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Cu,Zn-superoxide dismutase (SOD1) is an abundant metalloen-
zyme Important in scavenging superoxide ions. Cu-deficlent
rats have lower SOD1 activity and protein, possibly because
apo-SOD1 Is degraded faster than holo-SOD1. Previous work
with mice lacking the Cu chaperone for SOD1 (CCS) indicated a
drastic loss of SOD1 activity but not protein, suggesting an
accumulation of apo-SOD1. We produced dietary Cu deficiency
in mice to clarify this issue. Compared with Cu-deficient rats,
reduction in liver SOD1 activity and protein was much less than
Cu-deficient mouse dams and offspring. However, after perina-
tal Cu deficiency, 4-week-old mouse pups had lower levels of
SOD1 activity and protein In liver and heart, but not brain, com-
pared with Cu-adequate controls. Reduction in brain Cu was
greater than liver. In CCS —/- mice, there was severe reduction
in liver, heart, and brain SOD1 activity and protein. In fact, the
reduction In activity was similar to the loss of protein. Neither
Cu-deficient mouse liver nor CCS -/- mouse liver had altered
SOD1 mRNA levels compared with control values. These re-
sults in mice are comparable with rats and suggest a posttran-
scriptional mechanism for reduction of SOD1 protein when Cu
is limiting In SOD1. Exp Biol Med 228:959-966, 2003
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certed action of many enzymes that control the levels

of reactive oxygen species. Cu,Zn-superoxide dismu-
tase (SOD1) is one such enzyme that effectively limits the
buildup of superoxide, the univalent reduction product of
molecular oxygen (1). SOD1 is a 32-kDa homodimer con-
taining one Cu and one Zn atom per subunit, SOD1 is
present in all eukaryotes and is regulated by environmental
and genetic factors.

Teleologic thinking might predict that SOD1 is regu-
lated by cellular Cu levels because the catalytic function of
SOD1 depends on Cu redox chemistry at the active site.
Indeed, in baker’s yeast, the SOD! transcript is under the
influence of ACEI, a Cu-binding protein transcription fac-
tor (2, 3). SODI1 protein levels are elevated when yeast are
exposed to higher Cu levels and are lower when Cu chela-
tors are introduced (4, 5). ACE1 also regulates yeast metal-
lothionein expression (6). Mutants lacking yeast metallo-
thionein can be protected from Cu exposure by overexpress-
ing SOD1 (7). This implies that SODI is an important Cu-
binding protein as well as catalyst. )

One report indicated that the concentration of SOD1
mRNA was lower in liver of Cu-deficient rats (8). However,
this was not confirmed for liver, heart, or brain in a similar
study (9). Thus, there is little evidence that changes in cel-
lular Cu, in higher eukaryotes, impact SODI transcription.

In contrast, there are several laboratories that have stud-
ied the impact of Cu deficiency on SOD1 protein levels.
Four studies indicated that there was no diminution in
SODI1 protein. The first report studied Cu-deficient chicks
and evaluated aortal extracts (10). This was followed by
studies using rats and investigating liver, lung, and red
blood cells (11-13). However, four more recent reports
seem to indicate the opposite, namely that SOD1 protein
levels are lower in tissues from Cu-deficient rats (8, 9, 14,
15). Thus, although there is some controversy, there is re-
cent evidence that SODI protein levels are reduced in Cu-

S urvival in an aerobic environment requires the con-
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deficient rat tissues. The reduction of SODI protein and
activity are proportional to the degree of Cu deficiency (9).
Rossi et al. (16) reported that liver SOD1 from Cu-deficient
rats contained lower Cu and Zn contents compared with
native enzyme. Perhaps the low metal content forms of
SOD1 are degraded faster than native enzyme.

SOD1 requires a specific Cu chaperone (Cu chaperone
for SOD1 [CCS]) to deliver Cu from CCS to the active site
of SOD1 (17). Mice lacking CCS have greatly lower SOD1
activity in a number of tissues, including liver, kidney, and
brain (18). These mice had normal ceruloplasmin activity,
indicating that Cu delivery to other chaperone systems,
namely atox1, was not affected. Interestingly, there was no
alteration in SODI protein detected in CCS —/— mice in
those studies (18).

