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The mechanisms by which mutant variants of Cu/Zn-superox-
ide dismutase (SOD1) cause familial amyotrophic lateral sclerosis
are not clearly understood. Evidence to date suggests that altered
conformations of amyotrophic lateral sclerosis mutant SOD1s trig-
ger perturbations of cellular homeostasis that ultimately cause
motor neuron degeneration. In this study we correlated the metal
contents and disulfide bond status of purified wild-type (WT) and
mutant SOD1 proteins to changes in electrophoretic mobility and
surface hydrophobicity as detected by 1-anilinonaphthalene-8-sul-
fonic acid (ANS) fluorescence. As-isolated WT and mutant SOD1s
were copper-deficient and exhibited mobilities that correlated
with their expected negative charge. However, upon disulfide
reduction and demetallation at physiological pH, both WT and
mutant SOD1s underwent a conformational change that produced
a slower mobility indicative of partial unfolding. Furthermore,
although ANS did not bind appreciably to the WT holoenzyme,
incubation of metal-deficient WT or mutant SOD1s with ANS
increased the ANS fluorescence and shifted its peak toward shorter
wavelengths. This increased interaction with ANS was greater for
the mutant SOD1s and could be reversed by the addition of metal
ions, especially Cu®>*, even for SOD1 variants incapable of forming
the disulfide bond. Overall, our findings support the notion that
misfolding associated with metal deficiency may facilitate aberrant
interactions of SOD1 with itself or with other cellular constituents
and may thereby contribute to neuronal toxicity.

The sequence of events by which more than 100 mutations in
the gene encoding Cu/Zn-superoxide dismutase (SOD1)? cause
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familial forms of amyotrophic lateral sclerosis (ALS) is
unknown. Studies of purified SOD1 proteins and cellular or
rodent models of SOD1-linked ALS suggest that impaired
metal ion binding or misfolding of mutant SOD1 proteins in the
cellular environment may be related to their toxicity (1-10).
Available evidence suggests that partially unfolded mutant
SOD1 species could contribute to motor neuron death by pro-
moting abnormal interactions that produce cellular dysfunc-
tion (11-16).

In previous studies we characterized physicochemical prop-
erties of 14 different biologically metallated ALS SOD1 mutants
(17) and demonstrated altered thermal stabilities of these
mutants compared with wild-type (WT) SOD1 (18). These “as-
isolated” SOD1 proteins, which contain variable amounts of
copper and zinc, were broadly grouped into two classes based
on their ability to incorporate and retain metal ions with high
affinity. WT-like SOD1 mutants retain the ability to bind cop-
per and zinc ions and exhibit dismutase activity similar to the
normal enzyme, whereas metal binding region (MBR) mutants
are significantly deficient in copper and/or zinc (17, 19). We
also observed that ALS-associated SOD1 mutants were more
susceptible than the WT enzyme to reduction of the intrasu-
bunit disulfide bond between Cys-57 and Cys-146 (20). The
significance of these results is that even WT-like mutants,
which exhibit a nearly normal backbone structure (21-23), may
be vulnerable to destabilizing influences in vivo. Our group and
others subsequently showed that the mutant SOD1 proteins
share a susceptibility to increased hydrophobicity under condi-
tions that reduce disulfide bonds and/or chelate metal ions (5)
and that similar hydrophobic species exist in tissue lysates from
mutant SOD1 transgenic mice (4 —6). One consequence of such
hydrophobic exposure could be the facilitation of abnormal
interactions between the mutant enzymes and other cellular
constituents (e.g. chaperones, mitochondrial components, or
other targets), which might influence pathways leading to
motor neuron death (15, 16, 24-27).

Accumulating evidence suggests that metal deficiency of
SOD1 is an important factor that can influence SOD1 aggrega-
tion or neurotoxicity (4, 28 —33), but the metal-deficient states
of SOD1 that are most relevant to ALS remain unclear. Zinc-
deficient, copper-replete SOD1 species, which can be produced
in vitro by adding copper to SOD1 that has been stripped of its
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metal ions at acidic pH, were shown to be toxic to motor neu-
rons in culture (28). However, it has not been shown that zinc-
deficient, copper-replete SOD1 is produced in vivo as a conse-
quence of ALS mutations, and loading of copper into SOD1 by
the copper chaperone for SOD1 (CCS) is not required for tox-
icity (34, 35). Furthermore, the MBR mutants have a disrupted
copper site and have been found to be severely deficient in both
zinc and copper (17, 30), yet expression of these SOD1s still
produces motor neuron disease (1, 2, 30, 34, 36, 37).

When recombinant human SOD1 was overexpressed in
insect cells, we instead observed zinc-replete but copper-defi-
cient species for most WT-like mutants, probably because the
capacity of the copper-loading mechanism was exceeded (17).
These preparations indicate that zinc can be efficiently incor-
porated into many WT-like mutants in vivo, and much of it is
retained after purification. Furthermore, these copper-defi-
cient biologically metallated proteins may be useful reagents to
assess the influence of copper binding upon other properties of
SOD1 mutants that may be relevant to their neurotoxicity.

We previously observed that reduction of the Cys-57—Cys-
146 disulfide bond facilitates the ability of metal chelators to
alter the electrophoretic mobility and to increase the hydro-
phobicity of SOD1 mutants (5). This is consistent with the
known properties of this linkage to stabilize the dimeric inter-
face, to orient Arg-143 via a hydrogen bond from the carbonyl
oxygen of Cys-57 to Arg-143-NH,, and to prevent metal ion
loss (38 —40). However, it remains unclear whether the Cys-
57—Cys-146 bond is required to prevent abnormal SOD1
hydrophobic exposure or whether the aberrant conforma-
tional change primarily results from metal ion loss. Ablation
of the disulfide bond by the experimental (non-ALS)
mutants C57S and C146S provides useful reagents to test the
relative influence of the disulfide bond and copper binding
upon SOD1 properties.

