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Mutations in the metalloenzyme copper-zinc superoxide
dismutase (SOD1) cause one form of familial amyotrophic lat-
eral sclerosis (ALS), and metals are suspected to play a pivotal
role in ALS pathology. To learn more about metals in ALS, we
determined the metallation states of human wild-type or mu-
tant (G37R, G93A, and H46R/H48Q) SOD1 proteins from
SOD1-ALS transgenic mice spinal cords. SOD1 was gently ex-
tracted from spinal cord and separated into insoluble (aggre-
gated) and soluble (supernatant) fractions, and then metalla-
tion states were determined by HPLC inductively coupled
plasma MS. Insoluble SOD1-rich fractions were not enriched
in copper and zinc. However, the soluble mutant andWT
SOD1s were highly metallated except for the metal-binding-
region mutant H46R/H48Q, which did not bind any copper.
Due to the stability conferred by high metallation of G37R and
G93A, it is unlikely that these soluble SOD1s are prone to ag-
gregation in vivo, supporting the hypothesis that immature
nascent SOD1 is the substrate for aggregation. We also investi-
gated the effect of SOD1 overexpression and disease on metal
homeostasis in spinal cord cross-sections of SOD1-ALS mice
using synchrotron-based x-ray fluorescence microscopy. In
each mouse genotype, except for the H46R/H48Qmouse, we
found a redistribution of copper between gray and white mat-
ters correlated to areas of high SOD1. Interestingly, a disease-
specific increase of zinc was observed in the white matter for
all mutant SOD1 mice. Together these data provide a picture
of copper and zinc in the cell as well as highlight the impor-
tance of these metals in understanding SOD1-ALS pathology.

First described in 1869 by French neurologist Jean-Martin
Charcot (1), amyotrophic lateral sclerosis (ALS)4 is defined by

the progressive demise of lower and upper motor neurons
leading to the degeneration of muscle tissue and eventual pa-
ralysis (2). Familial ALS was linked in 1993 to mutations in
the gene that encodes the metalloenzyme copper-zinc, super-
oxide dismutase (SOD1) (3), and since that time more than
140 different disease-causing mutations have been identified
(4). Before the discovery linking SOD1 and ALS, epidemiolog-
ical studies on ALS suggested that exposure to metallic trace
elements was a significant factor among many other environ-
mental factors such as viruses, strenuous exercise, and excito-
toxic chemicals that may have a role in ALS etiology (4–6).
Studies on exposure to and tissue accumulation of metallic
elements in ALS patients show a correlative yet unspecified
role for many metals including copper and zinc in SOD1-re-
lated ALS (7–19). Over the years, a number of hypotheses
relating metal toxicity to ALS have been proposed. For exam-
ple, abnormal accumulations of redox-active metal ions such
as iron or copper in ALS patients were generally believed to
be detrimental due to their ability to mediate oxidative dam-
age through participation in reactions that lead to formation
of reactive oxygen species. A more specific hypothesis linking
metallation levels of mutant SOD1 to ALS is that copper-re-
plete but zinc-deficient forms of mutant SOD1 present in vivo
could be responsible for toxicity via aberrant oxidative mech-
anisms (20). Metal ions, redox-active or not, could also inter-
fere with normal protein function by binding to sulfhydryl
(21), carboxylate, or amine groups of biomolecules (22). Ab-
normal levels of metal ions involved in synaptic transmission,
signaling, and/or electrical transduction can also be detrimen-
tal. For example, �10% of neuronal zinc is located in vesicles
of glutaminergic neurons (23), and its release is important in
neuromodulatory signaling. Consequently, excess zinc can be
neurotoxic, making these neurons particularly sensitive to
alterations in intracellular zinc levels (24). Calcium is also
very important in synaptic transmission, and an influx of ex-
cess calcium ions into the neuron due to permissive glutamate
receptors can result in glutamate excitotoxicity (25), which is
observed as part of ALS pathology (26).
Recent studies have demonstrated that ALS-mutant SOD1

forms various types of oligomeric and aggregate structures in
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vivo (27–29). The formation of these structures is potentially
modulated by the binding of metal cofactors to the mutant
protein. Human wild-type (hWT) SOD1 in its fully metallated
form is one of the most stable and soluble enzymes known,
with a melting temperature above 90 °C and a long half-life
(30). A large fraction of this thermal stability is due to binding
of the copper and zinc ions (30–33), and several of the ALS-
mutant SOD1 proteins are similarly stabilized by metal ion
binding (4, 30, 33–35). The maturation of SOD1 involves
three central features, the binding of a single copper and zinc
to each subunit, a dimerization, and an intramolecular disul-
fide bond. Disruptions in these maturation steps may have
relevance in SOD1 acquisition of toxic properties. For exam-
ple, unmetallated (apo) SOD1 has far lower thermostability,
melting at around 50 °C, and can be induced to form aggre-
gates under a wide variety of conditions (36–40). These ob-
servations have led to the hypothesis that severe undermetal-
lation of mutant SOD1 in vivo could be the principal cause of
SOD1 oligomerization and aggregation (4, 41).
In the present study we examine the role of metals, in par-

ticular copper and zinc, in disease pathology using transgenic
mice expressing mutant SOD1. Metal levels were measured in
whole tissue and tissue subsections of ALS mice to better un-
derstand the changes in metal homeostasis associated with
SOD1-mediated ALS. Our findings reveal significant changes
in copper metabolism associated with SOD1 overexpression,
with additional changes in zinc levels as disease progresses.
We have also analyzed the metallation of SOD1 in soluble

and insoluble forms from the spinal cords of several lines of
symptomatic mice, each expressing a different ALS-SOD1
mutant protein. In the spinal cords of mutant mice we show
that soluble forms of mutant SOD1, with the exception of a
mutant with a disrupted copper binding site, are highly metal-
lated, whereas insoluble fractions from symptomatic mice
showed no enrichment for copper or zinc. Collectively, these
studies provide insight into the impact of mutant SOD1 ex-
pression on metal homeostasis and the role of metal binding
in the generation of aggregated forms of mutant SOD1.

EXPERIMENTAL PROCEDURES

Mice—Nontransgenic (NTG) and transgenic mice express-
ing hWT, G93A, G37R, or H46R/H48Q hSOD1 were pre-
pared and sacrificed as described in Wang et al. (42). Briefly,
mice were sacrificed at the end stage of motor neuron degen-
eration when hind limb paralysis was pronounced or at age-
matched times for the hWT and NTG controls. Brain, spinal
cord, and liver were dissected for analysis. A total of 37 mice
were analyzed in this study: 8 hWT, 8 G37R, 6 H46R/H48Q, 8
G93A, and 7 non-transgenic.
Whole Tissue Metal Content—Samples (20–25 mg) of liver,

spinal cord, or forebrain were cut and weighed. The tissues
were digested in 25 �l of a concentrated nitric acid solution
for four h on a heat block set at 95 °C. Digests were diluted to
2 ml in 2% nitric acid, and total metal concentrations were
determined using an inductively coupled plasma mass spec-
trometer (ICP-MS) (Agilent 7500) equipped with an autosam-
pler (Cetac ASX 500).

