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Modifications of Superoxide Dismutase (SOD1) in

Human Erythrocytes

A POSSIBLE ROLE IN AMYOTROPHIC LATERAL SCLEROSIS™
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Over 100 mutations in Cu/Zn-superoxide dismutase (SOD1)
result in familial amyotrophic lateral sclerosis. Dimer dissocia-
tion is the first step in SOD1 aggregation, and studies suggest
nearly every amino acid residue in SOD1 is dynamically con-
nected to the dimer interface. Post-translational modifications
of SOD1 residues might be expected to have similar effects to
mutations, but few modifications have been identified. Here we
show, using SOD1 isolated from human erythrocytes, that
human SOD1 is phosphorylated at threonine 2 and glutathiony-
lated at cysteine 111. A second SOD1 phosphorylation was
observed and mapped to either Thr-58 or Ser-59. Cysteine 111
glutathionylation promotes SOD1 monomer formation, a nec-
essary initiating step in SOD1 aggregation, by causing a 2-fold
increase in the K ;. This change in the dimer stability is expected
to result in a 67% increase in monomer concentration, 315 nm
rather than 212 nm at physiological SOD1 concentrations.
Because protein glutathionylation is associated with redox reg-
ulation, our finding that glutathionylation promotes SOD1
monomer formation supports a model in which increased oxi-
dative stress promotes SOD1 aggregation.

Familial amyotrophic lateral sclerosis (FALS)* is the heredi-
tary form of amyotrophic lateral sclerosis, a fatal disease char-
acterized by progressive motor neuron loss (1). A subset of
FALS is caused by mutations in the gene encoding
homodimeric Cu/Zn-superoxide dismutase (SOD1), which
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forms intraneuronal aggregates (2). Although SOD1 aggrega-
tion is involved in SODI1-mediated FALS, it is generally
believed that the functional properties of the enzyme are not
related to the toxic gain of function imparted by mutations in
SOD1 (3). However, the discovery of roles for SOD1 in the
regulation of the cellular phosphorylation balance (4) and redox
state (5) provides additional avenues for connecting the cellular
role of SOD1 to FALS. The classical studies of SOD1 were gen-
erally performed using bovine erythrocyte SOD1 or recombi-
nant human SOD1. Although recombinant methods are widely
used to produce SODI1 mutants, a disadvantage of studying
recombinant SOD1 is the absence of potentially important
post-translational modifications present in human tissues. The
initial SOD1 crystal structure was solved using bovine erythro-
cyte SOD1 (6) and no structure of human erythrocyte SOD1 is
available. Here we report results using human erythrocyte
SOD1 rather than the recombinant enzyme and find that the
native enzyme features a consistent pattern of post-transla-
tional modifications. Using a combination of “bottom-up” and
“top-down” mass spectrometry (MS) approaches, we show that
SOD1 isolated from human erythrocytes is post-translationally
phosphorylated and glutathionylated. These modifications
occur near the SOD1 dimer interface. Because monomer for-
mation is thought to be the first intermediate leading to SOD1
aggregation (7, 8), we tested the dimer stability of modified
SOD1 found, as expected, that glutathionylation promotes the
formation of SOD1 monomer.

EXPERIMENTAL PROCEDURES

Isolation of hSODI1 from Erythrocytes—Expired human
erythrocytes were obtained from the University of North Caro-
lin-Chapel Hill Hospital blood bank. Human erythrocytes were
preserved using one of several anticoagulants: AS-1, AS-3, or
AS-5 (stored as long as 42 days before expiration). Bovine eryth-
rocytes preserved with 0.38% sodium citrate were purchased
from Pel-Freez Biologicals, Rogers, AR. SOD1 was isolated
from human erythrocytes using a modification of the protocol
originally used by McCord and Fridovich (9). Following acetone
precipitation of SOD1, we dialyzed SOD1 against 20 mm Tris,
pH 7.8, and performed hydrophobic interaction chromatogra-
phy and anion exchange chromatography using an AKTA-
FPLC to remove trace impurities. For hydrophobic interaction
chromatography, dry (NH,),SO, was added to bring the final
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