In this study we sought to correlate the consequences of cop-
per deficiency, copper and zinc deficiency, and disulfide reduc-
tion upon the hydrodynamic behavior and surface hydropho-
bicity of WT and representative mutant SOD1 enzymes (Fig.
1A). We quantitated the metal contents of as-isolated SOD1
proteins, detected changes in conformation or metal occu-
pancy using native PAGE to assess their electrophoretic mobil-
ity, a measure of global conformational change, and correlated
these changes to hydrophobic exposure using 1-anilinonaph-
thalene-8-sulfonic acid (ANS), which is very sensitive to local
conformational changes. ANS is a small amphipathic dye (Fig.
1B) that has been used as a sensitive probe to detect hydropho-
bic pockets on protein surfaces (41—-44). Free ANS exhibits only
weak fluorescence that is maximal near 520 nm, but when ANS
binds to a hydrophobic site in a partially or fully folded protein,
the fluorescence peak increases in amplitude and shifts to a
shorter wavelength (42). ANS also has an anionic sulfonate
group that can interact with cationic groups (e.g. Arg or Lys
residues) through ion-pair formation which may be further
strengthened by hydrophobic interactions (43— 46).

To evaluate further the importance of metal ion binding, we
measured spectral changes related to the binding of cobalt and
copper to the same SODI1 proteins. We observed that as-iso-
lated WT-like mutants containing zinc could interact with cop-
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per ions to produce an electrophoretic mobility and decreased
hydrophobicity resembling that of the fully metalated holo-WT
SODL. In contrast, we saw no evidence for copper binding to
MBR mutants in a manner that alters their hydrodynamic prop-
erties or their hydrophobicity. Our data suggest that binding of
both copper and zinc are important determinants of SOD1 con-
formation and that perturbation of such binding may be rele-
vant to the ALS disease process.

EXPERIMENTAL PROCEDURES

Materials—EDTA was from Invitrogen; sodium phosphate
(monobasic and dibasic), potassium phosphate (monobasic and
dibasic), KCl, NaCl, glycine, and Tris base were from J. T. Baker
Inc.; ANS was from Invitrogen; Tris(2-carboxyethyl)phosphine
(TCEP), Coomassie Plus protein assay kit, BCA protein assay
kit, and Gel Code blue were from Pierce; HEPES-free acid was
from VWR; iodoacetamide, sodium acetate, native PAGE
markers, trehalose, CoCl,, CuCl,, ZnCl,, and KOH were
from Sigma; 1,4-dithiothreitol, SDS, HCI, methanol, and
acetic acid were from EM Science; dual color SDS-PAGE
markers, Chelex™-100 resin, and bromphenol blue were
from Bio-Rad. All solutions were prepared using Milli-Q
(Millipore) ultrapurified water.

SOD1 Protein Purification—Human WT or ALS-related
mutant SOD1 enzymes (A4V, G85R, G93A, D124V, D125H,
and S134N) containing biologically incorporated metal ions
were isolated from a baculoviral expression system as described
previously (17) but without supplementation of the culture
medium with additional copper and zinc. Proteins expressed in
insect cells were purified by solubility in 60% NH,(SO,), fol-
lowed by sequential hydrophobic interaction and ion exchange
gradient chromatography at physiological pH values as
described (17). Protein concentrations were determined spec-
troscopically using a dimeric molar extinction coefficient of
10,800 M~ ' cm ™' at 280 nm (47) and also by a modified Brad-
ford assay (Coomassie Plus™, Pierce). EDTA (0.1 mm) was
included in the isolation buffer to inhibit proteases and also to
remove any loosely bound metals before metal content analysis.
Non-ALS mutant SOD1s lacking the disulfide bond (C57S and
C146S) were expressed in the EGy118 strain of Saccharomyces
cerevisiae and purified as described previously (48).

Metal Contents and Chelation—The metal contents of all the
SODI1 proteins were assessed using inductively coupled plasma
mass spectrometry (Agilent 7500ce) and an octopole reaction
system utilizing both hydrogen and helium gas for polyatomic
interference removal at the UCLA Department of Chemistry
and Biochemistry Elemental Analysis and Speciation Facility.
The fully metallated holoenzyme is expected to contain two
equivalents each of copper and zinc per dimer. ApoWT SOD1,
lacking both copper and zinc, was prepared using a demetalla-
tion protocol modified from Lyons et al., (49). Briefly, WT
SOD1 was dialyzed against 100 mm acetate buffer (pH 3.8) in
the presence of 10 mm EDTA for 48 h at 4 °C with 3 changes
against 1 liter of buffer every 10—12 h. The protein was then
dialyzed overnight at 4 °C against 100 mm acetate buffer (pH
5.5) containing 1 mm EDTA. The buffers used for further dial-
ysis were treated with Chelex™ 100 resin (Bio-Rad) to remove
any contaminating metal ions. SOD1 was equilibrated with 2
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changes of a buffer containing 20 mm HEPES (pH 7.2) plus
150 mMm KCI. After dialysis, the protein was concentrated by
centrifugal filtration (Amicon Ultra, Millipore). Metal con-
tent analysis was performed as above following the demetal-
lation procedure.

PAGE—Purified SOD1 proteins were separated by gel elec-
trophoresis under native, non-reducing, fully denaturing, or
partially denaturing conditions as described previously (5, 17,
20). For native PAGE, proteins were equilibrated for 30 min
with the non-denaturing sample buffer (62 mm Tris (pH 6.8),
10% glycerol, 0.01% bromphenol blue) before running on 15%
gels (unless otherwise indicated) using ice-cold Tris-glycine
buffer (25 mm Tris, 192 mMm glycine (pH 8.3)). For non-reducing
SDS-PAGE and analysis of disulfide bond status, samples were
treated with 5 mm iodoacetamide for 1 h at 25 °C before the
addition of non-reducing sample buffer (62 mm Tris (pH 6.8)
10% glycerol, 2% SDS, 0.01% bromphenol blue). Samples were
boiled for 3 min and then loaded on 15% gels.