Isolation of soluble SOD1—Based on procedures we had
used in previous work for investigating soluble and aggregated
SOD1 (43), we developed a new procedure to isolate intact,
unaltered SOD1 from murine tissues without disrupting met-
allation levels. Spinal cord, brain, or liver samples were ho-
mogenized in 10 volumes of chilled, trace metal-free, phos-
phate-buffered saline (PBS), pH 7.4, using an ultrasonic
disintegrator. Homogenate was centrifuged at 800 � g for 10
min (brain and spinal cord) or 4000 � g for 10 min (liver).
Supernatants were loaded onto a gravity-flow G-75 size exclu-
sion column. Soluble SOD1 eluted with about 75% purity.
SOD1-containing fractions were identified by Western blot
and, if necessary, concentrated before metallation analysis.
Isolation of Insoluble SOD1—Detergent-insoluble SOD1

was isolated by centrifugation as described previously (29, 43).
Briefly, spinal cords were sonicated in 10 volumes of TEN
buffer (10 mM Tris, pH 7.5, 1 mM EDTA, pH 8.0, 100 mM

NaCl), and the homogenate was centrifuged at 800 � g for 10
min. This initial pellet, P1, was discarded, and detergent was
added to the remaining supernatant to reach a concentration
of 1% of Nonidet P-40. This sample was centrifuged at
100,000 � g for 1 h, and the resulting pellet, P2, was resus-
pended in 1 ml of TEN buffer with 0.5% Nonidet P-40, 0.25%
SDS, and 0.5% deoxycholate, mixed, and centrifuged at
100,000 � g for 30 min. The resulting pellet, P3, was washed
in the same buffer and re-centrifuged for 30 min at 100,000 �
g. The washed P3 pellet was resuspended in 100 �l of trace
metal-free PBS for storage and analysis.
Metal Concentration by ICP-MS—Metal concentration

measurements on the detergent-insoluble pellets, whole cell
homogenates, and tissues were run in the ICP-MS direct anal-
ysis mode. Samples were digested in 1:1 (v/v) concentrated
nitric acid for 4 h and then diluted to 2 ml in 2% nitric acid
solutions. An autosampler (ASX-500) loaded each sample into
the ICP-MS, which was set to analyze the samples using the
Octapole Reaction System using the hydrogen and helium
modes. The intensities of the ions with a mass-to-charge ratio
of 45, 52, 55, 56, 59, 63, 66, and 72 were measured, represent-
ing the metals scandium, chromium, manganese, iron, cobalt,
copper, zinc, and germanium, with scandium and germanium
serving as internal calibration standards.
Determination of Metallation State—To determine SOD1

metallation status, we used HPLC-ICP-MS (high pressure
liquid chromatography coupled to an inductively coupled
plasma mass spectrometer). Due to the novelty of this tech-
nique, details of the central aspects of this procedure are de-
scribed below. After the crude, yet gentle isolation of SOD1
from mouse spinal cord homogenate, the samples were ana-
lyzed by HPLC-ICP-MS.
An high performance liquid chromatograph (Agilent 1200

series) with a size exclusion column (SW-2000, 7.8 � 300
mm, TOSOH Biosciences) was used to separate partially puri-
fied SOD1 from the majority of the contaminating species.
The column was equilibrated and run isocratically with a mo-
bile phase of 25 mM potassium phosphate, pH 6.7, 20 mM so-
dium chloride (trace metal free). The elution time for SOD1
protein off the column was �15 min for most mutant SOD1s
and �16 min for the endogenous mouse SOD1, both eluting
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well after the bulk of contaminating proteins, as monitored by
the absorbance at 214 and 280 nm. The eluent stream was
directed to the source of the ICP-MS using the high matrix
interface (Agilent). ICP-MS analysis was run in the helium gas
mode, with time-resolved analysis, to minimize signal sup-
pression due to possible high salt content within the sample.
The HPLC generated a chromatogram of the eluting proteins
by monitoring the absorbance at 214 nm, and the ICP-MS
generated trace chromatograms for copper, zinc, iron, and
manganese concentrations from the ICP-MS ion extract sig-
nal. A signal in the 214-nm chromatogram at 15 min usually
preceded a copper and zinc signal by 20 s, which is the time it
takes the sample to get from the HPLC-diode array to the
ICP-MS (supplemental Fig. 2). Supplemental Fig. 2 is an ex-
ample of a G93A hSOD1 HPLC elution profile monitored by
the 214-nm absorbance and the ICP-MS metal ion traces,
with the base lines for manganese and iron blown up. As ex-
pected, neither iron nor manganese eluted with SOD1 in any
of the samples analyzed. Analysis of a set of dilutions from
known calibration standards was used to generate a standard
curve. A linear regression analysis reveals a high correlation
coefficient for SOD1 protein, copper, and zinc concentration
measured by the HPLC-ICP-MS method compared with their
known concentrations. (supplemental Fig. 3A). This proce-
dure allowed us to calculate the precise concentrations of
SOD1, copper, zinc, iron, and manganese for all unknown
samples. The exact metallation state was then determined by
dividing copper or zinc levels by the SOD1 concentration to
yield the metal/dimer levels summarized in Fig. 2, A–C. All
experiments were performed blind; the experimenter had no
prior knowledge of the genotypes of the mice analyzed. At
least three different mice, and in most cases five or more for
each genotype, were analyzed. For each mouse, three or more
replicates were analyzed to ensure accurate metallation state
(p � 0.05, supplemental Fig. 3B). These data were then aver-
aged across all mice of the same genotype to obtain the values
displayed and the error shown. Hence the error shown is not
the error of the measurements; rather, it represents the varia-
bility between mice of the same genotype.
Each type of SOD1 varied slightly in elution time off the

HPLC size exclusion column. This turned out to be advanta-
geous in the case of the H46R/H48Q mouse because the
mouse SOD1 and the H46R/H48Q SOD1 from the same
mouse lysate could be separately analyzed. H46R/H48Q hu-
man SOD1 elutes at 14 min, 2 min earlier than mouse SOD1.
To verify that the metallation states do not change before

analysis due to cell lysis and protein isolation procedures, pu-
rified G93A SOD1 protein was added to a non-transgenic ly-
sate, and metallation was determined before and after protein
purification. The procedure did not change the metallation
state for this control (data not shown).
Validation of SOD1, Copper, and Zinc Concentrations by

