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Oxidative stress leads to the up-regulation of many antioxidant
enzymes including Cu,Zn superoxide dismutase (SOD1) via tran-
scriptional mechanisms; however, few examples of posttransla-
tional regulation are known. The copper chaperone for SOD1 (CCS)
is involved in physiological SOD1 activation, and its primary func-
tion is thought to be delivery of copper to the enzyme. Data
presented here are consistent with a previously uncharacterized
function for CCS in the SOD1 pathway, namely mediating enzyme
activation in response to increases in oxygen tension. Activity
assays with pure proteins and cell extracts reveal that O2 (or
superoxide) is required for activation of SOD1 by CCS. Dose–
response studies with a translational blocking agent demonstrate
that the cellular oxidative response to O2 is multitiered: existing
apo-pools of SOD1 are activated by CCS in the early response,
followed by increasing expression of SOD1 protein with persistent
oxidative stress. This CCS function provides oxidant-responsive
posttranslational regulation of SOD1 activity and may be relevant
to a wide array of physiological stresses that involve a sudden
elevation of oxygen availability.

The production of reactive oxygen species (ROS) such as
superoxide (O2

�) and hydroxyl radicals occurs during cellular
respiration and is a consequence of aerobic life. Cells have
evolved a variety of inducible responses to attenuate oxidative
damage, including superoxide dismutase enzymes that catalyze
the disproportionation O2

� to H2O2 and O2 (1–3). Early studies
by Fridovich and coworkers (2–4) showed that Cu,Zn superox-
ide dismutase (SOD1) is predominately found in the cytosol,
with a smaller fraction in the inner membrane space of the
mitochondria, whereas Mn superoxide dismutase (SOD2) is
found in the mitochondrial matrix (2). Further, they demon-
strated that superoxide dismutase activity in the yeast Saccha-
romyces cerevisiae could be enhanced by increases in oxygen
tension, and survival of cells to hyperbaric O2 is increased by
pretreatment of cells with 100% O2 (5). Consistent with this,
respiring yeast have higher SOD1 protein and activity levels than
anaerobic or fermenting cells (6, 7). Treatment of anaerobically
grown cells with copper reportedly results in an increase in
SOD1 activity, and maximal activation occurs in the presence of
both copper and oxygen (7). These studies led to the prediction
that activation of apo-SOD1 in yeast depends on oxygen me-
tabolism (7). Investigations in animal models mirror the results
in yeast. Repeated exposure to oxidative stress in the form of
endurance training enhanced the levels of antioxidant enzymes
and the resistance to ROS produced during acute bouts of
exercise (8–10). Thus, while oxidative stress leads to increased
transcription and�or translation of the SOD1 gene (5–11), such
stresses may lead to activation of SOD1 at the posttranslation
level, although the molecular mechanisms remain unknown.

Most structurally characterized forms of active eukaryotic
SOD1 are dimeric, contain a single copper and zinc ion, although
lower metal stoichiometries have been reported, and one disul-
fide bond per monomer (12). The redox active copper is essential
for dismutase activity (13), and although CCS independent
activation has been reported in some mammalian proteins (14),

in both yeast and human cells physiological activation of most
SOD1 involves the copper chaperone for SOD1 (CCS) (15, 16).
Purified CCS protein from various species has been character-
ized as binding several equivalents of copper (17–19); however,
neither the minimal stoichiometry nor the chemical basis of the
metal transfer to SOD1 have been established. Mechanistic
studies indicate that CCS binds Cu(I) tightly but nonetheless
transfers it into apo-SOD1, even in the presence of stringent
copper chelators (17, 20, 21). These results suggest that free
copper ion is not available in the cytosol to apo-SOD1 and are
consistent with direct insertion of copper by CCS in vivo (17).
Recent biochemical and structural studies indicate that direct
copper transfer is most likely accomplished within a het-
erodimeric complex of SOD1 and CCS (17, 20–23).