Fluorescence—Steady-state fluorescence spectra were col-
lected using a T-format Spex Fluorolog-3 (Instruments S. A.
Inc., Edison, NJ) outfitted with Glan-Thompson polarizers at
the Univ. of Massachusetts Medical School Dept. of Biochem-
istry and Molecular Pharmacology. Samples were excited with
vertically polarized light at 370 nm and detected at the optimal
angle (54.7°) to eliminate polarization bias from the monochro-
mators and detectors. Bandwidths were 5 and 10 nm for exci-
tation and emission, respectively. Spectra were collected 3
times using a 1-nm step size and a 0.5-s integration time at 25 °C
and then averaged. Except for the ANS titration, all experi-
ments were performed at pH 7.2 using 10 um ANS with 10 um
dimeric SOD1 either in phosphate buffer (20 mm potassium
phosphate (pH 7.2) + 150 mm KCI + 200 mm trehalose) or in
HEPES buffer (20 mm HEPES (pH 7.2) + 150 mm KCI + 200 mm
trehalose). ANS was incubated with proteins for 1 h at 25 °C
before collecting the spectra.

ANS Titration—Increasing amounts of ANS (0, 0.5, 1, 2, 3, 5,
10, 20, 50, and 100 uMm) were added to 10 uM dimeric SOD1
proteins (holo-WT or G85R), and the mixtures were equili-
brated at 25 °C for 10 min before acquiring each spectrum.
Titration of ANS into the buffer without protein yielded a flu-
orescence peak at 518 * 1.5 nm for free ANS that was inde-
pendent of the ANS concentration, and these curves provided a
constraint for subsequent fitting. ANS titration spectra were
fitted globally to a single site binding model ([P] + [ANS] <>
[P/ANS]) using a Levenberg-Marquardt nonlinear least-
squares algorithm implemented in Savuka Version 6.2 (50, 51).
ANS fluorescence values at emission wavelengths from 400 —
600 nm were fitted simultaneously with the K, as a global vari-
able parameter. The free ANS fluorescence intensity at a given
wavelength was a local parameter fixed to the experimentally
determined free ANS fluorescence spectrum. A global scaling
parameter for the free ANS spectrum was used to account for
differences in the system gain and small (<5%) variations in the
determination of the ANS concentration. The bound ANS flu-
orescence intensity at each wavelength (for 201 values using
1-nm increments) was treated as a local variable parameter to
be optimized during the fit. In total, 203 parameters (201 local
and 2 global) were simultaneously fitted to 201 binding curves.
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FIGURE 1. A, WT SOD1 structure showing the position of the C57-C146 intra-
subunit disulfide bond (S-S, yellow), bound copper and zinc ions, and ALS
mutant residues. The residues altered in A4V, G85R, G93A, D124V, and S134N
SOD1s are indicated as green spheres. The backbone of the B-barrel core and
the loops is shown in a rainbow color, from blue at the amino terminus to red
atthe carboxyl terminus. The figure was generated using PyMOL (84) and PDB
entry THL5 (22). B, chemical structure of ANS fluorophore.

This analysis yielded a K, value for ANS binding and allowed us
to deconvolute the spectra for bound versus free ANS fluores-
cence. 10 um ANS was found to be optimal to ensure detection
of weak binding to holo-WT SOD1 yet avoid excessive fluores-
cence from free ANS (Fig. 3).

Metal Ion Titrations—Titrations of the SOD1 proteins with
solutions of copper and cobalt chloride were monitored by UV-
visible spectroscopy using a Hewlett Packard 8453 spectropho-
tometer (Wilmington, DE). Five scans were averaged for each
spectrum using a Hewlett Packard UV-visible Chemstation
(Version A.06.04) and were analyzed using Origin (MicroCal)
software. A volume of 150 ul of 0.15—0.25 mm dimeric SOD1
was titrated with 2 eq/dimer of a 10 mm metal chloride solution.
All titrations were in HEPES buffer (20 mm HEPES (pH 7.2) +
150 mm KCIl). After the addition and mixing of metal ions, the
protein solutions were centrifuged at 20,000 X g for 5 min at
4 °C before spectral observations and were maintained at 4 °C
between successive scans.

RESULTS

We purified the WT and five familial ALS-associated human
SODI1 mutants (A4V, G85R, G93A, D124V, and S134N) from
an insect cell expression system (17). These mutants (Fig. 14)
were selected because (i) they are located in distinct regions of
the enzyme, (ii) many of their physicochemical and structural
properties have been characterized, and (iii) they include vari-
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FIGURE 2. Metal contents and electrophoretic mobilities of purified
SOD1s. A, copper and zinc contents by inductively coupled plasma mass
spectrometry, where fully metallated holo-SOD1 is expected to contain 2 eq
of each metal per dimer. Holo-WT, 1.85 copper, 2.2 zinc; apoWT, 0.02 copper,
0.04 zinc; as-isolated WT01, 0.57 copper, 1.69 zinc; A4V, 0.16 copper, 0.97 zinc;
G85R, 0.09 copper, 0.09 zinc; G93A, 0.48 copper, 1.58 zinc; D124V, 0.01 copper,
0.03 zinc; S134N, 0.0 copper, 0.08 zinc. B, native PAGE of SOD1 proteins (10
ug/lane) after incubation at 25 °C for 16-18 h without exposure to TCEP or
EDTA. Markers were carbonic anhydrase (C), albumin (A), and lactalbumin (L).
C, non-reducing SDS-PAGE of WT and mutant SOD1 proteins from B after
tagging free SH groups with iodoacetamide (5 ng/lane). Arrows indicate the
position of the reduced (SH) and oxidized (S-S) SOD1s (6). D, native PAGE of
SOD1 proteins (10 ng/lane) after incubation at 25 °C for 16-18 h with 20 mm
TCEP and 1 mm EDTA. E, non-reducing SDS-PAGE after iodoacetamide tag-
ging of SOD1 proteins treated with 20 mm TCEP and 1 mm EDTA. Panels Band
D were from a single gel, as were panels C and E.

ants shown to produce an ALS phenotype in transgenic rodent
models (A4V, G85R, and G93A) (1, 7, 52). A4V perturbs the
packing within the -barrel interior near the dimer interface
(53). G85R disrupts conserved hydrogen bonding and alters the
metal binding loop IV conformation (54), G93A perturbs a tight
turn at one pole of the B-barrel and increases the mobility of
loops III and V (55), D124V is expected to prevent hydrogen
bonding important for metal ion coordination, and S134N in
the electrostatic loop VII also decreases metal binding (3, 17).
A4V and G93A belong to a subset of ALS mutants that exhibit
several “WT-like” properties, including relatively preserved metal
binding and enzymatic activity, whereas G85R, D124V, and S134N
are “metal binding region” mutants that behave similarly to the
WT apoprotein with regard to decreased enzymatic activity and
altered structure of loops IV and VII (17, 19, 55).