This raised the possibility that prior observations on
SOD1 in Cu-deficient rats were unique to that species. We
investigated this possibility and report herein that mice,
similar to rats, have lower SOD1 protein when Cu is lower
in tissues, and also that CCS -/~ mice do indeed have lower
SOD1 protein, suggesting a common hypothesis that apo-
SOD1 is degraded faster than holo-SODI.

Materials and Methods

Experimental Animals and Diets. Holtzman rats
and ND4 Swiss Webster mice were purchased commer-
cially (Harlan Sprague Dawley, Indianapolis, IN). Animals
received one of two dietary treatments, Cu deficient (—~Cu)
or Cu adequate (+Cu), consisting of a Cu-deficient purified
diet (Teklad Laboratories, Madison, WI) and either low Cu
drinking water or Cu-supplemented drinking water, respec-
tively. The purified diet was formulated according to the
AIN-76A diet and contained the following major compo-
nents (grams per kilogram diet): sucrose, 500; casein, 200;
cornstarch, 150; corn oil, 50; cellulose, 50; modified AIN-76
mineral mix, 35; AIN-76A vitamin mix, 10; DL-methionine,
3; choline bitartrate, 2; and ethoxyquin, 0.01. Cupric car-
bonate was omitted from the AIN-76 mineral mix. The pu-
rified diet contained 0.4 mg of Cu/kg and 43 mg of Fe/kg by
chemical analysis. Offspring and dams on the Cu-deficient
treatment drank deionized water, whereas Cu-adequate
treatment groups drank water that contained 20 mg of Cu/L
by adding CuSQ, to the drinking water. Animals were given
free access to diet and drinking water. All animals were
maintained at 24°C with 55% relative humidity on a 12-hr
light cycle (0700-1900 hr). All protocols were approved
formally by the University of Minnesota Institutional Ani-
mal Care and Use Committee.

Established models of perinatal Cu deficiency were
used with slight modifications (19, 20). Pregnant rats were
placed on the Cu-deficient treatment 7 days after mating,
Two days after parturition, the litter size for each dam was
adjusted to 10 pups. Offspring were weaned when 18 days
old, placed in stainless steel cages, and maintained on the
same treatment as their respective dams for an additional
5 days. A total of eight litters (five +Cu and three —Cu) were

sampled. Pregnant mice were placed on treatment 19 days
after mating. Male offspring were weaned at age 21 days
and were placed in stainless steel cages for 1 or 2 weeks. A
total of six litters (three +Cu and three —Cu) were sampled.

We also analyzed eight 2-month-old C57BL/6J mice
derived from mating CCS +/- mice generated by targeted
deletion of exons 1 and 2 of the CCS gene as described
elsewhere (18). Littermates analyzed were of two genotypes
as determined by PCR, namely CCS +/+ and CCS —/-. Mice
were fed a standard Cu-adequate rodent chow and tap water
and weighed 20 to 28 g before sacrifice.

Sample Collection. After light ether anesthesia, and
after decapitation, trunk blood was drawn from rats and
mice into heparinized microhematocrit tubes. A small ali-
quot was also removed for hemoglobin analysis. Plasma
was obtained by centrifugation. A portion of the liver was
removed, rinsed with deionized water, weighed, and pro-
cessed for metal analysis. The remainder was quick-frozen
in liquid nitrogen. Hearts were dissected into ventricles and
atria and were quick-frozen. Brains were removed and di-
vided into the cerebellum, medulla oblongata/pons, cerebral
cortex, and the remainder (midbrain). All brain samples but
the cortex were quick-frozen; cortex samples were analyzed
for Cu.

Chemical Analyses. Portions of liver, cerebral cor-
tex, and 1-g samples of diets were wet-digested with 4 ml
of concentrated HNO; (AR select grade; Mallinckrodt,
St. Louis, MO), and the residue was brought to 4.0 ml with
0.1 M HNO;. Samples were then analyzed for Cu and Fe by
flame atomic absorption spectroscopy (model 2380; Perkin-
Elmer, Norwalk, CT). Total protein content of tissue ex-
tracts was determined by using a modified Lowry method
with bovine albumin as a reference (21). Hemoglobin was
determined spectrophotometrically as metcyanchemoglobin
as described previously (22).