In the studies presented here we demonstrate an essential role
for O2 or O2

� in the posttranslational activation of SOD1 by CCS.
Activation of SOD1 in vitro requires both Cu–CCS and O2
exposure, and studies using translational blocking agents show
that the active enzyme is undetectable in S. cerevisiae cells
deprived of O2. Transition of anaerobic cultures to aerobic
conditions results in the rapid appearance of SOD1 activity, even
in the absence of new protein synthesis. The results are consis-
tent with a model in which CCS mediates the posttranslational
regulation of superoxide dismutase activity in response to in-
creases in cellular oxygen tension by modification of a preexist-
ing pool of the immature form of SOD1 protein. Thus, oxidants
like O2 not only induce transcription and�or translation of SOD1
but can also increase the ratio of active to inactive SOD1 in a
manner that may be relevant to mammalian physiology and
disease.

Materials and Methods
Purification and Preparation of Proteins. Proteins were purified
according to published protocols (17, 21). The Cu(I) form of
CCS and the apo, reduced, and denatured (ARD) forms of yeast
(ySOD1) and human (hSOD1) SOD1 were also prepared as
described (17, 21). All of the forms used for in vitro assays were
prepared under N2 in a Vacuum Atmospheres (Hawthorne, CA)
chamber.

EPR Spectroscopy of in Vitro Assay Mixtures. EPR samples were
made in 20% glycerol. Mixtures containing 100 �M ARD
hSOD1, 100 �M Cu(I)–hCCS (human CCS), and 50 �M ZnSO4
were incubated for 60 min at 37°C either under N2 or in air. Then
100 �l of the reaction mixtures was frozen under N2 or in air.
Additionally, 100 �M holo hSOD1, 100 �M CuSO4, and 100 �M
Cu(I)–hCCS (under N2 and after 60 min of air exposure at 37°C)
were analyzed individually. EPR was performed by using a
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Varian EPR at 100 K under flowing N2 at 9.1 GHz microwave
frequency. Instrument settings were as follows: modulation
amplitude, 5 G; microwave power, 20 mW; time constant, 125
ms; scan time, 8 min.

In Vitro Anaerobic SOD1 Activation. For in vitro assay of CCS
activity, 2 �M ARD hSOD1 was mixed with 200 �M bathocu-
proinedisulfonic acid in one tube and 20 �M ZnSO4, 1 mM GSH,
and either 10 �M Cu–hCCS or 10 �M Cu(I) (CH3CN)4 PF6 was
mixed in another tube. Reactants were incubated anaerobically
for 1 h at 37°C. Equal volumes of reaction mixture and native gel
sample buffer containing 1 mM EDTA were mixed and run on
a nondenaturing 12% Tris�HCl gel. To separate CCS and SOD1
under anaerobic conditions, native gels were run inside the
anaerobic chamber, and the gels removed from the chamber for
activity staining by standard p-nitroblue tetrazolium chloride
(NBT) assay (24). ‘‘aerobic’’ samples were prepared in anaerobic
conditions, then removed from the chamber after 30 min and
incubated in air at 37°C for an additional 30 min. Samples were
returned to the glove box, and gel electrophoresis was run
anaerobically as above. For the time course, 10-�l aliquots of the
anaerobic reactions were removed from the N2 atmosphere for
5, 30, and 60 min then brought back into the anaerobic chamber
for separation on native gel.

Anaerobic KO2 assays were performed by adding 2.5 mg of
KO2 to 100 �l of anhydrous DMSO under N2. The dissolved KO2
was then added to a final concentration of 700 �M to each
reaction mixture and the reaction immediately loaded onto a
native gel.

Strains and Culture Conditions. S. cerevisiae strain SY1699 (�, leu2,
ura3, ade1, his3) was used for all in vivo studies. Strains lacking
yeast CCS (yCCS), 1699�lys7 (�, leu2, ura3, ade2, his3,
lys7::LEU2), and ySOD1, KS107 (�, leu2-3, 112, his3�1, GAL�,
trp1-289a, ura3-52, sod1�::TRP1) were used as controls (25).
Strains were maintained aerobically on yeast extract�peptone�
dextrose (YPD) medium. Anaerobic growth of yeast requires
0.2% Tween-80 and 20 �g�ml ergosterol; therefore, all YPD
cultures were supplemented as a control.