WT and mutant SOD1s were expressed in Sf21 insect cells
and purified as previously described (17), except here we did
not supplement the culture medium with additional copper and
zinc. We verified the purity of the proteins by SDS-PAGE and
by electrospray mass spectrometry (17, 20). These preparations
of SOD1 proteins were generally deficient in copper and vari-
ably deficient in zinc (Fig. 24), as measured by inductively cou-
pled plasma mass spectrometry.
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Disulfide Reduction and Metal Deficiency of WT and Mutant
SOD1Is Impeded Electrophoretic Mobility—The migration of
proteins during native PAGE is influenced by contributions
from net charge and hydrodynamic volume, thus enabling it to
detect both conformational changes and differences in non-
covalent binding events. For SOD1 in particular, native PAGE
can differentially resolve metallated species, including those
produced upon expression of these proteins in insect cells (17,
20). We first compared the mobilities of fully metallated SOD1
holoprotein from human erythrocytes (holo-SOD1), the SOD1
apoprotein lacking both copper and zinc (apoSOD1), and the
as-isolated WT (WTO01) and mutant (A4V, G93A, G85R,
D124V, S134N) SOD1 preparations under native conditions
(Fig. 2B). The mobility of holo-WT SOD1 was slower than that
of disulfide-oxidized apoWT SODI1, as expected because
although both proteins are dimeric (48), apoSOD1 has a greater
net negative charge. As-isolated WT01, A4V, and G93A SOD1s
migrated as species with mobilities intermediate between those
of apo- and holo-SOD1, consistent with their copper deficiency
and the presence of differentially metallated species (Fig. 2B).
Metal binding region mutants D124V and S134N, which were
deficient in both copper and zinc, migrated near the apoWT
protein, with D124V migrating slower because the mutation
caused additional loss of a negative charge. Also consistent
with this, a major component of the metal-deficient G85R
mutant preparation migrated similarly to D124V on native
PAGE (Fig. 2B).

Migration of SOD1 during native PAGE is expected to be
sensitive to conformational changes that may occur upon either
disulfide reduction or loss of bound metal ions or both. There-
fore, to determine the status of the disulfide bond in our prep-
arations by an independent method, we treated the proteins
with iodoacetamide to tag free thiol groups and then separated
them by non-reducing SDS-PAGE as described (6). The results
of Fig. 2C confirmed that the disulfide bond was intact for all of
our as-isolated SOD1s.

Our previous study showed that exposure to disulfide-
reducing agents slows the mobility of ALS mutants during
native PAGE and can expose the normally buried Cys-6 res-
idue at physiological pH (20). Furthermore, the combination
ofareducing agent and a metal chelator was most effective to
unmask an aberrantly increased surface hydrophobicity of
ALS SODI1 mutants (5), suggesting that disulfide reduction
facilitated the extraction of bound metals from the SOD1s
and promoted either SOD1 monomerization or partial
unfolding. In the present study we, therefore, exposed the
as-isolated SOD1 proteins to 20 mMm TCEP and 1 mm EDTA
to determine whether PAGE could detect conformational
changes that might correlate with increased hydrophobicity
under these conditions. In Fig. 2D, the electrophoretic pat-
terns for the metal-deficient G85R, D124V, and S134N
mutants shifted toward a slower migration. Because these
mutants already lacked detectable metal binding before expo-
sure to the chelator, the mobility shift was most consistent with
a conformational change attributable to disulfide reduction and
known formation of unfolded apomonomers under these con-
ditions (20, 48, 56), which would increase the hydrodynamic
volume and decrease the mobility. It has also been shown by
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non-reducing SDS-PAGE of the
treated samples from Fig. 2D con-
firmed that the disulfide bond was
reduced for all of the proteins (Fig.
2E). Overall, these results indicated
that treatment of WT and mutant
SOD1s with TCEP + EDTA pro-
duced conformational changes that
were consistent with disulfide re-
duction and demetallation of the
enzymes.
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FIGURE 3. Titration of ANS binding to holo-WT and G85R mutant SOD1s. 10 uMm concentrations of dimeric
SOD1 proteins (holo-WT or G85R) were incubated with increasing amounts of ANS (0, 0.5, 1, 2, 3, 5, 10, 20, 50,
and 100 um), and fluorescence spectra were obtained upon excitation at 370 nm. The spectra after subtraction
of fluorescence in the absence of ANS are shown as solid black traces in panels A and B (10 um ANS) and C and
D (50 wm ANS) and are not shown for the other ANS concentrations. For each SOD1 protein, all nine ANS spectra
were fitted simultaneously to a single-site binding model (see “Experimental Procedures”). For each concen-
tration of ANS, the fit curve (red traces) was deconvolved into fluorescence attributable to bound ANS (blue
traces) versus free ANS (green traces). The vertical dashed lines indicate A,,,,, for ANS bound to holo-WT (Aand C,
484 nm), ANS bound to G85R (B and D, 482 nm), and free ANS (A-D, 518 nm). The peak fluorescence for bound
versus free ANS as a function of ANS concentration is summarized for holo-WT SOD1 (E) and G85R SOD1 (F).
Error bars indicate =S.D. Metal contents for the SOD1 proteins are as indicated in Fig. 2.

