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Abstract
Metals are key cofactors for many proteins, yet quantifying the metals bound to specific proteins is
a persistent challenge in vivo. We have developed a rapid and sensitive method using electrospray
ionization mass spectrometry to measure Cu,Zn superoxide dismutase (SOD1) directly from the
spinal cord of SOD1-overexpressing transgenic rats. Metal dyshomeostasis has been implicated in
motor neuron death in amyotrophic lateral sclerosis (ALS). Using the assay, SOD1 was directly
measured from 100 μg of spinal cord, allowing for anatomical quantitation of apo, metal-deficient,
and holo SOD1. SOD1 was bound on a C4 ZipTip® that served as a disposable column, removing
interference by physiological salts and lipids. SOD1 was eluted with 30% acetonitrile plus 100 μM
formic acid to provide sufficient hydrogen ions to ionize the protein without dislodging metals.
SOD1 was quantified by including bovine SOD1 as an internal standard. SOD1 could be measured
in subpicomole amounts and resolved to within two Daltons of the predicted parent mass. The
methods can be adapted to quantify modifications to other proteins in vivo that can be resolved by
mass spectrometry.
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INTRODUCTION
Approximately one-third of all proteins are predicted to require a metal cofactor for activity
[1] and as many as half of all the structures deposited in theProtein Data Bankcontain a
metal ion [2]. Metal ion binding to proteins is critically important for many biological
processes [3],but characterizing the metal ions boundto a protein in a biological context is
difficult. Spectroscopic techniques, such as atomic absorption, electron paramagnetic
resonance, and Mössbauer reveal metal coordination by proteins, but are insensitive and
require purified protein in high concentrations[4]. Inductively-coupled plasma mass
spectrometry and assays utilizing colorimetric chelators informon the total metal content in
the sample, thus conveying only average metal ion stoichiometry[5; 6]. Electrospray
ionization mass spectrometry (ESI-MS)3 is a well-established technique used in the study of
non-covalent modifications and interactions of proteins such as metal binding[7; 8; 9; 10].
Once the ionization parameters are properly optimized, metal ionssuch as zinc and copper
remain tightly associated with proteins during electrospray ionization and ESI-MS has been
used to compare both relative and absolute metal ion affinities of many proteins[11; 12].

The activity of Cu,Zn superoxide dismutase (SOD1) is vitally dependent upon itscopper and
zinc cofactors[13].The redox-active copper is the center of the protein's activity. SOD1 also
contains a structural zinc atom closely coordinated to the copper that is essential for the
proper folding of the protein[14]. Evaluating the metals bound to SOD1 is also important
because mutations to the protein cause a toxic-gain-of-function that is responsible for 2-7%
of all cases of amyotrophic lateral sclerosis (ALS) [15; 16]. ALS is a fatal neurodegenerative
disorder characterized by the progressive death of motor neurons. However, the mechanism
of the toxic function in vivo is still controversial. Most of the mutant SOD1 proteins bind
one copper and one zinc ion per subunit and many retain almost the same level of enzymatic
activity as the wild-type protein[17; 18; 19]. However, the mutant SOD1 proteinsseem to be
more susceptible tothe loss of the zincion than the wild-type SOD1protein in vitro [20; 21;
22]. We have previously shown that purified zinc-deficient SOD1 delivered to cultured
motor neurons is toxic [23]. Furthermore, endogenous expression of mutant SOD1 in motor
neurons isolated from SOD1-transgenic animals kills by the same mechanism[24].
Consequently, the ability to assess the amounts of copper and zinc bound to SOD1 in the
specific spinal cord regions affected by ALS may provide clues as to the nature of the toxic
function in vivo.

Here we introduce a sensitiveESI-MS based method that allows the quantification of SOD1
directly from spinal cord tissue of transgenic ALS-model rats and concurrently reports on
the zinc and copper ion content of the protein. We demonstrate the efficacy of the method
for SOD1 from transgenic spinal cord tissue, although itcan be applied to other proteins in
complex mixtures.