Anaerobic Growth and Extraction. Anaerobic cultures were grown
in a Vacuum Atmospheres glove box maintained at 28–30°C. All
media and extraction buffers were maintained under anaerobic
conditions throughout the experiments. Single colonies of
SY1699, 1699�lys7, and KS107 were brought into the glove box
and used to inoculate 3-ml precultures. To reduce the amount of
active ySOD1 that was generated during aerobic culture to
background levels, strains were maintained anaerobically for at
least 5 days before beginning experiments and diluted 30-fold
into fresh media daily. The cultures were grown to an A600 of
0.6–0.9, and cytoplasmic extracts were made by means of glass
bead lysis as described (26), with the exception that all lysis steps
were carried out anaerobically.

In Vivo SOD1 Activation Time Course. Aliquots of anaerobic cultures
were spun down, and the cell pellet was frozen. The remaining
culture was removed from the chamber and maintained in a 30°C
water bath with 21% O2 bubbling through it. At the indicated
times, aliquots were removed, and cells were spun down and
immediately frozen in liquid N2. All pellets were brought in to
the anaerobic chamber, and extracts were made. Where indi-
cated, anaerobic cultures were split and a portion incubated with
100 �g�ml cycloheximide for 30 min before exposure to air. In
these studies a portion of each extract was concentrated three to
five times to enhance the detection of SOD1 activity by NBT
assay. All NBT assays were performed under N2 as described
above.

Western Blot of SOD1. Antibodies against ySOD1 and yCCS were
prepared as described (23). Total protein concentrations of
lysates were determined by published procedures (27). Poly-
clonal antibodies for either ySOD1 or yCCS were used as the
primary antibodies (1:1,250 dilution), and goat anti-rabbit IgG
HRP conjugate (Bio-Rad) was used as the secondary antibody
(1:6,500 dilution). Blots were developed by using the ECL Plus
Western Blotting Detection System (Amersham Biosciences).
Estimates of protein concentration from Western blots were
calculated by using densitometry (KODAK 1D image analysis
software, Version 3.6).

Inductively Coupled Plasma (ICP)–MS. Cell cultures were grown to
early–mid exponential phase anaerobically or aerobically as
above. To eliminate extracellular background, each cell pellet
was washed extensively in 1 mM EDTA made with Milli-Q-
treated water. The cell pellets were dried overnight at 80°C in
Teflon tubes, then dissolved completely in concentrated nitric
acid. The metal content was determined by ICP-MS (PQ Excell,
TJA Solutions, Franklin, MA).

Results
O2 Is Required for the Formation of Cu(II)–hSOD1 via Cu(I)–hCCS. To
test whether oxidation of Cu(I) occurs in CCS before activation
of SOD1, the reactions of the pure human forms of the proteins
were examined by EPR spectroscopy. Cu(I)–hCCS samples
frozen anaerobically under N2 (Fig. 1A) or after a 60-min
exposure to air (Fig. 1B) were EPR silent, indicating that the
Cu(I) form of the chaperone is not readily oxidized in air to an
EPR-detectable Cu(II) state. Nor was a Cu(II) EPR signal
detected in a reaction mixture of Cu(I)–hCCS and ARD SOD1
incubated at 37°C in the absence of O2 before freezing (Fig. 1C).
In the presence of O2, however, a characteristic Cu(II)–SOD1
EPR signal (12, 13) was detected for the same reaction mixture
after 60 min at 37°C (Fig. 1D). Based on comparisons of the
signal in Fig. 1D with a holo-hSOD1 control measured under
the same conditions, we estimate that about three-quarters of
the copper in hCCS was transferred to apo-hSOD1 (data not
shown). These spectroscopic results suggest that the formation
of active SOD1 requires both oxygen and the copper chaperone
but do not reveal whether other forms of SOD1 [i.e., Cu(I)] can
form in the absence of O2. To test this directly, an anaerobic
assay for SOD1 was developed in which metal transfer and
protein separation could be conducted under anaerobic condi-
tions, while the SOD1 enzyme activity assays, which require O2,
could be conducted aerobically after separation of the enzyme
from copper donors.