ultracentrifugation as well as size exclusion chromatography
that in the absence of bound metals the disulfide bond
is required to maintain the dimeric state (48, 57). We, therefore,
expected that metal-deficient, disulfide-reduced SOD1s
(whether WT or mutant) would be monomeric, with disor-
dered loops and a partially open B-barrel, as was observed by
solution NMR for a monomeric apoSOD1 mutant (58). Con-
sistent with this, the A4V and G93A mutants treated with
TCEP and EDTA also migrated at the same rate as metal-defi-
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WT or G85R SOD1s to identify an
optimal ANS concentration that
would allow us to detect protein-
bound ANS fluorescence while
minimizing the signal contributed
by free ANS (Fig. 3). We observed
that the peak fluorescence attribut-
able to ANS bound to holo-WT
SOD1 saturated by 10 um ANS,
whereas the peak fluorescence of
free ANS continued to increase linearly with ANS concentra-
tion (Fig. 3E). For the G85R mutant, however, the fluores-
cence attributable to bound ANS was greater compared with
WT at >5 um ANS (Fig. 3F). Although saturation of ANS
binding to the G85R SOD1 occurred above 50 um ANS, the
signal attributable to free ANS also increased at high ANS
concentrations. We considered 10 uMm ANS to be a reasona-
ble ANS concentration for the assay because it ensured sen-
sitivity to detect ANS binding even to the holo-WT enzyme
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FIGURE 4. SOD1 mutants exhibited increased intensity and blue shift of ANS fluorescence compared with WT SOD1. WT and mutant SOD1s with metal
contents as indicated in Fig. 2A were incubated for 16-18 h at 25 °C with or without 20 mm TCEP + 1 mm EDTA. Each protein (10 wm) was then incubated with
10 wM ANS in phosphate buffer (pH 7.2) for 1 h at 25 °C before collecting fluorescence spectra elicited by excitation at 370 nm. A-C, as-isolated, copper-deficient
WTO1, A4V, and G93A SOD1s (solid colored lines) showed increased ANS fluorescence and blue shift (arrows) compared with holo-WT SOD1 (solid black line) or
ANS in buffer without protein (dotted line). Incubation with TCEP + EDTA (dashed lines) increased the ANS fluorescence of A4V and G93A mutants but not that
of WT01 SOD1. D-F, as-isolated metal-deficient mutants G85R, D124V, and S134N (solid colored lines) exhibited increased ANS fluorescence and blue shift
(arrows) compared with apoWT SOD1 (solid dark blue line). Incubation with TCEP + EDTA (dashed lines) increased the ANS fluorescence of the mutants more

than that of apoWT SOD1.

and specificity to detect the blue shift in the fluorescence
peak upon binding.

In Fig. 4A we observed that the fluorescence emission spec-
trum for a solution containing 10 uM holo-WT SOD1 and 10
uM ANS (solid black curve) was nearly identical to the spectrum
for ANS in buffer alone (dotted curve) and exhibited a A, at
507 nm. This suggested only negligible ANS binding to the fully
metallated SOD1 enzyme. In contrast, the as-isolated WTO01
SOD1 showed a shift in the fluorescence peak to 472 nm and a
7.7-fold increase in the magnitude of the peak fluorescence
compared with holo-WT (after subtracting the fluorescence
signal of ANS in the buffer without protein). This was consist-
ent with binding of ANS to one or more accessible sites in
copper-deficient SOD1. Pretreatment of WT01 SOD1 with 20
mM TCEP and 1 mm EDTA did not alter the fluorescence spec-
trum (Fig. 44, dashed line), indicating that disulfide reduction
had no further detectable effect upon ANS binding to the cop-
per-deficient WT SODI.

For two ALS mutant preparations containing zinc but lack-
ing appreciable copper (A4V and G93A), we observed a similar
shift of A, (to 478 and 475 nm, respectively) and an increase

max
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in fluorescence (by 11.9- and 8.9-fold, respectively, after sub-
traction of ANS in buffer alone) compared with the holo-WT
SOD1. Treatment of A4V or G93A proteins with TCEP +
EDTA produced a48 and 51% increase, respectively, in the peak
fluorescence compared with untreated proteins, consistent
with a greater vulnerability to hydrophobic exposure for these
mutants compared with WTO01 SOD1 (Fig. 4, A-C). Despite a
similar slowing of global mobility for the WT01, A4V, and
G93A proteins under these conditions (Fig. 2D), the increased
ANS fluorescence for the mutants suggested that the effects of
these substitutions on the backbone structure (53, 55) or other
localized consequences could be distinguished by the ANS
probe under solution conditions.

Our preparation of WT SOD1 from which copper and zinc
were removed (apoWT) showed a small shiftin A, to 491 nm
and 4.5-fold increase in fluorescence compared with holo-WT
SOD1 after subtraction of ANS in buffer alone (compare Figs. 4,
A and D, solid lines). Upon treatment of apoWT SOD1 with
TCEP + EDTA, the fluorescence increased by 1.5-fold, and
Amax Shifted to 487 nm (Fig. 4D, dashed line). Under these con-
ditions we expected the disulfide-reduced apoWT SOD1 to
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FIGURE 5. UV-visible absorption spectra for as-isolated and metal-substituted SOD1 derivatives. UV-
visible spectra of as-isolated WT02 SOD1 and WT02 incubated for 1 h or 1 day (d) at 4 °C with 2 eq/dimer of Cu?*
(A) or 2 eg/dimer of Co*" (B). As-isolated A4V SOD1 and A4V incubated as above with 2 eq/dimer of Cu?* (C) or
2 eq/dimer of Co?™ (D). As-isolated C57S SOD1 and C57S incubated as above with 2 eq/dimer of Cu®* (E) or 2
eq/dimer of Co®" (F). All proteins were 150-250 uMm in buffer containing 20 mm HEPES (pH 7.2) + 150 mm KCl.
The metal contents (eq/dimer) of as-isolated SOD1 proteins were: WT02, 0.44 copper and 1.42 zinc; A4V, 0.16

copper, 0.97 zinc; C57S, 0.03 copper, 2.25 zinc.