MATERIALS AND METHODS
Reagents and Equipment

Lyophilized bovine SOD1 (EC1.15.1.1, Sigma-Aldrich, St. Louis, MO, USA) was
rehydrated with Milli-Q water (reverse-osmosis system), and the concentration was
determined spectrophotometrically at 259 nm (ε= 5150 M-1cm-1for the Cu,Zn containing
monomer)[13].

3Abbreviations used: ESI-MS, electrospray ionization mass spectrometry; SOD1, Cu,Zn superoxide dismutase; ALS, amyotrophic
lateral sclerosis; CCS, copper chaperone for superoxide dismutase; MOP™, multiple overlaying pictures.
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Two types of human SOD1 were used in the development of this assay. The first type was
recombinant SOD1 expressed in Escherichia coli(recombinant SOD1) with coexpression of
the copper chaperone for SOD1 (CCS).The protein was purified as described in Hayward et
al.[25]. Ammonium sulfate was used in high concentrations for hydrophobic interaction
chromatography, causing a sulfate adduct (+98 Da) to be often present in mass spectrometry
samples. The concentration was determined spectrophotometrically at 265 nm (ε= 9200
M-1cm-1 for the Cu,Zn containing monomer)[13]. RecombinantSOD1was found to have the
amino-terminal methionine cleaved and was not acetylated[26]. The second type was SOD1
from tissue samples of mutant G93A SOD1-overexpressing transgenic rats (referred to as
tissue SOD1). These ratsdevelop fatal motor neuron disease and die around 120 days
old[27]. In eukaryotic sources, SOD1 is acetylated on the amino-terminus, increasing the
protein mass by 42.1 Da.

The solvent used for the mass spectrometric experiments was 30% acetonitrile, 70% water
and 100 μM formic acid, delivered at a flow rate of 30 μL/min from a single isocratic pump
(Shimadzu, Kyoto, Japan). The solvent was degassed for 10 minutes with helium and was
changed each week. HPLC-grade solvents were used for all mass spectrometer experiments.
Water was obtained from Burdick and Jackson (Muskegon, MI, USA) and 10% formic acid
from MichromBioresources (Auburn, CA, USA). Universal grade acetonitrile was obtained
from VWR (West Chester, PA, USA).

SOD1 was introduced into the mass spectrometer via one of two methods: by direct
injection ofSOD1 in low ionic strength aqueous buffers, or by binding to a C4 reversed
phase Ziptip® for tissue samples or higher ionic strength solutions as described below. For
direct injection, solvent was pumped from the HPLC pump through PEEK® tubing with an
interior diameter of 0.005 inches to a 2-way, 6-port Rheodyne injection port. The SOD1 was
introduced into the sample loop of the injector via a 50 μL Hamilton syringe with a blunt
tip.Solvent was then pumped through the loop and across a 1 μm inline stainless steel
microfilter (Upchurch Scientific, Oak Harbor, WA, USA) to prevent clogging. The 0.005
inch inner diameter PEEK® tubing led from the microfilter into the mass spectrometer inlet.

Ziptip Method
A C4Ziptip (Millipore, Billerica, MA, USA) was used as a disposable desaltingcolumn while
binding SOD1. The Ziptip is a P10 pipette tip with 0.6 μL of reversed phase C4 packing
material that is typically used to remove salts from peptide samples in preparation for mass
spectrometry detection. For the assay, a Ziptip was prepared by rinsing three times (10 μL
each) with acetonitrile, followed by four washes with water. The washes were accomplished
by using a P10 pipette to repeatedly draw 10 μL of fresh solvent up through the Ziptip, and
then to expelthe solvent. The SOD1 sample was then bound to the Ziptip by pipetting the
protein solution three times, followed by rinsing six times with water to remove salts. The
Ziptip was then inserted between the injection port and the microfilter(Figure 1).

