known. Regulation of this proteolytic event may be an impor-
tant control point in modulating EC-SOD activity in the extra-
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cellular matrix of tissues.
The number of physiologic and pathologic processes in which

EC-SOD is found to be an important mediator continues to
expand. This study shows that the C terminus of purified
cleaved EC-SOD is Glu209 and that the proteolytic conversion
of intact EC-SOD is an intracellular process. This processing
pathway may therefore represent a novel regulatory mecha-
nism for controlling superoxide concentrations in tissues.

EXPERIMENTAL PROCEDURES

Reagents—ECL Western blotting detection reagents were from Am-
ersham Pharmacia Biotech. RPMI 1640 medium, the RPMI 1640 me-
dium select amine kit, phosphate-buffered saline, Earle’s balanced salt
solution, and penicillin/streptomycin were from Life Technologies, Inc.
Epidermal growth factor, L-glutamine, and protamine were from Sigma.
Rat lung L2 epithelial-like cells were obtained from American Type
Culture Collection (Rockville, MD). Radiochemicals were from NEN

Life Science Products. EC-SOD was purified as described previously (4).
EC-SOD was radioiodinated using lactoperoxidase-glucose oxidase
(Bio-Rad) according to instructions provided by the manufacturer.

Metabolic Labeling and Pulse-Chase Analysis—Rat lung L2 epithe-
lial-like cells were maintained in nutrient mixture F-12/Ham’s medium
(Life Technologies, Inc.) supplemented with 10% fetal bovine serum,
L-glutamine (150 mg/500 ml), and 1% penicillin/streptomycin (100
units/ml medium) in 5% CO2. For standard biosynthetic radiolabeling,
cells were grown in 50-mm tissue culture plates until 80% confluent.
The cells were then washed twice with Earle’s balanced salt solution
and incubated for 30 min in Met-deficient nutrient mixture F-12 with-
out fetal bovine serum. The cells were incubated for 5 min in medium
containing [35S]Met (pulse period). The cells were promptly rinsed twice
with serum-free nutrient mixture F-12 and incubated with unlabeled
complete medium for various periods of time (chase periods).

Lysis and Immunoprecipitation—The conditioned medium was col-
lected and frozen. Cell lysates were prepared by three rapid freeze-thaw
cycles in high salt buffer containing 0.5% Triton X-100 and a proteinase
inhibitor mixture. Prior to immunoprecipitation, the lysates and condi-
tioned medium were cleared by the addition of a preimmune serum
followed by the addition of protein G-Sepharose 4FF (Amersham Phar-
macia Biotech). The supernatants were incubated overnight with the
relevant specific antiserum. The next day, protein G-Sepharose 4FF
was added, and immunoprecipitates were collected by gentle centrifu-
gation. The immunoprecipitates were then washed several times, and
bound proteins were released from the protein G-Sepharose 4FF by
boiling in SDS sample buffer or by 100 mM glycine HCl (pH 2.7) before
SDS-PAGE.

Proteolysis of EC-SOD following Secretion—Rat L2 epithelial-like
cells were cultured as described above in 50-mm tissue culture plates.
When the culture was ;80% confluent, the cells were washed twice
with Earle’s balanced salt solution, and serum-free medium (nutrient
mixture F-12/Ham’s medium) containing protamine (50 mg/ml) and
125I-labeled human EC-SOD (7 3 106 cpm) was added. The cells were
maintained in a water-jacketed CO2 incubator at 37 °C and remained
viable for .48 h. Aliquots of the medium were removed at timed
intervals and analyzed by SDS-PAGE.

Protein Sequencing and Amino Acid Analysis—Proteins and peptides
were analyzed by automated Edman degradation in an Applied Biosys-
tems 477A sequencer with on-line phenylthiohydantoin analysis using
an Applied Biosystems 120A HPLC system. Protein concentrations
were determined by amino acid analysis (15). The sample was hydro-
lyzed in 6 M HCl for 24 h, and the composition was determined in a
Beckman Model 6300 amino acid analyzer using the sodium citrate
buffer system provided by the manufacturer. Both instruments were
operated as recommended in the user bulletins distributed by the
manufacturer.