Other Methods—The LC-ICP procedure returned three pieces
of information simultaneously: SOD1 protein concentration
by UV spectral trace and copper and zinc concentrations by
ICP-MS ion trace. The concentration determined by LC-ICP
was compared with that determined by the 214-nm absor-
bance measurement, Western blot densitometry, and the use

of isotopically labeled peptides in a multiple reaction-moni-
toring experiment performed on an electrospray triple qua-
drupole mass spectrometer. Zinc and copper values were
measured by simple ICP batch experiments. Copper levels
were also estimated by SOD activity. Fig. 2D and supplemen-
tal Fig. 4 demonstrate the high degree of accuracy obtained by
the LC-ICP method when compared with these other more
conventional methods.
Activity Assays—SOD activity was measured using an assay

based on inhibition of XTT reduction by superoxide (44).
Samples were diluted into a xanthine oxidase solution (6 mil-
liunits/ml) and then mixed with a solution containing 10 mM

hypoxanthine, 5 mM XTT (sodium 3�-[(1-(phenylaminocar-
bonyl)-3,4-tetrazolium]-bis (4-methoxy-6-nitro) benzene sul-
fonic acid hydrate), and catalase (6000 units/ml). The rate of
superoxide dismutation was calculated by the reciprocal rate
of formazan formation as measured calorimetrically at an ab-
sorbance of 490 nm over 30 min.
SOD1 Concentration Determination by Selective Reaction

Monitoring Mass Spectrometry—SOD1-containing samples
were digested overnight by adding 1 �l of 1 �g/�l trypsin at
37 °C, with an internal standard consisting of two isotopically
labeled synthetic SOD1 tryptic peptides. Peptide 1 (GDG-
PVQGIINFEQK) and peptide 2 (VGDLGNVTADK) had an
isotopically labeled [13C,15N]lysine at the C terminus (Aqua-
Thermo Scientific). Digested samples were loaded onto a re-
verse phase C4 column eluting to a triple quadrupole mass
spectrometer (Q-trap 4000 Applied Biosciences) for selective
reaction monitoring of the isotopically labeled peptides and
their non-labeled counterparts in the sample. Quantification
was based on the intensity of the internal labeled standards
and a calibration set of human SOD1 with known
concentration.
Spinal Cord Metal Distribution Imaging Analysis—Four of

each end-stage mutant mice (G93A, G37R, and H46R/H48Q
hSOD1) and age-matched control (hWT and NTG) were eu-
thanized and perfused with trace metal-free PBS to remove
blood from the vasculature. Spinal cords were fixed in 4%
paraformaldehyde and soaked in 20% sucrose for improved
sectioning. Twenty-micron-thick sections were cryosectioned
and deposited on 0.5 �m-thick silicon nitride windows for
FTIR imaging and x-ray fluorescence microscopy (XFM). To
distinguish the white versus gray matter without staining,
FTIR imaging was used. FTIR images were collected using a
PerkinElmer Life Sciences Spectrum Spotlight infrared micro-
scope in the mid-infrared region (4000–800 cm�1) using a
6.25-�m pixel size, 8-cm�1 spectral resolution, and 8 scans
co-added per pixel. The white and gray matter were distin-
guished from the FTIR images using unsupervised principal
components analysis based on difference in lipid composition
between these anatomical regions. After FTIR imaging, the
copper and zinc contents were imaged in the same samples
using XFM at beamline X27A at the National Synchrotron
Light Source. X-ray fluorescence spectra were collected using
an x-ray excitation energy of 11 keV and a beam size of 9 �m
(vertical) � 17 �m (horizontal) in 15-�m steps, with an inte-
gration time of 7 s/pixel. The intensity for each metal was
quantified by integrating the area under the curve for the re-

Metallation Status of SOD1 in ALS-transgenic Mice

JANUARY 28, 2011 • VOLUME 286 • NUMBER 4 JOURNAL OF BIOLOGICAL CHEMISTRY 2797

http://www.jbc.org/cgi/content/full/M110.186999/DC1
http://www.jbc.org/cgi/content/full/M110.186999/DC1
http://www.jbc.org/cgi/content/full/M110.186999/DC1
http://www.jbc.org/cgi/content/full/M110.186999/DC1
http://www.jbc.org/cgi/content/full/M110.186999/DC1
http://www.jbc.org/cgi/content/full/M110.186999/DC1


spective peak in the XRF spectrum (copper K� � 8047.8
eV and zinc K� � 8638.9 eV). National Institute of Standards
and Technology thin film standard reference materials 1832
and 1833 were used to calculate concentration and to normal-
ize for any differences between the multiple beamtime runs
required to collect the data. The concentrations of zinc and
copper in the standards were 3.75 and 2.52 �g/cm2, respec-
tively. To convert from �m/cm2 to mM, the �m/cm2 values
were divided by the product of the volume of x-ray beam on
the sample (area � thickness of the sample), the density of
tissue (estimated to be 0.9 g/cm3), and the molecular weight
of the element.
Statistical Analysis of the XFM Data—The white and the

gray matter in the spinal cord cross-sections were distin-
guished based on the principal components analysis of the
FTIR images. The FTIR principal components analysis images
were overlaid onto the zinc and copper XFM images, and
masks were generated for the white and gray matter. Addi-
tionally, outlier pixels were identified as those pixels with a
value �100� the median value and were excluded. Median
values were calculated for both the gray and white matter of
the copper and zinc maps.
All statistics were performed using SPSS Version 14.0. To

test for significance within the regions of interest for the mu-
tant, WT, and NTG mice, the Kruskal-Wallis test was per-
formed on the medians for each group. Groups that satisfied
� � 0.05 were then subjected to post hoc analysis using the
Mann-Whitney U test to determine the significance within
the groups. A significance level of 0.05 was also used for the
Mann-Whitney U test.

RESULTS

Overall Copper and Zinc Concentrations from Brain, Spinal
Cord, and Liver

The intracellular concentrations of copper and zinc are
tightly controlled at many levels (import, transportation, and
export), and it was, therefore, unclear in advance what effect if
any the transgenic overexpression of copper-zinc superoxide
dismutase would have on total tissue copper and zinc concen-

trations. To determine whether the effects of disease and/or
the overexpression of hSOD1 can affect overall metal concen-
trations within tissues, portions of the brain, spinal cord, or
liver were subjected to ICP-MS for metal quantitation. The
measurements were made on five different mouse types; three
overexpressing SOD1 with the disease-conferring mutations
G37R, G93A, and H46R/H48Q, one overexpressing WT
hSOD1, and NTG mice. The G37R and G93A mutants are
termed wild-type-like due to their similarity to wild-type
hSOD1 with respect to metal binding properties (45), H46R/
H48Q hSOD1 was constructed to combine two ALS- associ-
ated mutations in crucial copper binding residues (46).
The levels of copper and zinc in micrograms of metal per

wet tissue weight in grams are shown in Fig. 1. Despite the up
to 10-fold increased expression levels of hSOD1, the copper
levels were relatively unchanged, varying between 4 and 6 �g
of copper/g of wet tissue weight in the spinal cord. The mice
expressing H46R/H48Q hSOD1, which does not bind copper
(46), had the lowest copper levels at 4 �g/g. The NTG mouse
had 6 �g/g of copper in the three tissues. The G37R, G93A,
and WT SOD1 transgenic mice had only 5 �g/g of copper in
the spinal cord and brain despite the fact that these SOD1
mutants are known to have a high copper binding capacity
(30, 47). The low variability in copper concentrations within
each tissue reflects the tight regulation of this metal (Fig. 1,
right panel). Liver, however, was the exception. In mice ex-
pressing an SOD1 capable of binding copper (G37R, G93A,
and WT), copper in the liver was significantly higher than the
other tissues at 9, 10, and 13 �g/g, respectively (Fig. 1). This
observation may be related to the function of liver for storing
excess copper, which may allow for a larger window of copper
concentrations (48). Aside from the elevated copper content
in the G37R, G93A, and WT livers, total tissue copper levels
were generally independent of SOD1 mutant expression levels
and remained consistent in the spinal cords and brains across
the different types of mice (Fig. 1, right panel).