Oxygen and Cu(I)–CCS Are Required for Apo-SOD1 Activation in Vitro.
When assayed in the presence of air, the copper-loaded form of
human CCS alone was sufficient to activate the apo form of
human SOD1 (Fig. 2A) as reported (21). To determine whether
hSOD1 activation by hCCS can also occur in the absence of
oxygen, the assay was performed anaerobically in a Vacuum
Atmospheres chamber. After the designated time, hSOD1 in the
reaction mixture was separated from copper donors (i.e., low-
molecular-weight copper or Cu–hCCS) by native gel electro-
phoresis in the anaerobic chamber using Ar purged buffers. No
SOD1 activity was observed by NBT assay for any fully anaerobic
reaction mixture, regardless of whether copper was provided as
a Cu(I)–hCCS complex or in the form of Cu(I)–glutathione
complex (Fig. 2B). None of the anaerobic procedures per se
altered holo-SOD1, which retained full activity throughout these
procedures (lane 1 of each gel).

To determine whether ARD hSOD1 activation by Cu(I)–
hCCS required the presence of O2, the above reaction mixture
was removed from the anaerobic chamber and exposed to air for
various times before being returned to the chamber and loaded

Brown et al. PNAS � April 13, 2004 � vol. 101 � no. 15 � 5519

BI
O

CH
EM

IS
TR

Y



on the native gel. In the absence of air exposure, no activity was
observed from a mixture of Cu(I)–hCCS and ARD hSOD1 (Fig.
2C). Significant SOD1 activity, however, was observed after as
little as 5 min of air exposure, and maximal activity was apparent
within 30 min, indicating rapid metal transfer and activation of
the apo-SOD1 by CCS and oxygen exposure. Anaerobic addition
of potassium superoxide to ARD hSOD1�Cu(I)–hCCS mixtures
was also able to stimulate activation of ARD hSOD1 by Cu(I)–
hCCS in a dose-dependent manner (Fig. 2B). In this case, some
spontaneous disproportionation could have provided a small
amount of O2; thus, a direct oxygen role cannot be ruled out.
These results demonstrate an absolute requirement for an
oxidant such as O2 and possibly O2

� itself in the activation of
SOD1 by CCS in vitro. This finding led to the hypothesis that
oxygen availability or reactive oxygen species (ROS) levels can

posttranslationally regulate SOD1 activity in vivo. To test this,
the extent of activation of SOD1 in yeast undergoing an anaer-
obic to aerobic shift was examined.

SOD1 Expression and Activity in Vivo Is Regulated in an O2 Dose-
Responsive Manner. Wild type and cells lacking CCS, lys7�
mutants, of S. cerevisiae were grown to early–mid exponential
phase in a Vacuum Atmosphere glove box heated to 28–30°C.
Both strains were grown aerobically in a 30°C water bath as well,
sparged with either 21% or 100% O2. Consistent with earlier
studies, we find no SOD1 activity from lys7� mutants (15),
regardless of the O2 tension during growth and despite the
increase in ySOD1 expression (Fig. 3). In agreement with in vitro

Fig. 1. EPR spectra of purified Cu(I)–hCCS and hSOD1. Each reaction mixture
was incubated under aerobic or anaerobic conditions for 60 min at 37°C before
EPR analysis. EPR spectra of 100 �M Cu(I)–hCCS alone, anaerobic (A) or aerobic
(B), and 100 �M Cu(I)–hCCS � 100 �M apo hSOD1, anaerobic (C) or aerobic (D)
are shown.