monomerize (48, 57) and to exhibit disorder of loops IV and VII
(22, 39, 40). When disulfide-intact species of the three metal
binding region SOD1 mutants (G85R, D124V, and S134N) were
analyzed under the same conditions, we observed a larger shift
in A, (to 476,481, and 477 nm, respectively) and greater ANS
fluorescence (by 2.7-, 2.3-, and 3.5-fold, respectively) compared
with that of the apoWT protein (Fig. 4, D-F, solid lines). Upon
treatment of each mutant with TCEP + EDTA, the relative
fluorescence increased by 1.4-, 1.7-, and 1.5-fold, respectively
(Fig. 4, D—F, dashed lines). Overall, these results suggested that
(i) both WT-like and metal binding region ALS mutants per-
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WTO02 SOD1 (1.42 eq/dimer of zinc
and 0.44 eq/dimer of copper) readily
bound additional Cu** in the cop-
per site, as evidenced by augmenta-
tion of the absorbance at 670 nm
(Fig. 5A). If appreciable Cu*>" had
instead bound to the zinc site, the
absorbance peak would have been
near 810 nm (49, 60, 62). In Fig. 5B, we observed that this WT
SOD1 preparation did not appear to bind appreciable Co**, as
evidenced by the lack of signature absorbance peaks in the
range of 500—-650 nm. This suggested that the zinc site was
nearly fully occupied by Zn**, which Co>* could not displace.

Fig. 5C shows that the as-isolated A4V SOD1 (0.97 eq/dimer
of zinc and 0.16 eq/dimer of copper) was capable of binding
added Cu®" to the copper site at pH 7.2, similar to WT SODI.
An increase in absorbance at 500 nm was observed over 24 h
that suggested possible copper shifting to the zinc site or other
changes occurring at the copper site (60). Furthermore, this
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preparation of A4V bound Co®", as evidenced by the absorb-
ance peaks at 500 — 650 nm (Fig. 5D), which was consistent with
incomplete occupancy of the zinc site in the as-isolated
preparation.

Because the intrasubunit disulfide bond between Cys-57 and
Cys-146 may affect the ability to load Cu®" into SOD1, we next
tested whether genetic ablation of the disulfide linkage might
affect metal binding. Two human SOD1 mutants that prevent
disulfide bond formation (C57S and C146S) were expressed in
yeast and purified (48). For C57S (2.25 eq/dimer of zinc and
0.03 eq/dimer of copper), we detected binding of additional
Cu®" to the copper site (Fig. 5E). For this mutant, though, the
absorbance peak was shifted to 635 nm, indicating a more
square planar copper coordination geometry compared with
WT SOD1. Only minimal Co®" binding was observed (Fig. 5F).
These results suggested that this preparation of C57S could
accommodate Cu®" to the copper site and maintained high
Zn>" occupancy of the zinc site, as was also observed for C146S
SOD1 (not shown). Furthermore, no high affinity copper bind-
ing was detected for G85R SOD1 (not shown).

Decreased Interaction of ANS with SOD1 upon Metal Loading—
The results of Fig. 5 suggested that copper and zinc ions added
at pH 7.2 can occupy their appropriate sites in as-isolated WT
SOD1 and some of the ALS mutants. We hypothesized that
repletion of metal ions may alter the SOD1 electrophoretic
mobility in a manner that correlates with decreased abnormal
hydrophobic exposure. To define the effects of metallation
upon SOD1 mobility during native PAGE, we first titrated zinc
and copper ions into apoWT SOD1 at pH 7.2 (Fig. 6A4). ApoWT
SOD1 treated with only 1.0 eq/dimer of Zn*>* showed an elec-
trophoretic mobility intermediate between the untreated
apoWT and the holo-WT protein (Fig. 64, first through third
lanes), as was expected for the decreased net negative charge.
The addition of 2.0 or 4.0 eq/dimer of Zn>" to apoWT SOD1
caused only a modest additional slowing of mobility, consistent
with previous studies showing that binding of the first Zn>" to
apoSOD1 is a major thermodynamic event (63) that increases
stability of the protein (18, 48, 56, 64). The zinc loading was also
consistent with calorimetry of bovine SOD1 in which addition
of 4.0 eq/dimer of Zn>" increased the melting temperature
(T,,) of the enzyme to 79 °C, which still remained lower than the
T,, of 96 °C for bovine holo-WT SOD1 (65). In the absence of
prior zinc loading, however, exposure of apoWT SODI to
either 1.0 or 2.0 eq/dimer of Cu®" did not substantially alter the
SOD1 mobility (Fig. 6A, sixth and seventh lanes). This was con-
sistent with studies suggesting that Zn>" binding may be a pre-
requisite for efficient copper loading into SOD1 (66). We
observed that prior loading of apoSOD1 with 2.0 eq/dimer of
Zn*" followed by the addition of 2.0 eq/dimer of Cu** was
most effective to produce a species with an electrophoretic
mobility that closely resembled holo-WT SOD1 (Fig. 64, com-
pare first and twelfth lanes).

We next tested whether two experimental (non-ALS) SOD1
mutants, C57S and C146S, which prevent disulfide bond for-
mation (48), also alter the electrophoretic mobility upon
addition of metal ions. Metal analysis by inductively coupled
plasma mass spectrometry of these as-isolated preparations
showed that they were fully zinc-loaded (2.0-2.3 eq/dimer)
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but copper-deficient (0.03—-0.19 eq/dimer). For as-isolated
C57S, we observed two main electrophoretic species on native
PAGE with substantially accelerated migration compared with
holo-WT SOD1 (Fig. 6B, first and second lanes). Our C57S
preparation was zinc-replete and thereby expected to be
dimeric and well folded (48); the migration differences in Fig.
6B, therefore, depend mainly on charge differences caused by
differential metal occupancy. Exposure to 1 mm EDTA did not
alter the electrophoretic pattern, supporting the likelihood that
the metal ions present were tightly bound. The addition of an
extra 2.0 eq/dimer of Zn>" also did not change the mobility of
the observed species, consistent with full zinc-site occupancy
for these proteins. In contrast, upon the addition of 2.0
eq/dimer of Cu®" to as-isolated C57S, the fastest migrating
species was decreased in abundance, and a new species with
slower mobility appeared (Fig. 6B, fifth lane), consistent with
copper binding to the copper site as observed in the spectra of
Fig. 5E. Similar findings were obtained for the C146S SOD1
mutant (Fig. 6B, seventh through eleventh lanes). Overall, these
results suggested that Cu®>* can bind efficiently to zinc-loaded
SOD1 and can alter its mobility during native PAGE without
the requirement of an intact disulfide bond.