Tissue Measurements
Fresh spinal cord tissues from transgenic G93A-SOD1+/- overexpressingrats housed in
Institutional Animal Care and Use Committee-approved facilities were extracted via
dissection of euthanized animals and frozen at -80 °C until use. The tissue was too brittle to
section immediately at this temperature, and was placed on an insulating plastic plate on top
of dry ice and allowed to warm to approximately -20 °C. Punches were taken from 1 mm
thick transverse sections of tissueusing a 500 micron biopsy punch (Figure 1). An air-filled
syringe was attached to the rearof the punch to expel the tissue (Zivic Instruments,
Pittsburgh, PA, USA). The punches were weighed on a Cahn 25 Automatic Electrobalance
with a sensitivity of 0.1 μg (Cerritos, CA, USA). SOD1 was released from the tissue punch
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by thawing the tissue in 5μL of 10 mM ammonium acetate,adjusted with acetic acid to pH
5.1,that included 200 nM bovine SOD1 (punch thawing buffer). The pH was chosen to
reduce adventitious metal bindingandbecause interfering lipoproteins from central nervous
system tissues precipitated, thereby preventing clogging of the tubing[28]. The thawed tissue
was vortexed at maximum speed for 30 seconds then centrifuged for two minutes at 16,000
xg. The supernatant was adsorbed onto the Ziptip, eluted and analyzed in the mass
spectrometer.

The amount of SOD1 released from tissue was verified by western blot analysis. The
supernatants from three punches were combined to provide enough sample per lane for the
western blot. The punches were thawed in 15 μL of 10 mM ammonium acetate at pH 5.1,
vortexed and centrifuged as above. The tissue supernatant and pellet fractions were
separated, the volume of each was adjusted to 30 μL withLaemmli buffer[29], and the
samples were heated for five min at 95 °C. Samples were then run on a 10% SDS-PAGE at
150V for 60 min in a Bio-Rad Mini Protean II system. Gels were transferred to
apolyvinylidene fluoride membrane(Bio-Rad product # 162-0177) for 60 min at 100V.
SOD1 was detectedusing rabbit polyclonal antibodies raisedin the laboratory against human
SOD1 (1:10,000).Affinity-purified antibodiesretained cross reactivity with mouse and rat
SOD1. The secondary antibody was goat anti-rabbit IgGheavy plus light chain-horse radish
peroxidase conjugate (Bio-Rad #170-6515).

Data Analysis
Proteins were detected using a LCT Premier Time-of-Flight mass spectrometer (Waters,
Milford, MA, USA) with an electrosprayionization (ESI) interface in positive ion mode with
capillary and sample cone voltages set to 3000 and 60 V, respectively. Nitrogen was used as
a desolvation gas (400 L/hr), with a desolvation temperature of 120 °C. The scan range was
set from 820 to 2450 m/z, which allowed for all SOD1 peaks to be recorded.