Biological zinc levels are generally higher than those of cop-
per (49, 50). Fig. 1 shows that zinc concentrations vary signifi-
cantly across the different mouse tissues, with the highest lev-

FIGURE 1. Concentration of copper and zinc in whole spinal cord, brain, and liver reflect tight copper regulation. Sections of spinal cord, brain, and
liver from a NTG and transgenic mice overexpressing human WT, G37R, G93A, or H46R/H48Q SOD1 were weighed, completely digested in nitric acid, then
subjected to metal quantitation by ICP-MS. The H46R/H48Q mouse brain and liver zinc concentrations were consistently lower than all other mice (arrow,
p � 0.005). Far right panel, a box plot graph incorporating all measurements from the same tissue demonstrates that copper concentrations remain rela-
tively constant in the brain and spinal cord, whereas zinc was lower in spinal cord, somewhat higher in brain (p value 0.019), and highest in liver (*, p �
0.0001 relative to spinal cord). The bar graph results are reported in mean �g of metal/g of tissue (wet weight), and error bars represent �S.D. of three or
more independent mice per genotype.
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els in the liver. It has been suggested that the liver participates
directly in zinc metabolism, and the liver is known to serve as
a storage site for excess zinc. Accordingly, a dramatic range of
zinc concentrations has been observed in that tissue (51).
Within the spinal cord, zinc concentrations were the lowest,
brain was slightly higher, but liver had more than double the
concentration of zinc than the spinal cord (Fig. 1, right panel)
(p value �0.0001). Zinc concentrations within individual tis-
sues also appeared to be significantly affected by transgenic
SOD1 expression. The H46R/H48Q mouse, which overex-
presses an SOD1 with a lower zinc affinity than the other
transgenic SOD1s (46), appeared to consistently have the low-
est overall zinc concentration relative to other genotypes (p
value 0.004 brain, 0.3 spinal cord, 0.0001 liver), whereas the
G93A and/or hWT mice appeared to have the highest levels
of zinc in each tissue analyzed (p value 0.04–0.08). To ensure
that our results were consistent with those of earlier studies,
the metal concentrations from our NTG mice were compared
with previously reported values from the literature. All values
reported here are well within the range of previously reported
values for nontransgenic mice (supplemental Fig. 1) (52–58).
The levels of several other metal ions, iron, manganese,

chromium, calcium, and cobalt, were determined simulta-
neously and are shown in supplemental Fig. 5. These metal
ions did not reveal any measurable alterations among the dif-
ferent mice strains. However, manganese appeared to have
increased levels in mutants compared with the controls, but
the difference did not reach statistical significance (NTG and
hWT both had 0.45 �g/g, whereas mutants ranged between
0.51 and 0.6 �g/g, p value 0.17). Interestingly, previous re-
ports have shown increases in manganese concentrations in
ALS patient tissues (13).
Collectively, these results show that copper concentrations

are held constant in the brain and spinal cord and are essen-
tially independent of SOD1 concentration. Zinc levels, on the
other hand, vary depending on the tissue and are partially
influenced by the type and concentration of SOD1 present.

SOD1 Metallation States from Mouse Tissues

SOD1 Metallation States from Mouse Spinal Cord—A new
procedure for measuring the in vivometallation state of
SOD1 isolated from mouse spinal cord is detailed under “Ex-
perimental Procedures.” Briefly, this involved a gentle one-
step size exclusion chromatographic purification of SOD1
from spinal cord homogenate followed by direct in-line analy-
sis on an HPLC-ICP-MS. By this method we separated SOD1
from other proteins and measured protein, copper, and zinc
concentrations on the eluent of the HPLC column. Fig. 2A
shows the copper and zinc contents of soluble hSOD1 from
the spinal cords of WT, G37R, G93A, and H46R/H48Q trans-
genic mice and of endogenous mouse SOD1 from the non-
transgenic mouse. The H46R/H48Q mutant SOD1 did not
bind any copper in vivo as was intended by its design and con-
sistent with previous in vitro studies (13, 29) (46). Zinc metal-
lation values for H46R/H48Q mice varied between individual
mice, as indicated by the large error bars, but they were con-
sistently lower than the metallation values of the other trans-
genic SOD1s (hWT, G37R, and G93A; p value 0.0003), cor-

roborating previous in vitro biophysical studies that showed
that this mutant has greatly reduced affinity for zinc (46). For
the other transgenic SOD1s (hWT, G37R, and G93A), the
metallation status was fairly constant at �1–1.25 copper per
dimer and 2.6–3.2 zinc per dimer. Interestingly, the metalla-
tion results shown in Fig. 2A and summarized in Fig. 2E, right
panel, are similar to those of as-isolated hSOD1 proteins
overexpressed in various host organisms such as from insect
cells and Saccharomyces cerevisiae, where copper varied be-
tween 0.5 and 1.5 and zinc varied between 2 and 3 per dimer
(45).
In general, the metallation status of hSOD1 in the hSOD1

transgenic mice is considerably different from that of the en-
dogenous mouse SOD1 in the NTG mouse. In the latter case,
the copper and zinc levels are roughly two copper ions and
two zinc ions per dimer (or one of each per subunit), and cop-
per and zinc are present in a ratio of �1:1. Fig. 2A demon-
strates that the SOD1 from mice overexpressing active SOD1s
(G93A, G37R, and hWT) show a shift in the ratio of copper to
zinc to 1:3. Interestingly, humanWT-SOD1 had an even
slightly lower copper content compared with the mutant
SOD1s G93A and G37R and a small but statistically signifi-
cant elevation in zinc content (*).
One of the most unexpected discoveries was that soluble