Enzyme Assays. Plasma ceruloplasmin diamine
oxidase activity was determined by using o-dianisidine as
substrate as described elsewhere (22). Activity of SOD1
was measured spectrophotometrically by monitoring inhi-
bition of pyrogallol autooxidation, 0.04 mM, at 320 nm,
25°C, and pH 8.2 as described previously (22). Under these
conditions, the change in absorbance is 0.02/min. Cardiac
ventricles, liver, cerebellum, or midbrain tissues were ho-
mogenized for 30 sec in 9 vols of 50 mM potassium phos-
phate (pH 7.0) with a Tissumizer and microprobe (SDT-
080EN; Tekmar, Cincinnati, OH). A portion of the homog-
enates was treated with mammalian protease inhibitor
cocktail (Sigma P8340; Sigma Chemical, St. Louis, MO)
and was centrifuged at 13,000g for 10 min. Aliquots of the
supernate were used to measure protein, processed for
SOD1 assays, and prepared for western immunoblots.
SODI1 activities were expressed per milligram of total
protein.

Preparation of SOD1 deficient in metals was accom-
plished by following a published protocol with minor modi-
fications (23). Purified bovine erythrocyte superoxide dis-
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mutase (Sigma S 2515; Sigma Chemical) was dissolved
in water and dialyzed using a Slide-A-Lyzer 7K dialysis
cassette (Pierce, Rockford, IL) against 10 mM EDTA, then
10 mM MgCl,, and finally 10 mM sodium acetate, all at pH
3.8 and 4°C. An aliquot of apo-SOD1 was removed and the
remainder was reconstituted with 20 equivalents of Cu and
Zn by overnight dialysis in 10 mM sodium acetate, pH 4.0,
followed by dialysis against 50 mM potassium phosphate,
pH 7.8, containing 0.1 mM EDTA, and finally by several
changes of deionized metal free water. The resulting holo-
SOD1 had approximately 1.3 times the specific activity of
the starting material.

Northern Hybridization. Total RNA was isolated
from quick-frozen liver using RNAwiz (Ambion, Austin
TX) described in detail elsewhere (24). Liver total RNA was
size fractionated on 1.5% agarose denaturing gel, trans-
ferred to Nytran Plus membranes (Schleicher & Schuell,
Keene, NH), and hybridized overnight with a **P random-
primed 0.43-kb probe for rat Cu,Zn-SOD (3.3 ng/ml) as
described previously (9). After autoradiography, mem-
branes were stripped and rehybridized with a *?P-labeled
1.2-kb probe for mouse 18S ribosomal RNA (Ambion) to
verify equal loading and transfer of RNA. Images of auto-
radiograms were captured with the FluorChem system (Al-
pha Innotech, San Leandro, CA) and the density of band
profiles was integrated using the manufacturer’s software.

Western Blot Analyses. Protein extracts were size
fractionated on 15% SDS-PAGE gels and were electroblot
transferred to 0.2-pM nitrocellulose membranes (Protran;
Schleicher & Schuell) and processed for immunoblotting
as described elsewhere (25). Membranes were stained with
Ponceau S (Sigma Chemical) to ensure equal protein loading.

Immunoblotting was carried out with primary antibody
diluted 1:10,000 by using rabbit anti-bovine Cu, Zn-SOD
(AB 1237; Chemicon International, Temecula, CA) fol-
lowed by secondary antibody (donkey anti-rabbit immuno-
globulin [Ig] G conjugated to horseradish peroxidase (Am-
ersham NA 934; Amersham Pharmacia, Piscataway, NJ)
diluted 1:5,000.

Membranes were processed for chemiluminescence de-
tection (SuperSignal; Pierce) and the images were directly
captured using the FluorChem system. The size of the im-
munoreactive bands was estimated from regression analysis
using standard peptides (Bio-Rad, Hercules, CA).

Statistical Analyses. Means, SD or SEM, were cal-
culated. Student’s unpaired two-tailed ¢ test was used when
comparing data between the two diet treatments or two
genotypes, a = 0.05 (Statview 4.5; Abacus Concepts,
Berkeley, CA).