Data were collected using MassLynx software (Waters, v. 4.1) and mass spectrum
deconvolution and integration was performed using the program MOP™ (Multiple
Overlaying Pictures, SpectrumSquare Associates, Inc.) described below. Custom code
written in Matlab™ (The MathWorks, Inc., Natick, MA, USA) was used to transfer the data
from MassLynx to MOP™ and perform the peak integration.Deconvolution of electrospray
m/z data to yield the zero charge parent mass spectrum was accomplished withthe Bayesian/
maximum entropy algorithm MOP™. The program makes no assumptions about the types
of proteins present in the spectrum. The only information provided to the program is1) that
hydrogen ions are the source of charge, and2) the resolution of the mass spectrometer. The
program assumes that noise is distributed according to a Poisson distribution and
incorporates a mass-dependent point-spread function for a time-of-flight mass analyzer to
account for instrumental blurring. The program uses an algorithm based on Bayes theorem
to calculate the most probable parent mass distribution that would result in the observed
multiply charged experimental spectrum with experimental noise.It incorporates a
multinomial Bayesian prior and thus becomes the standard maximum entropy approach. The
algorithm preserves the observed number of ion counts in the original spectrum and thus the
output peak areas remain proportional to the concentration of the species present. SOD1
concentrations were determined by the use of bovine SOD1 as an internal standard.A
comparison of the total integration of the human SOD1 peaks with the integration of the
bovine SOD1 peak at a known concentration generated a ratio that allowed us to determine
the human SOD1 concentration in the original solution. Bovine SOD1 was chosen because it
behaves similarly to human SOD1 and binds the same metals, and therefore serves as an
internal protein control in addition to a standard.
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Molecular weights and theoretical isotope distributionswere calculated from the empirical
formula of SOD1using the program iMass[30; 31]. Identical results were obtained using the
isotopicdist function in the Bioinformatics Toolbox of Matlab™. To account for the two
positive charges of each of the copper and zinc ions, two hydrogen atoms were subtracted
for each metal ion bound so thatSOD1remained electrically neutral. In addition, two
hydrogen atoms were subtracted for the internal disulfide bond in SOD1.

RESULTS
Copper and zinc remained associated with SOD1 during electrospray ionization in a aqueous
solution containing 100 μM formic acid and 30% acetonitrile as shown by the mass
spectrum of recombinant SOD1 ALS-mutant G93A (Figure 2a). Recombinant SOD1 protein
was used to develop the assay before using tissue samples. The mass spectrometer displayed
six prominent peaks corresponding to the 13th through 8th charge states, with the most
intense being the 10th-12th charge states. Deconvolution using the Bayesian maximum-
entropy method generated the parent mass spectrum (Figure 2b). The main peak was
centered at 15941 Da, which agreed well with the average mass of 15941.7 calculated for
the Cu,Zn G93A SOD1monomer (C680H1081N203O224S4CuZn).The width of the observed
SOD1peak corresponds to the broadening predicted from the naturalisotope distribution
using the empirical formula for Cu,Zn G93A SOD1 (Figure 2c).

Physiological concentrations of sodium chloridecaused the mass spectrum to be
unrecognizable as recombinant SOD1 and could not be deconvoluted (Figure 3a).
AZiptipused as a rapid and disposable desalting column reversed the effects of the salt
(Figure 3b). The Ziptip contained C4 reversed-phase packing material upon which the SOD1
could be adsorbed and rinsed with water to remove salts. An internal standard of bovine
SOD1 was included in each sample to quantify the levels of SOD1 and control for any
sample loss. Bovine SOD1 is shorter by two amino acids than human SOD1 and thus is well
resolved from the three potential metal ion-containing forms of human SOD1. The charge
state distribution for Cu,Zn G93A SOD1 in the presence of high salt could be deconvoluted
after use of the Ziptip to give a mass of 15941 Da, identical to the spectrum of SOD1 with
no salt present.

The chromatogram from a sample of bovine and recombinant G93A SOD1 showed that less
thanthree minutes was neededfor SOD1 to isocratically elute from the Ziptip into the mass
spectrometer (Figure 4a). The concentration of acetonitrile in the running solvent (30%) was
optimized to be at the lowest level possible while still rapidly releasingSOD1 from the
Ziptip. Dilute formic acid (100 μM) included in the running solventsubstantially improved
ionization of the protein.Although acidic conditions are known to cause metal ion release
from SOD1, the formic acid concentration was optimized to provide sufficient hydrogen
ions for ionization while allowingcopper and zinc to remain stably bound to SOD1[32].
Metal ions were retained under the acid conditions over the period necessary to acquire the
data, as shown by the deconvoluted mass spectrum of recombinant SOD1 incubated in water
versus running solvent (30% acetonitrile/water with 100 μM formic acid) for 5 minutes at
room temperature (Figure 4b,c).Without the rinse step that accompanies the use of a Ziptip,
the sulfate adduct peak 98 mass units higher than the mass of the recombinant SOD1
monomer was more prominent.