G93A and G37R had a combined copper and zinc metallation
very close to four, which is equivalent to the total number of
copper and zinc binding sites in an SOD1 dimer, implying
strongly that the soluble proteins reached maximum metal
occupancy (�98–99%) (Fig. 2E). A similarly high in vivo
metallation state was observed across the different tissues
analyzed (Fig. 2E). Generally, soluble human WT SOD1
had the highest total metallation, whereas soluble mouse
SOD1 isolated from a NTG mouse had an �85–100%
metal site occupancy. Interestingly, the soluble H46R/
H48Q hSOD1 only had �25% metal occupancy, revealing
that a wide spectrum of SOD1 metallation states can exist
in soluble SOD1 in vivo.
Brain and Spinal Cord SOD1 Have Similar Metallation

Levels—To determine whether the altered SOD1 metallation
states are specific to the spinal cord, SOD1 was purified from
mouse brains (without the brainstem) and subjected to the
same SOD1 metallation analysis. Despite the lack of evidence
of disease in this tissue, the soluble SOD1 metallation levels
were very similar to those found in the spinal cord (Fig. 2, B
and E). Metal ratio trends were similar as well, with higher
zinc and lower copper bound to hWT compared with the
wild-type-like mutants G37R and G93A. The variable zinc
metallation for H46R/H48Q SOD1 was also observed in the
brain SOD1.
Metallation Trends in Liver Differ from Those in Neuronal

Tissues—We measured the metallation profile of soluble
SOD1 isolated from a non-neuronal tissue, that is, the liver
(Fig. 2C), and found significantly different metallation levels.
Generally, the transgenically expressed SOD1s had lower total
metal occupancy in liver than in nervous tissue. The endoge-
nous mouse SOD1 from NTG mice maintained close to a one
copper to one zinc ratio in each tissue measured; however, the
mouse SOD1 in liver had the highest overall levels of both

Metallation Status of SOD1 in ALS-transgenic Mice

JANUARY 28, 2011 • VOLUME 286 • NUMBER 4 JOURNAL OF BIOLOGICAL CHEMISTRY 2799

http://www.jbc.org/cgi/content/full/M110.186999/DC1
http://www.jbc.org/cgi/content/full/M110.186999/DC1


copper and zinc per dimer. The soluble H46R/H48Q mutant
still did not bind copper, whereas zinc metallation exhibits
less variation among replicates of the same genotype. Further-

more, G93A and hWT had dramatically reduced zinc occu-
pancy levels relative to nervous tissue (p value � 0.01), sug-
gesting that the phenomenon of “excess” zinc binding may

FIGURE 2. SOD1 metallation in various tissues from transgenic mice. Copper and zinc in SOD1 was measured by HPLC-ICP-MS as described under “Experimen-
tal Procedures.” The metallation of WT, G37R, G93A, and H46R/H48Q hSOD1 from transgenic mice and the endogenous mSOD1 from a nontransgenic mouse are
shown. A, spinal cord is shown. B, brain is shown. C, liver is shown. Note that in spinal cord and brain the total metal site occupancy does not differ significantly for
the G37R, G93A, or hWT SOD1 or the mouse SOD1. However, the copper and zinc ratios are different, with less copper and more zinc being found in the overex-
pressed human SOD1s as compared with mouse SOD1 in the non-transgenic animals. Human WT-SOD1 had a slightly lower copper content and a higher zinc con-
tent compared with the mutant SOD1s G93A and G37R (*). The mutations in H46R/H48Q SOD1 destroy the copper binding site, and as such no detectable copper
levels were found. Zinc metallation is also significantly lower in the H46R/H48Q mutant compared with the other transgenic SOD1s (*). In liver, SOD1 metallation is
starkly different; in particular, G93A and hWT had dramatically reduced zinc occupancy levels relative to nervous tissue (#). D, the coppers bound to the SOD1 are
active. A plot of the copper concentrations measured by the HPLC-ICP method compared with the copper measured by SOD activity shows a strong correlation,
which indicates that the majority of copper bound to these SOD1 species are active. The measurements are from all the endogenous and exogenously expressed
SOD1s from the mice analyzed in this study. E, right, shown is a stacked bar graph representation of metallation to illustrate total metallation. The dashed line at four
metals/dimer delineates a fully occupied metal binding site. With the exception of the H46R/H48Q mutant, most other SOD1s are highly metallated. Left, shown is
a box plot graph of combined metallation states for each tissue demonstrating tissue variability. Despite the vastly different trends among mutant metallation
states, it is interesting to note that median copper and zinc values remain consistent across all tissues examined; these are also similar to as-isolated SOD1s from
various host organisms. All bars represent the mean � S.D. of three or more independent mice per genotype. Box plots represent median values and 25th to 75th
percentile ranges. * p � 0.001; # p � 0.01.
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pertain more to nervous tissue. The major shift in metallation
compared with spinal cord and brain highlight the differences
in tissue types.
Copper Is Properly Bound and Participates in the SOD Re-

action for all Soluble SOD1—Copper is capable of binding to
other sites on hSOD1 (45, 59), To determine whether the cop-
per observed in this study was correctly bound in the active
site, an SOD activity assay was performed on all samples. Be-
cause copper participates directly in the dismutase reaction,
the overall activity is strictly dependent on the amount of
copper bound to the active site (60). A plot of copper concen-
tration measured by the LC-ICP method versus copper con-
centration calculated from the activity reveals a linear correla-
tion with a slope near one (Fig. 2D) and a high correlation
coefficient of 0.9751. Thus, the copper associated with SOD1
is active in the SOD assay and, therefore, may be assumed to
be correctly bound to the copper binding site.
Effect of Transgenic Expression of the Mutant Human SOD1

H46R/H48Q on theMetallation of EndogenousMouse SOD1—
Because of the high sensitivity of the HPLC-ICP method, we
were able to analyze metallation levels of endogenous mouse
SOD1 from NTG mice. In addition, the difference in the elu-
tion time from the size exclusion column between the H46R/
H48Q mutant hSOD1 and endogenous mouse WT SOD1
allowed us to analyze the metallation states of each of these
proteins separately and to investigate the effect of overexpres-
sion of a mutant hSOD1 on the metallation status of endoge-
nous mouse SOD1. Fig. 3 shows the copper and zinc metalla-

tion of mouse SOD1 from spinal cord, brain, and liver of both
the NTG and H46R/H48Q transgenic mice. In all tissues, the
copper-site occupancy in the mouse SOD1 was reduced when
H46R/H48Q hSOD was expressed. Zinc metallation was not
affected. Thus, we predict that the transgenic expression of
mutant hSOD1 can significantly perturb the metal loading of
the endogenous mouse SOD1, leading to a consistent reduc-
tion in copper occupancy, even in a mutant such as H46R/
H48Q hSOD1 that does not bind copper ions at the copper
site.