Results

Comparison between Rat and Mouse Dams. To
compare the SOD1 response between rats and mice, we first
studied dams that had just finished lactating. We knew that
this physiological stress increases the need for Cu compared
with nonpregnant rodents (26). Rat dams maintained on the

—Cu treatment for 2 weeks of gestation and 3 weeks of
lactation had a 70% reduction in liver Cu levels compared
with control dams on the +Cu treatment (mean + SD,
n = 3) (1.00 £ 0.05 pg Cu/g liver vs 3.41 £ 0.02 pg Cu/g
liver). In contrast, -Cu mouse dams had only a 45% reduc-
tion in liver Cu concentration compared with the mouse
dams (2.44 £ 0.91 pg Cu/g liver vs 4.47 = 0.29 pg Cu/g
liver). The —Cu mouse dams did display features consistent
with Cu deficiency as their average hematocrit (26% +
2.8%) was much lower than the +Cu mouse dams, which
was 50% =+ 1.5%. Hematocrit values for rat dams were not
altered by Cu deficiency (-Cu, 44% + 1.5% versus +Cu,
50% = 1.8%). Liver SODI activity was 84% lower in —Cu
rat dams compared with +Cu rat dams, but was not altered
in ~Cu mouse dams (Fig. 1A). Western blots of liver ex-
tracts demonstrated a 52% reduction in density of SODI in
-Cu rat dams (Fig. 1B). We did not detect differences in
SOD1 density in the mouse dam liver extracts.
Comparison between Weanling Male Rat and
Mouse Offspring. Rat offspring (age 23 days) and
mouse offspring (age 35 days) were compared for SODI
and Cu status, Compared with +Cu rats, the liver Cu con-
centration in —-Cu rats was 97% lower (0.55 + 0.09 pg/g
compared with 15.8 + 2.86 ng/g). The liver Cu levels in
—Cu mice was 60% lower than +Cu mice (1.54 + 0.39 pg/g
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Figure 1. Comparison of Cu deficiency on liver SOD1 in rat and
mouse dams. (A) SOD1 enzyme activity per milligram of liver protein
was determined spectrophotometrically in liver of dams immediately
after lactation. Bars represent means + SEM (n = 3), Means from
Cu-deficient rats, clear bars, were significantly different than means
from Cu-adequate rat dams, *P < 0.05. (B) SDS-PAGE and western
immunoblot of total liver protein, 1 pug per lane from same liver
samples as in A, was carried out using rabbit anti-bovine SOD1
antiserum (Chemicon AB 1237). Samples from Cu-adequate (+) and
Cu-deficient (-) dams were compared. Numbers on left are molecu-
lar weight markers detected with Ponceau S. Cu-deficient rat dams
but not mouse dams had lower density of the SOD1 band compared
with Cu-adequate controls, P < 0.05.
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vs 3.90 + 0.28 pg/g). Liver SODI1 activity was also lower
in ~Cu rats and -~Cu mice compared with the controls (Fig.
2A). For —Cu rats, the reduction in enzyme activity was
86% and for —Cu mice it was 34%. Immunoblot data dem-
onstrated significant reduction in SOD1 protein in liver of
both —Cu rats and —Cu mice compared with +Cu controls,
74% and 35%, respectively (Fig. 2B). In fact, the reduction
in SOD1 protein and activity were similar in magnitude.
Copper Status and SOD1 in Male Mice. To ex-
tend the work in male mouse offspring, a second study was
done to evaluate SOD1 in other organs. Four-week-old ~Cu
mice exhibited many features consistent with Cu deficiency
compared with their +Cu counterparts (Table I). The -Cu
mice were anemic, had cardiac hypertrophy, and decreased
levels of Cu in liver and brain, 49% and 76%, respectively.
Extracts of liver, heart, and brain were subjected to immu-
noblot analysis for SOD1 (Fig. 3). For three pairs of
samples we found significant reductions in SODI! protein
for —Cu liver (25%) and —Cu heart (33%), but no alterna-
tions in brain despite a lower brain Cu content. These results
were consistent with observations we made in —Cu rats.
SOD1 Evaluation and Comparison of Young
Adult CCS -/-and CCS +/+ Mice. Four wild-type CCS
+/+, two males and two females, and four knockout mice
CCS -/-, two males and females, were sacrificed and evalu-
ated. They were maintained on a commercial nonpu-
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Figure 2. Comparison of Cu deficiency on liver SOD1 in rat and
mouse offspring. (A) SOD1 enzyme activity per milligram of liver
protein in was determined spectrophotometrically for 23-day-old
male rats and 35-day-old male mice after perinatal Cu deficiency.
Bars represent means + SEM (n = 3). Means from Cu-deficient rats
and mice, clear bars, were significantly different than means from
Cu-adequate controls, *P < 0.05. B, SDS-PAGE and western immu-
nobiot of total liver protein, 1 pg per lane from same liver samples as
in A, was carried out using rabbit anti-bovine SOD1 antiserum
(Chemicon AB 1237). Samples were from Cu-adequate (+) and Cu-
deficient (~) male offspring. Numbers on left are molecular weight
markers detected with Ponceau S. Cu-deficient rats and mice had
lower density of the SOD1 band compared with Cu-adequate con-
trols, P < 0.05.