Radiosequence Analysis—These analyses were performed as de-
scribed previously (16, 17). Briefly, after immunoprecipitation and
SDS-PAGE, the 35S-labeled proteins were electrotransferred to Immo-
bilon membranes (18). The proteins were identified by autoradiogra-
phy, and bands of interest were excised and analyzed by automated
Edman degradation. The anilinothiazolinone-derivatives released after
each cycle were collected and counted for 35S radioactivity. In the
experiments destined for radiosequence analysis, the metabolic labeling
was performed using appropriate radioactive amino acids expected
within the first 20 N-terminal residues of the mature proteins. Subse-
quent radiosequence analysis of the bands and release of radioactive
anilinothiazolinone-derivatives in the anticipated cycle of Edman deg-
radation provided unequivocal identification of the protein band.

C-terminal Determination—Approximately 50 mg of purified human
EC-SOD was dissolved in 50 ml of 100 mM NH4HCO3 (pH 7.8) and
digested overnight with 0.5 units of endoglycosidase F at 37 °C. A
sample was withdrawn for mass analysis to confirm that the deglyco-
sylation reaction was completed. The remainder was digested with 0.2
mg of chymotrypsin for 4 h at 37 °C before separation by reverse-phase
HPLC. All resulting peaks were analyzed by mass spectrometry.

Mass Spectrometry—A REFLEX matrix-assisted laser desorption
ionization time-of-flight mass spectrometer (Bruker Analytik GmbH,
Bremen, Germany) was used for analysis of the deglycosylated protein
and of peptides in positive linear mode. Ion acceleration was 22 kV. The
analyte solution, 2% trifluoroacetic acid, and matrix solution (15–20
g/liter of a-cyano-4-hydroxycinnamic acid in 70% acetonitrile) were
mixed in equal proportions on the target and dried. The dry crystalline
deposit was carefully rinsed with a small volume of 0.1% trifluoroacetic
acid. The spectra were externally calibrated.

Polyacrylamide Gel Electrophoresis—The supernatants from SDS-
treated immunoprecipitates were recovered by centrifugation and ana-

FIG. 1. Schematic showing the structure of the EC-SOD dimer.
The N-terminal amino acid residues and the position of the single
N-linked glycan at Asn89 are indicated. The putative intrachain disul-
fide bridge between Cys107 and Cys189 or possible Cys190 is shown based
on the homology to Cu/Zn-SOD. We have experimentally confirmed the
position of the interchain disulfide between Cys219 residues in adjacent
subunits (4). The determination of the proteolytic cleavage site within
the heparin-binding domain is described under “Results.” Amino acid
residues are shown in single-letter code.

FIG. 2. Modulation of EC-SOD heparin affinity. EC-SOD is a
tetramer composed of two disulfide-linked dimers (4). The heparin-
binding domain contains six positively charged amino acids (Arg-Lys-
Lys-Arg-Arg-Arg) and is located in the C terminus of each molecule as
indicated (13). Truncation of the C-terminal region does not affect the
noncovalent protein-protein interactions stabilizing the tetramer (4),
but affects the heparin-binding properties significantly. Three forms of
EC-SOD are thought to exist in vivo: type A, with all four C termini
truncated and therefore no heparin affinity; type B, with partial C-
terminal truncation and medium heparin affinity; and type C, with all
four C-terminal domains intact and high heparin affinity (3). The ex-
istence of these variants suggests that the heparin affinity of EC-SOD
is modulated by the degree of C-terminal proteolysis.
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lyzed by SDS-PAGE with 5–15% gradient gels (19). The gels were
stained, destained, dried, and subjected to imaging on a PhosphorIm-
ager (Molecular Dynamics 410A). Immunoprecipitates for radiose-
quence analysis were transferred to polyvinylidene difluoride mem-
branes. The polyvinylidene difluoride membranes were then dried and
exposed directly to x-ray film overnight at 270 °C.

Immunoblotting—Membranes were developed using the ECL West-
ern blotting kit from Amersham Pharmacia Biotech. Briefly, following
transfer to polyvinylidene difluoride membranes, the membranes were
blocked for 1 h in 20 mM Tris-Cl and 137 mM NaCl (pH 7.6) containing
0.1% Tween (Tris-buffered saline/Tween buffer) and 5% of the supplied
blocking reagent. The membrane was washed in Tris-buffered saline/
Tween buffer before the primary antibody was added (1:2000 dilution).
Following a 1-h incubation, the membrane was washed in Tris-buffered
saline/Tween buffer, and the horseradish peroxidase-labeled secondary
antibody was added (1:20,000 dilution). The membranes were incubated
for 1 h, washed with Tris-buffered saline/Tween buffer, and developed
using the supplied reagent.