Insoluble Aggregates from Mutant Mice Are Not Enriched in
Copper or Zinc

It is important to determine the metallation state of SOD1
in the aggregated state as these protein aggregates may be
related to the toxic species. Mutant SOD1 in the apo state has
dramatically decreased thermostability and, hence, increased
aggregation propensity, and it has, therefore, been hypothe-
sized that insoluble aggregates of mutant SOD1 are composed
of metal-depleted SOD1 (38, 40). Differential detergent ex-
traction and centrifugation techniques were used to separate
the mutant SOD1 aggregates that accumulate as disease
symptoms worsen (28, 29, 61, 62). Because the aggregated
protein cannot be easily dissociated, it was not possible to
isolate specifically the SOD1 protein in these fractions for ICP
analysis. Instead, the total metal content of these detergent-
insoluble pellets was measured by ICP-MS, and the amount of
mutant SOD1 protein was measured by densitometry of a

FIGURE 3. Transgenic expression of a H46R/H48Q SOD1 results in decreased copper metallation of the endogenous mouse SOD1. The metallation
states of mouse SOD1 from a non-transgenic and transgenic mouse are shown. The metallation state of mouse SOD1 was measured from the brain, spinal
cord, and liver of a nontransgenic and a H46R/H48Q transgenic mouse. Because the H46R/H48Q SOD1 mutant protein eluted differently from the mouse
SOD1 off the HPLC column and does not bind copper, it was possible to measure the effect of overexpression separated from effects of insufficient copper.
Overexpression of this hSOD1 leads to decreased copper metallation for the mouse SOD1 as inferred when comparing mSOD1 in NTG to mSOD1 in H46R/
H48Q (*) for each tissues examined. *, p � 0.05.
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Western blot. SOD1 comprises about 4–6% of total protein
in these pellets. These data allowed us to estimate roughly the
ratio of total metal ions to SOD1 protein present in the pel-
lets. The detergent-resistant pellets from spinal cords of NTG
and hWT SOD1 transgenic mice did not contain significant
amounts of SOD1 but do have a profile of other proteins simi-
lar to that found in spinal cords of mutant-expressing mice
(43), making them good controls for the background concen-
tration of metals from other metal-binding proteins. The con-
centrations of SOD1, copper, and zinc from detergent-insolu-
ble pellets were plotted for each mouse type (Fig. 4A). On a
molar basis, these prepared samples had more copper and
zinc than SOD1, indicating that metals were bound to other
insoluble components of these preparations. Importantly, the
insoluble material from mutant mice did not contain more
copper or zinc than insoluble material from mice expressing
WT SOD1 or nontransgenic mice. We, therefore, conclude
that mutant SOD1 is not a major copper or zinc binding com-
ponent of these insoluble fractions.
To assess the levels of copper bound to the native copper

site of SOD1, an SOD activity assay was performed on the
detergent-insoluble pellets. The activity of these samples was
divided by the total concentration of SOD1, and the results
compared with those for the soluble SOD1 activity (Fig. 4B).
The activity per molecule was very low in the mutant SOD1
from pellets, consistent with our conclusion that very little
copper was associated with the copper binding site of these
mutant SOD1s.
To control for the possibility that the copper may have

been released when SOD1 was exposed to the non-ionic de-
tergents during the extraction protocol, purified G37R
hSOD1 was incubated in extraction buffer, and its metallation
was measured before and after exposure. The metallation lev-
els did not change (data not shown), confirming that the iso-
lation procedure does not lead to the loss of active site copper
in the insoluble SOD1 detergent-resistant pellets. Further
studies are still required to confirm directly that SOD1 is met-

al-depleted. Nevertheless, these results are consistent with the
idea that insoluble mutant hSOD1 is deficient in both copper
and zinc.

Distribution of Metals in Spinal Cord Tissues

The HPLC-ICP analyses on soluble hSOD1 from mouse
tissues suggest that both the nature of the mutation and the
expression level affect metal occupancy, but they provide no
information about distribution of metals in sub-tissue regions
or different cell types. The perturbations in metal occupancy
could lead to disturbances in whole tissue metal concentra-
tions, which could be detrimental to the animal. Conversely,
altered metal homeostasis may influence the metallation state
of the SOD1 through changes in available pools. To address
this matter more directly, the distribution of copper and zinc
in spinal cord cross-sections of transgenic and control mice
was determined using XFM.
To establish the location of the white matter, gray matter,

dorsal horn, and ventral horn without staining, FTIR imaging
was first performed on spinal cord cross-sections. Principal
component analysis based on the lipid region of the infrared
spectrum revealed deep contrast between the white versus
gray matter and ventral versus dorsal horn (Fig. 5A, top row).
The white and gray areas reflect the white and gray matter,
respectively, the left gray matter lobe represents the ventral
horn, and the right gray matter lobe represents the dorsal
horn. Motor neuron cell bodies originate in the ventral horn
of the gray matter and descend their tracks through the sur-
rounding white matter. Some of these tracks are visible as
streaks across the white matter in the FTIR images.
Copper and zinc distribution were determined by XFM on

the identical tissue sections (Fig. 5A, center and bottom row,
respectively). Fig. 5A shows a representative cross-section
from each mouse type. The different types of mutants showed
distinct results. In samples from mice that overexpress metal
binding SOD1s (WT, G93A and G37R), the copper concen-
tration increased within the gray matter. The H46R/H48Q

FIGURE 4. Copper and zinc concentrations from detergent-insoluble and -soluble species suggest minimal SOD1 metallation in detergent-ex-
tracted SOD1. A, the detergent-insoluble species were prepared from nontransgenic and G93A, G37R, H46R/H48, and hWT SOD1 transgenic mice. SOD1
concentration was measured by densitometry from a Western blot, and the copper and zinc concentrations were measured by ICP-MS. Despite the variable
levels of SOD1 from each detergent insoluble pellet preparation, the levels of copper and zinc did not fluctuate across all the mice types. B, detergent-insol-
uble and detergent-soluble species were analyzed for activity and SOD1 concentration. The relative activity was divided by the SOD1 concentration to gain
a rough idea of the level of copper bound to the SOD1. The axis on the left is in arbitrary units. The soluble hWT, H46R/H48Q, and G37R SOD1s were mea-
sured as 2123, 172, and 1682, respectively, which was significantly higher activity per dimer than their detergent-insoluble counterparts, which measured
as 143, 9, and 18, respectively. Note that very little WT hSOD1 was found in the detergent-resistant pellets. The box plots represent median values and 25th
and 75th percentile ranges, and bar graphs represent mean � S.D. of three or more independent mice per genotype.
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and the NTG mice, which have very low SOD1 copper metal-
lation and low SOD1 levels, respectively, show much lower
copper content in the gray matter. Zinc, on the other hand,
was higher in the mutants than the NTG control and was
consistently higher in the white versus gray matter for all sam-
ples analyzed. An increase in zinc associated with white mat-
ter was previously detected by XFM on cerebellum tissue
cross-sections. It was postulated that this increase may be due
to the requirement for zinc in myelin synthesis, structure, and
maintenance (63).
A quantitative analysis of copper and zinc was performed

by separating pixels from the gray and white matter and per-
forming statistical analyses as a function of tissue substruc-
ture and mutation state (see “Experimental Procedures”). Sta-
tistically significant increases in gray matter copper were
observed between NTG versus G93A and WTmice (*) and
between WT versus H46R/H48Q mice (**), confirming the
observation described above (Fig. 5B). The expression of
SOD1 was reported to be higher in gray matter than white
matter (64), which could explain the elevated copper levels in
transgenic mice that overexpress copper binding SOD1. The
major zinc trend did not reflect metallated SOD1 expression.
Intriguingly, the symptomatic G37R, G93A, and H46R/H48Q
mice (*) had statistically significantly elevated levels of zinc
relative to the control NTG mice in the white matter, possibly
reflecting a phenomenon that may be associated with disease
pathology rather than with overexpression of the mutant pro-
tein itself (Fig. 5C).