Table I. Copper Status of 28-Day-Old Male Mice
after Dietary Copper Deficiency

Characteristics Cu-adequate Cu-deficient
Hemoglobin, g/l 117 £5.5 90.7 + 3.6%
Heart weight, mg/g _ 594+0.26 7.44 £0.21°
Liver copper, pg/g 3.93+0.12 2.01 £ 0.227
Brain copper, ug/g 2.82 + 0.09 0.68 + 0.147

Note. Values are means + SEM (n = 5) of each group. Pups were
born to and nursed by Cu-deficient or Cu-adequate dams. Treatment
began 2 days before parturition. Pups were maintained on the same
treatment of their dams for 1 week before sacrifice. Brain and liver
copper levels were determined by flame atomic absorption after wet

ashing.
2P <0.01.
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Figure 3. Impact of Cu deficiency on tissue SOD1 in 28-day-old
male mice. SDS-PAGE and Western immunoblot of total protein,
1 ug per lane, from liver, heart (cardiac ventricles), and brain (mid-
brain), was carried out using rabbit anti-bovine SOD1 antiserum
(Chemicon AB 1237). Samples from Cu-adequate (+) and Cu-
deficient (-) offspring were compared. Numbers on left are molecular
weight markers detected with Ponceau S. Cu-deficient mice had
lower density of the SOD1 band compared with Cu-adequate con-
trols for liver and heart, P < 0.05.

rified diet with adequate Cu. There were few gender differ-
ences, thus data from the four mice of each genotype were
pooled (Table II). The CCS -/~ mice were not anemic, had
no changes in heart weight, or changes in liver and brain Cu
compared with CCS +/+ mice. There was a tendency for the
liver Cu to be lower in the CCS —/- female mice (+/+, 4.75
and 4.76 pg/g vs 3.21 and 3.52 pg/g for —/-); however,
overall CCS —/— mice showed no signs of liver Cu defi-
ciency and had normal ceruloplasmin activity, 48 * 5.5
units/t vs 51 % 2.0 units/l for CCS +/+ mice.

Tissue extracts were prepared from liver, heart, and
brain, and total protein, SODI activity, and SODI1 protein
were determined. In agreement with previous work (18), we
found major reductions in SOD1 activity in CCS —/- mice
compared with CCS +/+ mice (Table III ). The reductions
for liver, heart, and brain were 72%, 64%, and 59%, respec-
tively. The same extracts were subjected to immunoblot
analyses (Fig. 4). We found major reductions in SOD1 pro-
tein in liver, heart, and brain of CCS —/- mice compared
with CCS +/+ controls. The reduction in liver was 79%,
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Table il. Copper Status of Young Adult Copper
Chaperone for SOD Null Mice (CCS -/~) and
Wild-Type Mice (CCS +/+)

Characteristics CCS +/+ CCS /-
Hemoglobin, g/l 140+ 4.8 140+ 3.8
Heart weight mg/g 5.87 + 0.14 542 +0.12
Liver copper, ug/g 6.51 £ 0.93 530+1.18
Brain copper, pg/g 2.94 +0.12 2.79x0.11

Note. Values are means = SEM (n = 4) per group. Each group
consists of two males and two females. Liver and brain copper levels
were determined by flame atomic absorption spectroscopy after wet
ashing.

similar to the reduction in SOD/1 activity. The reductions for
heart (30%) and brain (22%) of SOD1 protein were less
than reductions in enzyme activity.