Tissue G93A SOD1could easily be picked out from the other abundant background proteins
as it was significantly overexpressed in the spinal cord of G93A-SOD1 overexpressing
transgenic rats (Figure 5a).Representative spectra from the dorsal and ventral (Figure 5b)
grey matter of the spinal cord of an ALS-model rat showed three distinct metal-bound
species: a Cu,Zn SOD1peak, a one-metal SOD1peak, and a small apoSOD1 peak. The one-
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metal peak was approximately 2-fold larger in the disease-affected ventral spinal cord as
compared to that from the dorsal spinal cord.Thawing of frozen tissue punches was
sufficient to release SOD1 and other soluble proteins from the punch into solution; this was
verified via Western blots that showed less than 2% of SOD1 in the remaining
pelletcompared to the supernatant fraction (Figure 5c). The SOD1 was quantifiedby use of
the Ziptip and the inclusion of bovine SOD1 as an internal standard. To generate a standard
curve, bovine SOD1 was kept at 800 nM, while the concentration of recombinant G93A
SOD1 was varied over a range of 200 nM-1.2 μM (Figure 5d). The relationship was linear
over the concentration range tested with a slope of approximately 1.3 (R2=0.995).

DISCUSSION
Analysis of proteins in complex mixtures on a Ziptip via mass spectrometry provides a
rapid, quantitative means to assay noncovalent modifications directly from tissues that is
comparable and possibly more sensitive than western blotting. The remarkable sensitivity of
the method allows for anatomical microdissection of the tissue. ALS affects motor neurons,
which are localized in the ventral spinal cord (Figure 1). This assay allows SOD1 to be
directly measured from the disease-affected regions, and is able to distinguish between one-,
two-, and no-metal bound states; the one-metal bound species is significantly larger in the
ventral compared to the dorsal spinal cord.This difference is lost if the entire spinal cord is
used, as several previous methods have done[33; 34; 35].

Three main issues needed to be addressed in developing the assay. The first was to maintain
metal binding to the protein while providing sufficient acidity to permit efficient
electrospray ionization [36; 37]. We found that 0.1% formic acid, commonly used in ESI-
MS coupled liquid chromatography, was too strong and could cause SOD1 to lose metals
during the assay [32]. Hayward et al., used 0.1% formic acid to look at apo mutant SOD1
proteins [25].Leaving out formic acid resulted in poor ionization because the solvent could
not provide enough hydrogen ions in solution to effectively ionize SOD1. The largest
amounts of human Cu,Zn SOD1 eluting from the Ziptip were in the range of 1-10 pmol in a
volume of a few microliters, resulting in a concentration of 1-10 μM. Because the charge
states of SOD1 typically ranged from 8 to 13, the concentration of hydrogen ions needed to
be 8-130 μM (Fig. 2a). We found that solvent containing 100 μM formic aciddelivered at a
flow rate of 30 μL/minprovided enough protons for efficient ionization. The 100 μM formic
acid concentration is approximately 200-fold more dilute than the standard 0.1%
concentration, and was able to efficiently ionize SOD1 without altering metal binding after
five minutes, twice the time needed to run the assay (Figure 4b,c).

The second issue to overcome was how to efficiently remove salts from the protein solution
that would otherwise interfere with electrospray ionization. Salts suppress ionization of
proteins, interfering with the deconvolution of raw m/z data (Figure 3a). Sodium ions in
particular can associate strongly with an ionizing protein and sodium chloride is
approximately 100 mM in the central nervous system, thereby presenting a significant
potential interference to ionizing proteins directly from tissue. We used a C4Ziptipto desalt
the samples. The Ziptip is a P10 pipette tip with a small amount of HPLC reversed-phase
packing material. As tissue lysate is drawn over it, soluble proteins bind to the packing
material. Once bound, the proteins could be rinsed multiple times with water, washing off
salts and other small hydrophilic molecules while leaving the proteins bound to the packing
material. The bound proteins could be eluted in the mass spectrometer with the minimal
concentration of acetonitrile needed to elute SOD1 (30%) (Figure 4a).