DISCUSSION

The metals copper and zinc are integral to SOD1 structure
and function and, hence, may play a role in ALS pathology. In
the current investigation we study their distribution at the
tissue, subtissue, and protein levels. We found that although
increasing expression of SOD1 did not lead to an overall in-
crease in spinal cord metal content, there was a subtle redis-
tribution of copper into gray matter relative to white matter
that is consistent with the idea that motor neurons produce
more SOD1 than surrounding cells. These investigations also
provide the most precise quantification available to date of
metallation status in SOD1 from spinal cord, brain, and liver.
Although the data from insoluble protein are consistent with
insoluble SOD1 not binding copper and zinc, the soluble
SOD1s reveal a significantly high degree of zinc binding and
somewhat lower copper binding, suggesting that a significant
fraction of soluble hSOD1 in mice is enzymatically inactive.
Finally, this study provides verification that the H46R/H48Q
mutant SOD1 does not bind copper in vivo, and therefore,
disease for this mutant is not a result of copper-mediated
chemistry.
The determination of in vivo SOD1 metallation states pro-

vides insight into the physiologically relevant and possibly
disease-relevant species. The H46R/H48Q mutant averaged
�1.0 zinc per dimer, whereas the hWT, G93A, and G37R re-
tained 2.6–3.2 zinc per dimer. This relatively high level of
zinc binding is inconsistent with previous hypotheses regard-

FIGURE 5. Infrared and x-ray fluorescence microscopy images data analysis of spinal cord cross-sections from NTG mice or mice expressing WT,
G93A, G37R, or H46R/H48Q SOD1. A, image maps prepared from infrared and x-ray fluorescence data collection are shown. Top row, principal component
analysis of the infrared images clearly differentiates between the white and gray matter based on differences in lipid and protein composition. The copper
(middle row) and zinc (bottom row) XFM images illustrate changes in metal concentration and distribution as a function of SOD1 expression and mutation
state. XFM images are presented in micromolar units as determined by the NIST standard reference. The scale bar represents 0.1 mm. At least three cross-
sections were analyzed from four mice of each genotype, and representative images are shown. B, median copper and zinc concentrations (mM) in the
same cross-sections of spinal cord, as measured by XMF are shown. All spinal cords from mice expressing mutant hSOD1 showed elevated zinc in the white
matter as compared with NTG. In the gray matter, copper was elevated over NTG in WT, G37R, and G93A but not in the double mutant H46R/H48Q, which
does not bind copper (*, significantly different from NTG; **, significantly different from WT by Kruskal-Wallis and Mann-Whitney U test). At least three cross-
sections were analyzed from four mice of each genotype.
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ing a pathogenic zinc-deficient mutant SOD1 (65). We also
believe that these zinc ions are likely to be bound to SOD1 in
the zinc and copper sites because the total metallation does
not ever exceed four metal ions per dimer, in opposition to
theories invoking improper metal binding outside the metal
binding region. Moreover, based on the instances where the
zinc levels are above two per dimer, we further conclude that
the zinc is bound in the copper site for some SOD1s.
A major question we hoped to address from these studies

was whether low metallation of mutant SOD1 was linked to
aggregation. However, the similarity between the WT and
G37R and G93A mutants in metallation of soluble SOD1 in
end stage mice is not consistent with the notion that under-
metallation of these mutants causes aggregation. A possible
explanation may be that our analysis is biased toward soluble
SOD1, and hence, only stable, highly metallated species per-
sist. However, the H46R/H48Q mutant remained soluble de-
spite low metallation, which implies that a mutant SOD1 can
remain soluble in vivo even if it does not have its full comple-
ment of metals and only binds one zinc per dimer. When we
take into account the similarity in SOD1 metallation states
between the affected spinal cord and unaffected brain tissue,
we conclude that the lack of proper metallation is a minor
factor in disease and aggregation. Furthermore, we hypothe-
size that the soluble mutant G93A and G37R hSOD1 from
spinal cord analyzed here is unlikely to aggregate or play a
role in any toxic aggregation mechanism, and the high levels
of metallation in these soluble SOD1s likely protect SOD1
from aggregating.
Copper Metallation and Disulfide Oxidation—Aside from

the relevance to aggregation, metallation states data can
render important clues about the SOD1 maturation pathway.
For instance, copper metallation has been suggested to occur
concomitant with disulfide bond formation in vivo (66). Inter-
estingly, copper binding follows a trend similar to that ob-
served by Karch et al. (67) for disulfide oxidation; mouse
SOD1 from NTG mice had the highest ratio of oxidized to
reduced disulfide bonds followed by the G93A, then hWT,
and finally, the H46R/H48Q. We see a direct correlation to
copper metallation where the mouse SOD1 from NTG had
the highest copper metallation followed by G93A, then hWT,
and finally, the H46R/H48Q. This finding supports the idea
that copper metallation and disulfide oxidation may be linked
post-translational events.
Interestingly, an inverse relationship exists between copper

and zinc metallation levels in SOD1 as well; i.e. when copper
levels were lower, zinc levels were higher. The mouse SOD1
from the NTG spinal cord had metallation levels of �1.5 cop-
per and 2.0 zinc per dimer, close to what is expected for “nor-
mal” SOD1 (2 copper, 2 zinc). The mutants G93A and G37R
both had lower copper (1.2 copper per dimer) and higher zinc
(2.6 zinc per dimer). The hWT has even lower copper (1.0
copper per dimer) and even higher zinc (3.2 zinc per dimer)
than the mutants (see Fig. 2E). This trend combined with the
assumption that the extra zinc present in SOD1, when zinc
levels exceed 2.0 per dimer, is in the copper site, suggests that
copper and zinc metallation are linked. In physiological situa-
tions, it is entirely possible that zinc is bound to the copper

site before copper insertion (68). It is interesting in this re-
spect to note that SOD1 containing 4.0 zinc per dimer has
been shown to be highly stable, similar to the properly metal-
lated two-zinc and two-copper form (69).
Perturbations in Metallation of SOD1 Caused by Transgenic