For the dietary study, the 21% reduction in liver SOD1
activity in ~Cu mice was also similar to reduction in SOD1
protein (Table III). For heart tissue, the reduction in SOD1
protein exceeded the apparent reduction in SOD1 enzyme
activity. We did not detect differences in brain SODI ac-
tivity or SOD1 protein between —Cu and +Cu mice.

Northern Hybridization Analyses of SOD1. To
determine if the lower SODI1 protein levels observed in ~Cu
mice and CCS —/- mice were due to decreased protein syn-
thesis, we evaluated steady-state SOD1 mRNA levels. Two
—Cu mouse livers (Fig. 2B) with lower SOD! protein were
compared with two +Cu mice and were subjected to North-
ern hybridization analyses with a SODI-specific probe.
There was no apparent difference in SOD! mRNA between
the pairs of —Cu and +Cu mice (Fig. 5A). Blots were re-
probed for 18S ribosomal RNA to ensure similar loading
and transfer.

In a similar manner, aliquots of quick-frozen liver were
used to isolate total RNA from four CCS ~/- mice and four
CCS +/+ mice. Liver RNA was subjected to Northern hy-
bridization and blots were probed for SOD1 and 18S ribo-
somal RNA (Fig. 5B). Transcript levels of SOD1 were not
different in the liver of CCS knockout mice compared with
CCS wild-type mice.

Antibody Specificity. Two additional experiments
were conducted to strengthen the observations concerning
SOD1 protein. First, we prepared apo-SOD and holo-SOD
from commercial bovine erythrocyte SOD (Sigma Chemi-
cal) following the protocol of Beem et al. (23). Pure eryth-
rocyte SOD, using our assay, has a specific activity of
125,000 units/mg. The apo-SOD preparation had 40% re-
sidual activity compared with reconstituted holo-SOD. The
holo-SOD activity was 165,000 units/mg. We ran an immu-
noblot with our commercial antibody and detected equal
intensity for equal protein loading of bovine erythrocyte
apo-SOD, holo-SOD, and untreated SOD (data not shown).
Thus, our immunoblot detection of rodent SOD1 protein
seemed independent of metal status of the protein.

We also ran Western blots using two other antibodies
that detect SOD1 protein and we found qualitatively similar
results to those shown using the commercial antibody in
other experiments (Fig. 6). One antibody is rabbit anti-
human SOD polyclonal antiserum previously used by others
in the CCS —/- studies (18). The other is a commercial
antibody (Santa Cruz G-19; Santa Cruz Biotechnologies,
Santa Cruz, CA) made against human CCS domain H that is
highly homologous to SOD1. Both of these additional an-
tibodies demonstrate that CCS —/— mice have lower SOD1
protein than CCS +/+ mice and that ~Cu rats and mice also
have lower SODI protein than +Cu rats and mice (Fig. 6).

Discussion

Restriction of dietary nutrients such as Cu can limit the
availability of needed cofactors to activate cellular en-
zymes. SODI activity was first shown to be impacted by
dietary Cu deficiency in rat brain (27). This was extended to
other rat organs sometime later (28). Even later SODI ac-
tivity was shown to be lower in organs of —Cu mice (22).
Only recently has the explanation for these observations
been studied. In ~Cu rats and, now, in —Cu mice, there is
clear evidence that the reduction in SOD]1 activity is due
to both a lower co-factor level and a lower protein level (8,
9, 14, 15, 22). The reduction in SOD1 activity in rat and
mouse tissues is less than reductions in cytochrome ¢ oxi-

Table Iil. Cu,Zn-Superoxide Dismutase (SOD1) Activity and Protein Levels in Organs of Cu-adequate and
Cu-deficient Mice and Copper Chaperone for SOD1 Null Mice (CCS -/-) and Wild-Type Controls (CCS +/+)