The effects of metal ion loading to affect SOD1 electro-
phoretic mobility raised the possibility that zinc or copper
binding might alter the SOD1 surface hydrophobicity. We next
measured ANS fluorescence of the as-isolated C57S (Fig. 6C)
and C146S (Fig. 6D) SOD1s before and after treatment with
EDTA, Zn*", Cu*", or Zn** + Cu®" ions. Cu®" is a paramag-
netic ion known to quench the fluorescence from tryptophan
and tyrosine residues (67, 68). As it is not known if the para-
magnetic effects of copper can similarly quench ANS fluores-
cence, we measured the effect of up to 15-fold higher concen-
tration of Cu®* ions in the buffer (up to 300 um) and observed
that copper did not quench or decrease ANS fluorescence (data
not shown). Furthermore, ANS has been successfully used as a
hydrophobic fluorophore for other experiments that employed
paramagnetic ions such as copper and iron (69-71).

In Fig. 6C, ANS incubated with holo-WT SOD1 (which con-
tained 2.2 zinc and 1.85 copper per dimer) showed minimal
fluorescence above the background observed in the absence of
protein, indicating no significant ANS binding to a hydropho-
bic site. In contrast, ANS incubated with the copper-deficient
as-isolated C57S SOD1 showed increased fluorescence inten-
sity and a shift of the A, from 513 to 493 nm (Fig. 6C), con-
sistent with increased hydrophobic exposure compared with
holo-WT SOD1. Exposure to 1 mm EDTA slightly decreased
the ANS fluorescence of C57S SOD1. The addition of an extra
2.0 eq/dimer of Zn>"* to the as-isolated C57S SOD1 (which
already contained 2.3 eq/dimer of Zn>") produced a decrease in
ANS fluorescence and a shift of A, to 506 nm. Moreover, the
most effective treatment to abrogate the ANS binding was the
addition of 2.0 eq/dimer of Cu** to C57S SOD1, which pro-
duced a fluorescence spectrum very similar to holo-WT SOD1
(Fig. 6C). We obtained similar results using the as-isolated
C146S mutant, which was less completely copper-deficient and
contained 0.19 eq/dimer Cu®"; for this mutant, EDTA slightly
increased the ANS fluorescence, possibly by chelating Cu®"
that was loosely bound (Fig. 6D). Overall, these findings dem-
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FIGURE 6. Metal ion binding to SOD1 proteins slowed the electrophoretic mobility and decreased ANS fluorescence. A, apoWT SOD1 was incubated with
Zn%* (0-4eq/dimer) for 1 h followed by Cu®* (0-4 eqg/dimer) for 24 h at 25 °C. The mobility for these species during native PAGE (18% gel, 5 ug of protein/lane)
was compared with that of holo-WT SOD1 (dashed line). Markers were carbonic anhydrase (C), albumin (4), and lactalbumin (L). B, as-isolated C57S and C146S
SOD1 mutants incapable of forming the native disulfide bond were incubated with 0-2 eq/dimer of Zn?* or 1 mm EDTA for 1 h followed by 0-2 eq/dimer of
Cu?* for 24 h at 25 °C. Electrophoretic mobility was visualized by native PAGE (15% gel, 5 ug/lane) and compared with that of holo-WT SOD1. The metal
contents (eq/dimer) of as-isolated SOD1 proteins were: C57S, 0.03 copper, 2.25 zinc; C146S, 0.19 copper, 1.96 zinc. C, ANS fluorescence was measured as in Fig.
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SOD1. C57S SOD1 that was treated with 2 eq/dimer Zn?* or Cu** or 1 mm EDTA as in B showed a decrease in ANS fluorescence and a shift toward longer

Native PAGE

wavelengths. D, as-isolated C146S mutant SOD1 was treated as in C before collecting fluorescence spectra.

onstrated that incompletely metallated SOD1 exhibits hydro-
phobic properties, as detected by ANS fluorescence that can be
fully abrogated by loading with a total of 2.0 Zn** + 2.0 Cu®*"
per dimer and that such hydrophobic masking does not require
the presence of the intrasubunit disulfide bond.

The as-isolated WT and ALS mutant SOD1s either con-
tained significant zinc but little copper (WT, A4V, and G93A)
or were deficient in both zinc and copper (G85R, D124V, and
S134N). For these proteins we correlated changes in mobility
on native PAGE and changes in ANS fluorescence that resulted
upon exposure to 2.0 eq/dimer of Cu>" (Fig. 7). We measured
the background ANS fluorescence of buffer with and without
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copper and found no change in fluorescence intensity (Fig. 7B).
When copper was added to WT, A4V, and G93A SOD1s that
contained zinc and could accept copper, the mobility was
slowed (Fig. 7A), and the ANS fluorescence decreased for WT
(Fig. 7B) and for the A4V or G93A mutants (Fig. 7C). When 2.0
eq/dimer of Cu®>* was added to G85R and D124V, which each
contained <0.1 eq/dimer of Zn>", no change in the mobility
(Fig. 7A) and only a small decrease in ANS fluorescence (Fig.
7D) were observed. Similarly, apoWT SOD1 did not show any
change in electrophoretic mobility when copper was added in
the absence of prior zinc loading (Fig. 7A). Overall, these results
supported the hypothesis that full occupancy of both zinc and
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copper sites may be required to minimize ANS fluorescence
and hydrophobic exposure of mutant SOD1s.