Overexpression of hSOD1—Several lines of reasoning lead us
to believe that over-burdened copper regulation pathways are
responsible for the observed perturbations in SOD1 metalla-
tion by copper. First, as demonstrated by the whole tissue
analysis, copper levels in tissues do not change significantly in
the different types of mice despite overexpression of SOD1.
Moreover, the hWT SOD1 has the highest overall expression
(7–10-fold endogenous levels) and longest half-life among the
transgenically expressed SOD1 (70) and, therefore, has the
highest demand for copper. Correspondingly, WT hSOD1
was isolated with the lowest copper metallation. A limited
pool of copper and a swamped insertion pathway may be re-
sponsible for the reduced copper charging. Even more strik-
ingly, we observed a consistent decrease in copper metallation
of the endogenous mouse SOD1 from the H46R/H48Q-over-
expressing mutant compared with mouse SOD1 from the
NTG (Fig. 3). We hypothesize that, although the H46R/H48Q
mutant does not bind copper itself, it does interfere with cop-
per insertion pathways such as the copper chaperone for
SOD1 (CCS), possibly restricting copper acquisition for the
endogenous mouse SOD1. The H46R/H48Q mutant is known
to form stable heterodimers with the copper chaperone, CCS,
possibly limiting the rate of copper insertion in the mouse
SOD1 (46). Together, these data suggest that incomplete mat-
uration of SOD1 with respect to copper insertion is a result of
overexpression of the SOD1s.
Implications for SOD1 Aggregation Mechanisms—Our stud-

ies suggest that insoluble SOD1-containing species are not
enriched with copper and zinc, consistent with the idea that
the aggregated SOD1 is metal-depleted. However, more direct
studies are needed to confirm this hypothesis. Nevertheless,
we found that the soluble forms of mutant SOD1 isolated
from spinal cord are fully, but not natively, metallated, con-
taining four metal ions per dimer. Although it is possible that
a metallated SOD1 could enter an aggregate and subsequently
lose its metals, that scenario seems unlikely to us due to the
high stability of some of the fully metallated forms of mutant
SOD1s. It seems more likely that it is the apo forms of mutant
SOD1s that form aggregates. A possible explanation for this
apparent contradiction is that nascent SOD1 polypeptides,
which have not yet been metallated, are the main substrates
for aggregation. Support for this hypothesis is provided in the
earlier analysis of SOD1 aggregates, which revealed that the
SOD1 protein was largely unmodified (43). Unpublished re-
sults from our laboratory show that soluble SOD1 in spinal
cord retains high levels of oxidative modifications from sam-
ples of soluble lysate. Because we predict that oxidized SOD1
is a biomarker for the age of the protein, the lack of oxidative
modifications in the SOD1 present in the aggregates may im-
ply that an immature form of SOD1 is the actual substrate for
aggregation.
Based on the findings presented here, we further speculate

that zinc metallation occurs earlier than copper insertion,
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which might displace a zinc ion already present in the copper
site. We inferred the latter based on the trends of zinc metal-
lation being inversely proportional to copper metallation
among the different SOD1s (see the previous discussion sec-
tion). Zinc binding may occur more rapidly than copper bind-
ing due to the stability it provides a folding monomer. Kinetic
folding studies by Bruns and Kopito (71) revealed that hSOD1
requires tight zinc binding but not copper to reach a hyper-
stable state. The same study showed that forms of SOD1 with
ALS-causing mutations generally tend to have slower overall
kinetics of folding. The slower kinetics of mutant SOD1 fold-
ing potentially results in a higher sampling of off-pathway,
aggregation-prone intermediates. This supports a mechanism
in which mutant SOD1 aggregation is driven by nascently
folded intermediates rather than a soluble mature protein.
Based on these observations and our hypothesis that zinc
metallation occurs early in the lifetime of SOD1, we speculate
that the zinc acquisition step may be kinetically hindered in
the folding mutant SOD1 polypeptides as compared with
WT-SOD1. Additional experiments are needed to understand
the specific mechanism of SOD1 metal acquisition and its
potential implications for toxicity.
Metal Homeostasis—In our studies on metal distribution in

the spinal cord, a major shift in copper levels observed in tis-
sues from G93A and G37R spinal cords was also present in
the hWT spinal cords. Thus, this effect is more likely due to
SOD1 overexpression than to the disease. Nevertheless, it is
intriguing that copper distributions are highly altered within
these tissues, with a shifting of copper reflective of the same
regions that have high SOD1 content despite the fact that the
overall levels of copper in these tissues are unaltered relative
to spinal cords of the NTG mice. It seems possible that high
levels of SOD1 in some portions of these tissues make the
other portions copper-deficient to some degree. This finding
supports the idea that SOD1 plays a role in normal metal ho-
meostasis. Interestingly, a recent study by Tokuda et al. (72)
revealed that major alterations in copper homeostasis were
associated with G93A hSOD1.
In our studies we found a statistically significant net in-

crease in zinc associated with the white matter for the mu-
tants H46R/H48Q, G37R, and G93A mice compared with the
hWT and NTG controls. This is consistent with studies that
have shown increased labile zinc in a G93A mouse spinal
cord, increased levels of the zinc responsive metallothionein,
and other general disturbances of zinc homeostasis in trans-
genic mouse spinal cords (24, 73–76). Similar but preliminary
investigations using synchrotron micro x-ray fluorescence
microscopy on sporadic ALS patients observed a marked in-
crease in zinc in motor neurons (77). It is unclear why we ob-
serve the increased zinc in the white matter, when the motor
neurons originate in the gray matter. One possible explana-
tion may be the temporal nature of this study. A disease-rele-
vant change in metal homeostasis for the gray matter may be
masked by the downstream processes of neurodegeneration.
For future experiments, it would be beneficial to investigate
distributions of metals in tissues at earlier time points, espe-
cially right before and around the time when symptoms ap-
pear in the mice.

Conclusions—Metals have long been a “player of interest”
in the search for the causes of ALS pathology, but until now
their role has been very difficult to study as it was not possible
to look at their distribution in tissues and specific proteins.
The recent advent of powerful new analytical techniques has
allowed us to address some of the relevant questions about
the role of metals in ALS. Gentle SOD1 separation coupled to
LC-ICP-MS has allowed us to determine precisely the
amounts of metals bound to SOD1 molecules in different tis-
sues, and synchrotron spectroscopy micro imaging tech-
niques have allowed us to determine the micro distributions
of selected metals within these tissues. These techniques have
uncovered disease relevant changes in metallostasis in ALS-
SOD1 transgenic mice that may be relevant to the human
disease.
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(2010) J. Biol. Chem. 285, 33885–33897

66. Furukawa, Y., Torres, A. S., and O’Halloran, T. V. (2004) EMBO J. 23,
2872–2881

67. Karch, C. M., Prudencio, M., Winkler, D. D., Hart, P. J., and Borchelt,
D. R. (2009) Proc. Natl. Acad. Sci. U.S.A. 106, 7774–7779

68. Nordlund, A., Leinartaite, L., Saraboji, K., Aisenbrey, C., Gröbner, G.,
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