The third issue was how to quantify the amount of human SOD1 released from the tissue.
This was accomplished by including an internal standard, bovine SOD1, at a known
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concentration in the punch thawing buffer. Comparing the integration of the peak areas from
MOP™ of the bovine and human SOD1 allowed us to calculate the amount of human SOD1
in the punch supernatant, which could be used to estimate the concentration of human SOD1
in the tissue.SOD1 was found to be 16pmol/mg tissue in the dorsal spinal cord and 26pmol/
mg tissue in the ventral spinal cord. These amounts roughly translate to 16 and 26μM in the
cells, respectively. A standard curve of recombinant human SOD1 compared to bovine
SOD1 was used to determine if the ionization of the human and bovine proteins differed
(Figure 5d). The slope of 1.3 on the standard curve suggests that human SOD1 may ionize
more efficiently than bovine SOD1 due to the higher number of basic amino acid residues
present in the human SOD1 sequence. This can also be seen in the differing charge state
distributions of human and bovine SOD1, in which the human protein picks up two more
positive charges on average than bovine SOD1 (Figure 3b).

One of the primary advantages of our method is the ability to monitor the metal-binding of
SOD1 at the monomer level in complex mixtures, in contrast to other approaches that can
determine the metal-binding of the population of SOD1 as a whole solution, thus giving only
average stoichiometry [35]. This is an important distinction in being able to determine if
metal-deficient SOD1 species are involved in ALS. An SOD1 dimer has 9 different metal-
binding combinations distinguishable by mass. The intrasubunit disulfide bond further
complicates matters, as it can be in an oxidized or reduced state, altering the mass of the
protein by two Da. Indeed several groups have reported that as much as 20-30% of the
SOD1 in the ALS model animals is reduced [38]. Combining these two phenomena, the
SOD1 dimer has 27distinctcombinations of metal-binding and disulfide states, which would
yield a complex and hard-to-interpret spectrum. An advantage of the described method is
that the dimer dissociates in the course of the assayand only monomer is detected (Figure
2b). The SOD1 monomer has only eight distinct metal-binding/disulfide states, with the
resulting spectrum being significantly easier to interpret, facilitating analysis of the metal-
binding status of individual subunit populations.

A second advantage is that the method is highly adaptable, allowing monitoring of other
proteins and post-translational modifications. We have used the method to measure
recombinant proteins in solution such as CCS, hemoglobin, and di-iron mono-oxygenases.
Other proteins were also observed when measuring SOD1 from tissue, such as ubiquitin and
acyl-CoA-binding protein which were tentatively identified by their mass (Figure 5a). The
endogenous rat SOD1 was also observable and demonstrates the enormous overexpression
of human G93A SOD1 in transgenic rat tissue (Figure 5b). Taking advantage of other
materials available for ZipTips (C18, etc.) could further extend the method to additional
proteins. Modifying the solvent composition and the ionization parameters, such as the
ionization voltage and capillary temperature, allows the method to be optimized for other
proteins and post-translational modifications, possibly including small-molecule binding,
nitration, metals, andphosphorylation. Furthermore, these modifications can be monitored in
a dynamic fashion, as both modified and unmodified populations of a protein are observed at
the same time.