Characteristic Cu-adequate Cu-deficient CCS +/+ CCS -/~
Liver SOD1, units/mg 415+ 6.7 328 £ 22.29 408 + 15.7 115 + 8.887
Liver SOD1 protein 99.8+ 3.6 752+ 4.8° 100 + 13.0 20.7 +3.91
Heart SOD1, units/mg 111+ 6.8 86.9 + 3.1¢ 99.4 + 5.65 35.5+0.91°
Heart SOD1 protein 99.9+75 66.7 £ 4.2° 100 £ 8.32 69.7 £ 6.91°
Brain SOD1, units/mg 225 + 15.1 197 £ 7.2 114 £ 7.84 47.1 £1.75°
Brain SOD1 protein 99.8 + 10.6 914+18.8 100 + 4.28 78.5 £ 5.67°

Note. Values are means + SEM (n = 3) for the dietary study and (n = 4) for the genetic study. SOD1 activity was determined spectrophoto-
metrically on organ homogenates and illustrated significant differences for all comparisons except brain in the dietary model. SOD1 protein was
determined densitometrically from immunoblots. Mean density for control groups was set at 100 and all values for a given blot were determined

relative to that density.
4 P <0.05.
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Figure 4. Impact of copper chaperone for superoxide dismutase
(CCS) expression on SOD1. SDS-PAGE and Western immunoblot
of total protein, 1 pg per lane, from liver, heart (cardiac ventricles),
and brain (cerebellum), was carried out using rabbit anti-bovine
SOD1 antiserum (Chemicon AB 1237). Samples from CCS +/+ wild-
type (+/+) and CCS -/- knockout (/) mice were compared. Num-
bers on right are molecular weight markers detected with Ponceau S.
CCS -/~ mice had lower density of the SOD1 band compared with
CCS +/+ controls for liver, heart, and brain, P < 0.05.

dase, another cuproenzyme, with the exception of rat liver,
where SODI1 activity is especially vulnerable to dietary Cu
restriction (29).

In general, in —Cu rodents, the reduction in SOD1 ac-
tivity is proportional to the reduction in organ Cu (9). Re-
sults from the current experiments support this position as
well, as a reduction in liver Cu was greater for ~Cu rat dams
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Figure 5. Northern blot hybridization analysis of mouse liver total
RNA. (A) Total liver RNA was subjected to denaturing electrophore-
sis, capillary transfer, and binding to 32P-labeled DNA probes spe-
cific for rat Cu, Zn-SOD (SOD), and murine 18S ribosomal RNA
(188). Arrows indicate migration position of 18S ribosomal RNA
visualized with acridine orange. Lanes were loaded with RNA (10
pg/lane) isolated from liver of 35-day-old male mice after perinatal
Cu deficiency. The SOD1/188S density ratio was determined and the
values for Cu-deficient (-) mice were not different from the Cu-
adequate (+) mice. (B) Same procedure as in A was applied to
samples from CCS +/+ wild-type (+/+) and CCS ~/- knockout (—/-)
mice; no significant differences in the SOD1/18S ratio were detected.
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Figure 6. Alternate antibodies still detect differences in SOD1 ex-
pression. (A) SDS-PAGE and western immunoblot of total protein,
1 g per lane, was carried out using rabbit anti-human SOD1 anti-
serum at 1:1000 dilution (18). Numbers on left are molecular weight
markers detected with Ponceau S. Lanes 1, 3, and 5. extracts from
a male CCS +/+ mouse liver, heart, and brain; lanes 2, 4, and 6,
same tissues from male CCS -/- mouse; lanes 7 and 9, from —Cu rat
liver; lanes 8 and 10, from +Cu rat liver; lane 11, from —Cu mouse
liver; lane 12, from a +Cu mouse liver. (B) SDS-PAGE and Western
immunablot of total protein, 50 pg per lane, was carried out by us-
ing goat anti-human CCS antiserum at 1:200 dilution (Santa Cruz
$C-14258). Lanes 1, 3, 5, and 7, from cerebella of 28-day-old male
+Cu mice; lanes 2, 4, 6, and 8, from cerebella of 28-day-old male
~Cu mice; lanes 9 and 11, from cerebelia of male CCS +/+ mice;
lanes 10 and 12, from cerebella of male CCS ~/— mice.