Fig. 2. Aerobic and anaerobic activation of purified SOD1. Reaction mixtures
with 100 ng of total hSOD1 were analyzed by NBT assays as described under
aerobic (A) or anaerobic (B) conditions. (C) Time course samples were prepared
anaerobically, then exposed to air for the indicated times before determining
hSOD1 activity.
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results using hSOD1, no ySOD1 activity is detected in extracts
from anaerobic cells. An additional band is present above the
SOD1 band in activity gels with extracts, including those from
the sod1� mutant strain. Although the identity of this band
remains unknown, it is routinely seen by others (12). Their
presence in extracts from yeast strains lacking SOD1 or CCS
indicate they are not due to SOD1 and are most likely an
additional form of SOD2.

An increase in oxygenation produces a significant increase in
ySOD1 activity in the wild-type strain but not the lys7� mutants,
indicating dose-responsive activation that depends on yCCS.
Western blots revealed that ySOD1 protein was between 1 and
2.5 ng SOD1 protein per 300 ng of total protein loaded in extracts
from anaerobically grown cells but more abundant in extracts
from cells grown aerobically (Fig. 3B). The total protein loaded
in the Western gel was low to prevent the saturation of the 21%
and 100% O2 samples. Higher concentrations of total extract
were used in subsequent Western blots to bring the SOD1
protein levels in anaerobic samples farther above the detection
limit. Expression of the ySOD1 protein increased with increasing
oxygen tension and the lys7� mutants mirrored the quantitative
increase of ySOD1 protein with increasing oxygen tension seen
in wild-type cells. This result indicates that the O2 regulation of
SOD1 protein expression is CCS-independent, in accord with
previous studies (15). The level of the yCCS protein, as deter-
mined by Western blot, remained constant under all of the
oxygenation conditions studied indicating that CCS expression is
not regulated in an O2-dependent manner (data not shown).

Cellular Response to O2 Is Rapid and Prolonged. To determine
whether the in vivo response to oxygen occurred on the same
time frame as that seen in vitro, an anaerobic to aerobic time
course study was conducted by using cell cultures. Given that
SOD1 protein in anaerobic samples was difficult to detect, we
increased the total protein loaded in each lane. We can now
observe �2.5 ng of SOD1 protein per 1.5 �g of total loaded
protein. Western blot analysis of these extracts indicated that
total ySOD1 protein increased dramatically over the time course
(Fig. 4A). The ySOD activity in these extracts also increased
parallel to protein expression, with the highest activity observed

after a 60-min air exposure (Fig. 4B). No SOD1 activity was
detected in the lys7� mutants in a parallel time course (only the
anaerobic and 60-min time points are shown; Fig. 4B). Addi-
tional controls indicate that this SOD1 activation phenomenon
is not the result of O2 metabolism causing an increase in copper
accumulation by the cells. Inductively coupled plasma (ICP)–MS
analysis reveals that anaerobic cells accumulate 2-fold higher
concentrations of copper than do aerobically grown cells (6.3 �
10�3 mg of copper per g of dry weight of anaerobic cells versus
3.2 � 10�3 mg of copper per g of dry weight of aerobic cells).
Despite this increase in intracellular copper, no activity is
detected in anaerobic extracts from either wild type or lys7�
mutants. Taken together, these results strongly support the
proposal that the O2-mediated activation of SOD1 in vivo strictly
depends on CCS.

In agreement with earlier studies (5–7), the increase in SOD1
expression with increasing and�or prolonged O2 exposure dem-
onstrates that new protein synthesis contributes to the oxidative
stress response (Fig. 4). However, the oxygen-dependent acti-
vation of purified protein (Fig. 2) suggests a posttranslational
component to SOD1 regulation as well. To examine whether
oxygen mediates the activation of a preexisting pool of apo-
SOD1 or solely nascent protein, cells were treated with inhibitors
of protein synthesis and tested as above.