Perfusion of Mice—Mice were anesthetized using 5 mg of sodium
pentobarbital (Nembutal). The perfusion was performed after deep
anesthesia, but prior to death, via the left ventricle of the heart using
phosphate-buffered saline containing 0.5% NaNO2, 10 units/ml hepa-
rin, and a protease inhibitor mixture composed of 0.1 mM 1,10-phenan-
throline, 2 mM phenylmethanesulfonyl fluoride, and 0.02 mM E-64 (20).
Following perfusion, the organs were removed and homogenized (Virtis
Tempest) in 50 mM Hepes and 100 mM NaCl (pH 7.4). The supernatants
were analyzed by SDS-PAGE and immunoblotting.

RESULTS

Analysis of the 30-kDa Human EC-SOD Doublet by SDS-
PAGE—Purified EC-SOD migrates on unreduced SDS-PAGE
as a 60- and 30-kDa band. Following reduction, the protein
migrates as a tightly spaced ;30-kDa doublet (Fig. 3, lane 2).
The origin of these bands was investigated by two dimensional
SDS-PAGE. Purified EC-SOD was first analyzed without re-
duction (Fig. 3, lane 3), and the bands were transferred to a
CD-membraneTM (Millipore Corp.). The 60-kDa dimer and the
30-kDa monomer bands were extracted and separately reana-
lyzed by reduced SDS-PAGE (Fig. 3, lanes 4 and 5). These
experiments show that the unreduced 60-kDa EC-SOD band

was composed exclusively of the top band, representing intact
EC-SOD. The unreduced 30-kDa EC-SOD band was composed
exclusively of the lower band, representing cleaved EC-SOD.
Deglycosylation experiments have previously shown that the
difference in size of the reduced ;30-kDa doublet is not due to
carbohydrate heterogeneity (4). Moreover, N-terminal protein
sequence analysis following transfer to polyvinylidene difluo-
ride revealed that the N termini were intact in both bands
(data not shown). This suggests that the top band of the re-
duced ;30-kDa EC-SOD doublet represents intact EC-SOD
and that the bottom band represents C-terminally cleaved
EC-SOD.

Determination of the C-terminal Cleavage Site of Purified
Human EC-SOD—Mass spectrometric analysis of EC-SOD af-
ter removal of the Asn89 carbohydrate moiety by N-glycosidase
F showed the main component as a rather broad peak with a
molecular mass of 22.530 6 40 Da. This mass most closely
corresponded to Trp1–Glu209 (22.559 Da). Due to the width of
the peak, termination at one of the adjacent residues could not
be excluded. As the region around Glu209 contains several basic
and acidic residues, the reduced and carboxamidomethylated
EC-SOD was digested with chymotrypsin. Analysis of the di-
gest by reverse-phase HPLC and mass spectrometry revealed a
peptide corresponding to Glu201–Glu209 (experimental mass of
1141.26 Da; theoretical mass of 1141.17 Da). These results
confirm that the C terminus of cleaved EC-SOD is Glu209.

EC-SOD Exists in Tissues in Both Its Intact and Cleaved
Forms—As described above, reduced SDS-PAGE can be used as
an assay to identify intact and C-terminally cleaved EC-SOD.
Mice were perfused, and the tissues were homogenized in a
buffer containing a protease inhibitor mixture. The superna-
tants were analyzed by reduced SDS-PAGE within 15 min of
perfusion. Following electrophoresis, EC-SOD was visualized
by immunoblotting (Fig. 4). The results show that the heart,
liver, brain, stomach, and skeletal muscle appear to contain
mainly intact EC-SOD, whereas the kidneys and lungs contain
equal amounts of cleaved and intact EC-SOD. This suggests
that the processing event leading to monomeric EC-SOD is
regulated differently in various tissues.