and pups compared with —-Cu mouse dams and pups, and a
reduction in SOD1 activity was also attenuated in —Cu mice.
In fact, to see the modest reductions in SOD1 protein on
immunoblots in —Cu mice, the total protein load was low-
ered to 1 from 10 pg used previously for rats to prevent
saturation and to enhance sensitivity. Brain SOD1 activity
and protein was not impacted by Cu deficiency in mice in
the current studies (Table III and Figs. 3 and 6B). This
agrees with our previous work on mouse midbrain, although
we did report modest reductions in SOD1 activity in other
brain regions (20). Brain SOD1 seems especially resistant to
Cu deficiency, especially after brain development is nearly
complete.

The reduction in SOD1 protein in mammals appears to
be a posttranscriptional mechanism as evidenced by no ai-
teration in SOD1 mRNA in —Cu rat tissues or in —~Cu mouse
liver (this study) (9). This is qhite different than baker’s
yeast in which SOD1 mRNA is transcriptionally regulated
by ACEI (2-5). Although the current studies do not address
a posttranscriptional mechanism, it is possible that the re-
duction in steady-state SOD1 protein is due to an enhanced
degradation of apo-SOD]1 that is lacking Cu. Others have
created SOD1 mutants and have evaluated turnover after
pulse-chase experiments. For example, the AladThr mutant
SOD1 protein half-life is 18 vs 78 hr for wild type (30).
Other studies showed that mutations not only affected
SOD1-specific activity, but also stability (31). The degra-
dation of these mutant SOD1 proteins involves the proteo-
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some (32). Perhaps metal-deficient SODI is cleared by the
same pathway. Other cuproenzymes lacking Cu are also
degraded faster than holoenzymes. This appears to be true
for ceruloplasmin and cytochrome c oxidase (33, 34).

One could argue that the state of Cu deficiency per se
leads to accelerated cuproprotein degradation. However,
this would not explain our current results in CCS —/- mice
because they also exhibit low SOD1 protein but are not Cu
deficient. In elegant earlier studies, it has been shown that
apo-SOD1 interacts with CCS domain II to transfer Cu (35).
Thus, it made perfect sense that CCS -/ mice should have
lower SODI activity because they are lacking the catalytic
co-factor (18). In agreement with those studies, we also
detected major (greater than 60%) reductions in SOD1 ac-
tivity in liver, heart, and brain of CCS —/- mice. However,
in contrast, we also detected major reductions in SODI
protein, whereas earlier work detected no differences (18).
One explanation could be use of different antibodies. How-
ever, by using the same antibody as in those studies, we do
detect a reduction in SOD1 protein in CCS —/- mice and in
—Cu rodents compared with controls (Fig. 6). We believe
that another factor might be the amount of protein loaded on
the SDS PAGE gels, 1 pg for most of our blots vs 100 g
for the previous work (18). Further evidence suggesting less
SOD! protein in CCS /- mice is from liver Cu data that
suggest lower Cu in female CCS —/- mice compared with
CCS +/+. SOD1 is a major Cu-binding protein in liver, and
reduction in SOD1 protein would be consistent with reduc-
tion in Cu of the magnitude observed in these studies.

Thus, our current data suggest that low SOD1 activity
in CCS —/- mice is due primarily to lower SODI protein
rather than the existence of inactive apo-SODI. Therefore,
for both dietary Cu deficiency where co-factor level is re-
stricted and for CCS —/- mice where co-factor donation is
restricted, there appears to be lower SODI protein in the
steady state. Both conditions support the working hypoth-
esis that apo-SOD! is degraded faster than holo-SOD1. Per-
haps the stability of SOD1 is also dependent on the presence
of CCS. However, a recent communication reported higher
rather than lower CCS levels in liver and red cells of male
Cu-deficient rats (36). It will be interesting to determine
what the impact of SOD1 deletion has on CCS stability.
Further research will be necessary to elucidate fully the
determinants of SOD]1 stability and metabolism.

We thank Dr. J. D. Gitlin for his valuable advise, the CCS -/- and
CCS +/+ mice, and for rabbit anti-human SOD1 antiserum.
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