Cells Exhibit O2
� and CCS-Dependent Posttranslational Activation of

Apo-SOD1. Anaerobic cultures were grown and treated with
cycloheximide for 30 min before air exposure. Western analysis
demonstrates that wild-type yeast treated with cycloheximide
have a constant level of ySOD1 protein (�5 ng of SOD1 protein
per 3 �g of total protein loaded) despite prolonged aeration
under normoxic conditions, whereas controls without cyclohex-
imide show increased ySOD1 expression, as expected (Fig. 5A).
Anaerobic controls from cultures treated with and without
cycloheximide showed no SOD1 activity (Fig. 5B), and no
SOD1 activity was detected in extracts from strains lacking either
CCS and SOD1 (Fig. 5 B and C). In the absence of cyclohexi-
mide, cultures that were aerated for 60 min show very strong

Fig. 3. SOD1 activity in S. cerevisiae cultured with increasing O2 tension. (A)
NBT assay using 5 �g of total cell lysate from anaerobically cultured yeast or
from cells cultured in 21% or 100% O2. Fifty micrograms of total protein was
used for extracts from sod1� cells. (B) Western blot of 300 ng of total protein
from the same lysates as in A. Fig. 4. Time course of SOD1 air activation in S. cerevisiae. Yeast extract was

prepared from anaerobic cultures exposed to air for the indicated times. (A)
Western blot of 1.5 �g of total protein. (B) Active SOD1 protein was detected
in 80 �g of total protein via NBT assay from same extracts as in A.
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SOD1 activity (Fig. 5B). Cultures treated with cycloheximide
demonstrated a significant increase in activity once cells were
transferred to an aerobic environment (Fig. 5B). Taken together,
these results suggest that the initial cellular response to a sudden
increase in oxidative stress is the rapid activation of a preexisting
pool of SOD1 protein, while continued exposure to oxidative
stress leads to an increase in the synthesis and activation of
nascent protein.

Discussion
Studies in S. cerevisiae conducted before the discovery of the
copper chaperone for SOD1 showed that O2 alters the tran-
scription and�or translation of the Cu,Zn superoxide dismutase
gene (6, 7). Here we show that O2 (or superoxide) can also play
a direct posttranslational role in controlling the amount of the
active form of enzyme in vitro and in vivo. Furthermore, these
results indicate that both yeast and mammalian forms of CCS
mediate this O2 or O2

� responsive activation of apo-SOD1. The
in vitro hCCS and hSOD1 assays reveal that Cu(I)–CCS cannot
activate the apo-form of the enzyme in the absence of oxygen.

In the presence of O2, however, Cu(I)–CCS-mediated activation
of SOD1 occurs within 5 min. The in vivo data indicate that
physiological activation of SOD1 also strictly depends on O2 and
CCS. No SOD1 activity was detected in extracts from anaerobic
cells or cells lacking CCS or SOD1; however, wild-type cells
exhibit SOD1 activity that increases in step with increasing O2
tension (Fig. 3). When translation of new protein is blocked in
anaerobic cultures by the addition of cycloheximide, we find a
pool of SOD1 that is rapidly activated on shifting the cells to an
aerobic environment (Fig. 5). Our studies also suggest that under
some conditions cells maintain a pool of the immature form of
SOD1 that can be modified into the mature, active form of the
protein. This finding is consistent with reports that show in-
creased activation of SOD1 by the aerobic addition of copper to
translationally blocked cells (7, 28).

Although a mechanistic role for O2 in the activation of SOD1
is not clear from these data, it is likely that CCS mediates
oxidative steps converting Cu(I) to Cu(II) and�or conserved
cysteines to the disulfide. The conserved disulfide bond found in
all structurally characterized SOD1 has been proposed to play a
role in the proper folding and stabilization of the active form of
the protein (29, 30). Recent investigations demonstrate that
formation of the conserved disulfide bond must occur or the
enzyme is inactive (Y. Furukawa, A.S.T., and T.V.O., unpub-
lished work). Furthermore, this disulfide must be reduced before
the protein can be translocated into the mitochondrial inner
membrane space, where CCS then activates the protein (4).
Although the chemical mechanism is not yet certain, the results,
taken together, indicate that CCS directly mediates the oxygen-
dependent activation of SOD1 and suggest a new physiological
function for the copper chaperone, namely the posttranslational
regulation of SOD1 activity in response to changes in oxygen
tension.