Biosynthesis of EC-SOD—Intracellular processing of EC-
SOD was studied in cultured rat lung L2 epithelial-like cells.
The biosynthesis of EC-SOD was explored using a pulse-chase
protocol followed by immunoprecipitation, SDS-PAGE, and ra-
diosequence analysis (Figs. 5 and 6). Radiosequence analysis
was done to verify the identity and integrity of the immuno-
precipitated bands (Fig. 6). Both the intact and cleaved bands
of EC-SOD were found to be made by the cells. Radiosequence
analysis confirmed that both ;30-kDa bands were EC-SOD

FIG. 3. SDS-PAGE analysis of purified human EC-SOD. Purified
EC-SOD was analyzed by unreduced and reduced SDS-PAGE (lanes 2
and 3, respectively). The unreduced dimer and monomer were recovered
and analyzed again both with (1) and without (2) reduction with
dithiothreitol (DTT). The N termini of all bands were determined by
N-terminal sequence analysis. This analysis revealed that all bands
contained the same N-terminal sequence, indicating that the differ-
ences in size were secondary to C-terminal truncation. Dimeric EC-SOD
is composed exclusively of intact EC-SOD monomers containing the
C-terminal heparin-binding domain. Monomeric EC-SOD is composed
exclusively of cleaved EC-SOD lacking the C-terminal heparin-binding
domain.

FIG. 4. SDS-PAGE followed by immunoblotting of perfused
mouse tissue. Anesthetized mice were perfused with a buffer contain-
ing a protease inhibitor mixture to remove all blood and to prevent
adventitious proteolysis. The organs were removed and homogenized on
ice in the presence of a protease inhibitor mixture (1,10-phenanthroline,
3,4-dichloroisocaumarin, and E-64 (20)). The homogenized organs were
centrifuged briefly, and portions of the supernatants were subjected to
reduced SDS-PAGE followed by immunoblotting using anti-mouse EC-
SOD antibodies. These experiments were performed within minutes
after the animals had been perfused. An example of the immunoblotting
is shown. It is apparent that the heart, brain, stomach, and muscle
contain mainly intact EC-SOD. In contrast, the kidneys and lungs
appear to contain equal amounts of both intact and cleaved EC-SOD.
This suggests that the processing event leading to cleaved EC-SOD is
regulated differently in various tissues.
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and further demonstrated that the difference between the two
bands is due to processing of the C terminus since the N
terminus is intact and identical for both protein bands (Fig. 6).

The data suggest that a fraction of EC-SOD is cleaved inside
the cells, resulting in the secretion of both cleaved and intact
EC-SOD. In this cell line, the ratio between the secreted intact
(top band) and cleaved (lower band) EC-SOD appeared to be
1:1, which is the same ratio observed in whole lung homoge-
nates (Fig. 4). This ratio between intact and cleaved EC-SOD in
the cell culture medium remained constant during the duration
of the experiment. If EC-SOD were secreted exclusively as
intact subunits and then cleaved in the medium, we would
expect to see an accumulation of cleaved EC-SOD over time. To
evaluate further where the cleavage of EC-SOD occurred, pu-
rified iodinated EC-SOD was added to the rat lung L2 epithe-
lial-like cells in serum-free medium containing protamine.
Protamine was added to prevent EC-SOD from binding hepa-
rin, which has been previously shown to protect against prote-

olysis of the heparin-binding domain (21). Samples were re-
moved at timed intervals and analyzed by reduced SDS-PAGE
(Fig. 7). In these experiments, no additional proteolysis of
EC-SOD was observed even after 30 h of incubation, supporting
the notion that EC-SOD proteolysis of EC-SOD occurs inside
the cell.

These studies indicate that the C-terminal cleavage occurs
late during the biosynthesis, just before secretion. This is a
characteristic of processing events, which take place in secre-
tory vesicles. For example, free a1-microglobulin and free
bikunin are not readily detected inside the cell because the
processing takes place just prior to secretion (16, 22, 23). This
is similar to EC-SOD and provided a rationale to support our
conclusion that the proteolytic processing of the heparin-bind-
ing domain is an intracellular event.

DISCUSSION

Steady-state concentrations of the superoxide anion are di-
rectly proportional to the rate of production and inversely pro-
portional to the concentration of scavenging enzymes such as
the superoxide dismutases. EC-SOD is the only enzymatic
scavenger of superoxide in the extracellular matrices of tissues.
Thus, alterations in EC-SOD activity will have important con-
sequences on the steady-state concentrations of superoxide in
the extracellular spaces of tissues. Therefore, if there is in-
creased synthesis of EC-SOD, there will be a decrease in the
steady state of superoxide in the matrix in which EC-SOD is
secreted. Conversely, if there is proteolytic removal of the he-
parin-binding domain, EC-SOD will lose its affinity for the
extracellular matrix and diffuse out of the tissue. This will
result in decreased EC-SOD activity and lead to an increase in
the steady-state concentration of superoxide in this domain.