The main limitation to our assay is the inability to distinguish between copper-containing,
zinc-deficient SOD1 and zinc-containing, copper deficient SOD1. The isotopically broad
mass spectrometer signature of a protein is wider than the mass difference between zinc and
copper, and thus we cannot differentiate between the two (Figure 2c). However, we find a
significant one-metal SOD1 peak that is substantially larger in the ventral gray matter,
which provides additional evidence that non-natively metal-bound SOD1 species are
involved in the progression of the disease (Figure 5b). Further work that is now ongoing will
be needed to determine the composition of the one metal peak and elucidate whether either
species has a role in the disease.
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Figure 1. Tissue preparation for Ziptip® assay with mass spectrometer interface
A 500 micron biopsy punch is taken from a 1 mm spinal cord slice, thawed in buffer and
adsorbed onto a Ziptip. Solvent from an HPLC pump flowed through 0.005 inch interior
diameter PEEK tubing that was inserted snugly into the back of the Ziptip. The end of the
Ziptip was inserted into a second short segment of PEEK tubing with an interior diameter of
0.03 inches that had been slightly expanded with a dissecting needleto fit the end of
theZiptip snuggly. Astainless steel1 μm microfilterwas inserted between the Ziptip and the
mass spectrometer inlet to trap large particulates released from the Ziptip.
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Figure 2. Mass spectra of G93A SOD1
A. The Ziptipm/z spectrum of 1 μM G93A SOD1 in 10 mM ammonium acetate, showing
the charge state distribution of the protein, with the 10th-12th charge states being the most
prominent. B. Mathematical deconvolution of the m/z spectrum yields the parent mass
spectrum, showing a singular peak centered at a mass of 15941. *The spectrum also
contained a small peak centered at 16039 (observable in A as well). This peak, which is 98
mass units larger than Cu,Zn G93A SOD1, likely corresponds to a sulfate (H2SO4)
adductremaining from the purification process.C. Overlay of the experimental mass
spectrum with the theoretical high resolution mass spectrum calculated from the empirical
formula for G93A SOD1 with the program iMass. The high resolution theoretical spectrum
is used to illustrate the effects of isotopic broadening, primarily due tothe natural isotope
distribution.
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Figure 3. Elimination of salt interference using a Ziptip to bind G93A SOD1
A. Mass spectrum of bovine and G93A SOD1directly injected in the presence of 100 mM
sodium chloride. B. Mass spectrum of bovine (*) and G93A (^) SOD1 with 100 mM sodium
chloride after washing with the Ziptip.
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Figure 4. Stability of metal binding of G93A SOD1 in elution solvent
A. Chromatogram of G93A SOD1eluting from the Ziptip. B. Parent mass spectrum of G93A
SOD1mixed immediately in elution solvent and directly injected into the mass spectrometer.
C. Parent mass spectrum of G93A SOD1 incubated in elution solvent for 5 minutes to
mimic the maximum exposure of SOD1 to solvent when bound to a Ziptip. *In both B and
C, the sulfate-bound SOD1 peak was more prominent probably due to the absence of the
washing step used with the Ziptip.
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Figure 5. Metal content of G93A SOD1 in transgenic rats with symptoms of motor neuron
degeneration
A.Deconvoluted mass spectrum of a ventral tissue punch from the lumbar spinal cord of a
G93A SOD1-overexpressing rat shown over the mass range 8000 to 24000 Da. Several
other proteins, including ubiquitin, ubiquitin minus two glycine residues (-114 Da), and
acyl-CoA binding protein were observable in addition to SOD1. B. Overlay of the mass
spectra of dorsal and ventral tissue punches from the lumbar spinal cord of a G93A SOD1
overexpressing rat. Prominent peaks are identified in the spectrum, including the
endogenous rat SOD1.C. Western blot of tissue punch supernatant (S) and pellet (P)
fractions used to verify the release of SOD1 into the supernatant. The SOD1 standards were
4, 2, and 1 pmol, respectively. D. Standard curve using bovine SOD1 as an internal standard
at a concentration of 800 nM and varying the G93A SOD1 over a concentration range of
200 nM-1.2 μM. The ratio of the peak integrations of the G93A SOD1 over the bovine
SOD1 was plotted against the amount of G93A SOD1 in the sample to produce the standard
curve.
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