The results presented here appear to be in contrast with an
earlier study where SOD1 activity was observed from cells grown
under anaerobic conditions (7). In the previous investigations
yeast cultures were grown and treated with chloramphenicol and
cycloheximide anaerobically; however, cells were exposed to air
for �80–100 min before cell extracts were prepared (7). This is
in contrast to the protocol herein where all steps were carried out
in an anaerobic chamber, from growth to protein separation on
native gels. Further, we were still able to detect SOD1 activity in
anaerobic extracts 30–36 h (�12–14 doublings) after cells were
introduced into the anaerobic chamber (data not shown). This
activity was eliminated by both extended growth of the strains in
a N2 environment, coupled with a 30-fold dilution of the culture
each day. We propose that the differences in anaerobic SOD1
activity is perhaps best explained by both the presence of residual
active SOD1 enzyme from aerobic growth and the duration of air
exposure before cell lysis in the previous studies.

Taken together the data suggest that one of the earliest
cellular responses to oxidative stress is the immediate posttrans-
lational activation of the available apo-SOD1 protein pool. The
ability of cells to maintain even a small pool of the immature
form of SOD1 is likely to represent an important physiological
response to an increase in oxidative stress. It has been shown that
cellular SOD1 concentrations as little as 0.01% of total cellular
protein can rescue cells from the sod1� phenotype, including
oxidative stress (14). In Fig. 3 the total SOD1 protein found in
anaerobic cells was �2.5 ng but still detectable. In this example,
activation of even 1 ng of SOD1 protein (the lower detection
limit of Western analysis) would still represent 0.33% of the total
protein loaded (300 ng), �30 times greater than the lower limit
required for an effective defense against sudden oxidative stress.
If the stress persists, SOD1 expression is rapidly increased and
the nascent protein is activated to provide adequate protection.

Fig. 5. SOD1 activation after translational block. Anaerobically grown cells
were exposed to cycloheximide before exposure to 21% O2 and extracts made.
(A) Western blot with 3 �g of total protein from wild-type, lys7�, and sod1�
extracts made at the indicated times after air exposure. (B and C) Extracts used
in A were concentrated for use in NBT assays. To each lane was loaded 420 �g
of total protein.
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Implication for Mammalian Physiology. The effect of oxygen on
SOD1 activity has implications for a variety of physiological
conditions and may be relevant when rapid transition from
anoxic or hypoxic states to normal oxygenation occurs. In many
conditions, including ischemia-reperfusion injury, stroke, myo-
cardial infarction, and exercise, tissues experience an oxidative
burst that must be quickly cleared to minimize damage. In
studies of exercise physiology, posttranslational processes have
been proposed to account for the increased activity of antioxi-
dant enzymes, including SOD1, observed in animals during
exercise training (8, 10). Situations involving overexpression of
SOD1, such as in Down syndrome patients or cell culture lines,
suggest that a regulated balance between radicals and antioxi-
dant enzymes is essential: overexpression of SOD1 corresponded
to increases in lipid peroxidation in these studies (31). A
posttranslational mechanism of SOD1 activation would not only
allow for an immediate response to oxidative stress, but would
limit the commitment of cellular resources should the oxidative
stress prove to be short-lived. The O2-dependent regulation of

SOD1 activity described here expands the complexity of the
biochemical pathways that regulate this antioxidant response.
These results will also have implications for the study and
treatment of one form of familial amyotrophic lateral sclerosis
(fALS), a neurodegenerative disease that effects the motor
neurons of the brain and spinal cord (32). Changes in O2 tension
may alter the distribution of SOD1 between immature, partially
modified and fully active pools of the protein, some of which may
be more prone to aggregation. In this manner, changes in oxygen
levels that effect the SOD1 pool may ultimately influence the
pathological mechanisms related to fALS.
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