The effect of C-terminal truncation will depend on the tissue
in which it is residing. For example, in the lung, this may allow
EC-SOD to diffuse from the alveolar septa into the alveolar
fluid, where it can then prevent superoxide-mediated damage
to surfactant. This study has examined the proteolytic process-
ing of the heparin domain of EC-SOD and suggests that pro-
teolytic regulation of the heparin-binding domain is an intra-
cellular, tissue-specific event.

EC-SOD Is Found in Tissues Both in the Intact and Cleaved
Forms—Purified EC-SOD migrates as a 60- and 30-kDa band

FIG. 5. Biosynthesis of EC-SOD in rat L2 cells. The cells were
metabolically labeled with [35S]Met-supplemented medium for 15 min
and chased for the indicated times in radiolabel-free medium. EC-SOD
was immunoprecipitated using an anti-mouse EC-SOD IgG fraction
and analyzed by reduced SDS-PAGE and autoradiography. EC-SOD
appeared in the medium 30 min after the onset of biosynthesis. Note
that approximately one-half of the secreted EC-SOD was cleaved. More-
over, EC-SOD appears to be cleaved late in the biosynthetic pathway,
most likely in secretory vesicles, since cleaved EC-SOD was not de-
tected intracellularly, but was detected in the cell culture medium 30
min after the onset of biosynthesis.

FIG. 6. N-terminal radiosequence analysis. Biosynthetically ra-
diolabeled EC-SOD immunoprecipitates from the medium of rat L2
cells were subjected to radiosequence analysis. The cells were pulse-
labeled with [35S]Met and subjected to immunoprecipitation, electro-
phoresis, autoradiography, and radiosequencing. The vertical bars rep-
resent the level of 35S radioactivity released during each cycle of Edman
degradation. Both intact EC-SOD (A) and cleaved EC-SOD (B) were
analyzed. The N-terminal protein sequence of mature EC-SOD is indi-
cated above each vertical bar to facilitate interpretation. The results
confirm that the immunoprecipitated bands are EC-SOD and that the N
termini are intact. Significantly, the difference in migration during
SDS-PAGE is caused by C-terminal processing.

FIG. 7. Proteolysis of the EC-SOD heparin-binding domain
does not proceed in the cell culture medium or on the cell
surface. To examine if proteolysis of the EC-SOD heparin-binding
domain occurred just after secretion, purified 125I-labeled human EC-
SOD was added to the medium of cultured rat L2 epithelial-like cells.
Both protease inhibitors and heparin may reduce proteolysis of the
EC-SOD heparin-binding domain and thus influence the outcome of the
experiment. The cells were consequently maintained in serum-free
medium to eliminate the protease inhibitors from the serum, and prot-
amine was added to bind residual heparin. The cells were maintained in
a water-jacketed CO2 incubator at 37 °C and remained viable for .48 h.
Aliquots of the medium were removed as indicated and analyzed by
SDS-PAGE. The relative intensity of the intact and cleaved EC-SOD
bands in this and similar experiments suggested that the proteolysis
did not progress extracellular in the medium or on the cell surface. This
supports the conclusion that the observed proteolysis of EC-SOD is an
intracellular event.
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on unreduced SDS-PAGE. The 30-kDa band is produced by
proteolysis of the Glu209–Arg210 peptide bond, which results in
dissociation of the disulfide-bound 60-kDa dimer. We initially
investigated if this cleavage event was the result of fortuitous
proteolysis during the purification of EC-SOD. However, rigor-
ous attempts to control the proteolysis were unsuccessful. Since
the level of cleaved EC-SOD remained the same regardless of
the steps taken to prevent proteolysis, we hypothesized that
cleaved EC-SOD may be present within tissues in vivo.

Tissues from mice that had been perfused with a protease
inhibitor-containing buffer were examined for evidence of
cleaved EC-SOD. This perfusion procedure removed all blood
and eliminated interference from cleaved EC-SOD present in
the blood. The homogenized tissue supernatants were analyzed
by SDS-PAGE within minutes of the perfusion. These analyses
show that EC-SOD is present in both the cleaved and un-
cleaved forms in the matrices of tissues in vivo. Moreover, the
results suggest that the proteolytic processing is an in vivo
event and not an artifact that occurs during the purification of
the enzyme. Evaluation of the EC-SOD composition in different
organs reveals that the ratio between intact and cleaved EC-
SOD varies considerably between different tissues. The heart
shows almost exclusively intact EC-SOD, whereas lung tissue
contains equal amounts of the two forms, suggesting that the
regulation of EC-SOD proteolysis is tissue-specific.

Biosynthesis Data Indicate That EC-SOD Is Cleaved Intra-
cellularly—The biosynthesis of EC-SOD was examined by a
pulse-chase metabolic labeling protocol that has been previ-
ously employed to analyze intracellular processing events (16,
17). In this case, cultured rat lung L2 epithelial-like cells were
maintained in multiple-tissue culture plates and briefly labeled
using [35S]Met. After the pulse, each tissue culture plate was
chased with nonradioactive cell culture medium for timed in-
tervals. Following the completion of the chase periods, EC-SOD
was immunoprecipitated and subjected to SDS-PAGE and
Western blotting. The protein bands were visualized by auto-
radiography, and relevant bands were analyzed by radiose-
quencing. This allowed us to confirm both the identity and the
integrity of immunoprecipitated bands. These experiments
demonstrate that cleaved EC-SOD is present in the cell culture
medium immediately upon secretion. Cleaved EC-SOD was not
observed in the cell lysate, suggesting that the proteolytic event
took place late in the biosynthesis pathway, most likely in the
secretory vesicles or possibly in the Golgi apparatus. The
cleaved/intact EC-SOD ratio in the medium remained constant
for the duration of the experiment.

To confirm that the processing event occurred before secre-
tion, purified 125I-labeled EC-SOD was added to the medium of
rat lung L2 epithelial-like cells cultured in serum-free medium.
When EC-SOD is bound to heparin, the proteolysis of the
heparin domain of EC-SOD is greatly diminished (21). As a
consequence of this, the heparin antagonist protamine was
added to the cell culture medium to bind residual heparin and
to ensure that the 125I-labeled EC-SOD heparin-binding do-
main was accessible for proteolysis. The lack of proteolysis
after 30 h of incubation supports the conclusion that the proc-
essing of the EC-SOD heparin-binding domain is an intracel-
lular event.

Based on the analysis of recombinant EC-SOD mutants with
altered C termini, it has been suggested that the heparin-
binding domain is cleaved by an endoprotease and further

trimmed by a carboxypeptidase (13). Considering this scenario
and that we have now shown that the C terminus of cleaved
EC-SOD is Glu209 and that the initial cleavage site is intracel-
lular, two possibilities seem likely: (i) the processing of EC-
SOD is a one-step mechanism accomplished by a single intra-
cellular endoproteolytic event cleaving the Glu209–Arg210

peptide bond, or alternatively, (ii) two proteases are involved.
In the latter case, the initial intracellular endoproteolytic event
is further toward the C terminus, and a carboxypeptidase spe-
cific for basic amino acid residues then trims the remaining
basic amino acid residues to Glu209. This trimming could be
intra- or extracellular. If the processing is a one-step mecha-
nism cleaving at Glu209, the specificity of the processing en-
zyme would represent the “opposite” of most other processing
proteases, which cleave at the C terminus of (di)basic residues
(10, 14). This suggests that the EC-SOD processing is per-
formed by a novel enzyme. However, at this point, it is not clear
which of the proposed mechanisms is involved during the mat-
uration of EC-SOD.

Our results show that the proteolysis of EC-SOD is an intra-
cellular process that is regulated differently in distinct tissues.
The consequence of the proteolytic event is the removal of the
EC-SOD heparin-binding domain and loss of heparin affinity.
The cleaved EC-SOD subunit has no affinity for heparan sul-
fate proteoglycans expressed on the cell membrane and may
thus diffuse into the surrounding tissue and fluids. In contrast,
the heparin-binding intact EC-SOD is immobilized on cell sur-
faces and extracellular matrices where it is secreted. Thus,
tissue-specific control of EC-SOD proteolytic processing allows
for better regulation of the EC-SOD concentration, and thus
the extracellular superoxide concentration, in specific extracel-
lular domains.
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