DISCUSSION

A central unanswered question regarding ALS pathogenesis
related to SOD1 mutants is, How do so many subtle and distinct
perturbations of the enzyme produce a strikingly similar down-
stream toxicity to motor neurons? The properties of ALS-re-
lated SOD1 mutants may be altered directly by each mutant
residue or more globally as a consequence of changes in disul-
fide bond status or metal ion binding in vivo. Novel findings of
the present study are (i) as-isolated SOD1 mutants capable of
incorporating exogenous copper, zinc, or cobalt ions appear to
bind metals to the correct sites at pH 7.2, (ii) metal occupancy of
both the zinc and copper sites of SOD1 can prevent abnormal
hydrophobic exposure as detected by ANS fluorescence, (iii) an
intact disulfide bond between Cys-57 and Cys-146 is not
required to prevent hydrophobicity so long as the metal sites
are occupied, and (iv) the requirement of zinc binding to orga-
nize loops IV (residues 49 — 84) and VII (residues 121-142) and
to preorganize the copper binding site may explain why metal
binding region mutants remain highly hydrophobic even in the
presence of available copper.

Previous studies have characterized human SOD1 structural
changes in solution as a function of metal binding, disulfide
bond formation, dimerization, and the presence of disease-re-
lated or experimental mutations (38, 39, 48, 55-58, 72-76).
Zinc binding to apoSOD1 decreases the mobility of the zinc
binding (loop IV) and electrostatic (loop VII) regions and also
preorganizes the copper binding site (58, 74). Consistent with
this, the crystal structures for apoWT and metal-deficient
mutant SOD1s (e.g. H46R, G85R, D124V, and S134N) show a
structured B-barrel core with disorder of loops IV and VII (3,
22, 54, 77). The importance of zinc binding to order loops IV
and VII has been suggested by molecular dynamics simulations
(78) and isothermal titration calorimetry (63); furthermore,
bound copper is insufficient to order the loops in the absence of
zinc binding (79). The dimer interface region of loop IV is teth-
ered to the B-barrel by the disulfide linkage between Cys-57 and
Cys-146, and either zinc acquisition or disulfide oxidation can
convert disulfide-reduced apoSOD1 monomers to a dimeric
form (48, 56). Low metal occupancy or loss of metals because of
oxidative damage may also contribute to SOD1 destabilization
and aggregation (29, 31).

These considerations have led to the suggestion that diverse
ALS mutants may all share a tendency to increase the popula-
tion of metal-deficient or disulfide-reduced SOD1 species as a
consequence of perturbed folding or post-translational proc-
essing (12, 19, 57, 80). Our data showing a uniform slowing of
electrophoretic mobility for disulfide-reduced, metal-depleted
SOD1 species (Fig. 2D) demonstrate that ALS mutants and WT

decreased the ANS fluorescence in a manner that correlated with the slowing
of mobility observed for more highly metallated SOD1 in A. ANS and SOD1
were 10 uM each in HEPES buffer (pH 7.2, see “Experimental Procedures”).
C, ANS fluorescence decreased in parallel with the slowed mobility for the
as-isolated WT-like mutants A4V and G93A after incubation with 2 eq/dimer
of Cu?" for 24 h at 25°C. D, ANS fluorescence of MBR mutants G85R and
D124V was minimally affected by incubation with Cu™.
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SOD1 can acquire similar conformational properties. Because
mutant SOD1 species also exhibit increased hydrophobic expo-
sure under similar conditions (5) and in ALS tissues (5, 6), it is
important to define the relative importance of the disulfide
linkage and metal binding to SOD1 hydrophobicity. In this
study we used spectroscopic methods and a hydrophobic probe
(ANS) to determine that the abnormal increase in SOD1 hydro-
phobicity correlated best with impaired SOD1 metal binding
rather than with absence of the disulfide bond.

The zinc binding affinity was previously shown to be
decreased for A4V, A4T, 138V, and I113T mutants compared
with WT SOD1 under conditions of 2 M urea (81). Furthermore,
mislocalization of metals occurred when zinc and copper ions
were added at pH 5.5 to mutant SOD1s (A4V, L38V, and G93A)
that had been previously stripped of metals at acid pH (62).
Given this evidence for perturbation of the metal binding prop-
erties for reasonably well folded ALS mutants, it was surprising
that the as-isolated A4V SOD1 could accept copper and cobalt
ions to the appropriate sites at pH 7.2 (Fig. 5, C and D). The
absorbance maximum at 673 nm for Cu>" bound to both WT
and A4V SOD1s after 1 h was indicative of the normal distorted
tetragonal coordination geometry favorable to redox cycling of
the active site copper. In contrast, binding of Cu®" to the exper-
imental mutant C57S produced an absorbance maximum that
was shifted to 635 nm (Fig. 5E). This suggests that in the
absence of the disulfide bond, bound Cu** adopts a more
square planar coordination similar to that observed for the
yeast H48C SOD1 mutant (82) or the ALS mutant H48Q (17).
The implication is that disulfide bond formation may contrib-
ute to the “strain” induced by the protein upon the copper coor-
dination geometry that enables efficient cycling between Cu®*
and Cu™ states.

Also surprising was the effectiveness of copper binding to
decrease the hydrophobicity of as-isolated WT, A4V, G93A,
and the experimental mutants C57S and C146S. Although zinc
binding is clearly important for ordering loops IV and VII of
SOD1, our current findings indicate that copper deficiency also
produces a significant conformational perturbation, as copper
loading was required for ablation of ANS fluorescence and for
restoring electrophoretic mobility (Figs. 6 and 7). Although
incubation with excess zinc also decreased hydrophobicity of
C57S and C1468S, zinc was not as effective as copper. Zn>"
coordination to the copper site would be expected to favor a
more tetrahedral geometry, similar to Cu™ binding. Because of
its completely filled d shell, Zn>" is not affected by the ligand
field stabilization energy that can influence Cu®* coordination.
In contrast to the zinc-containing mutants, metal binding
region mutants that do not bind Zn** with high affinity (G85R
and D124V) retained their abnormal mobility and ANS fluores-
cence despite incubation with Cu®" (Fig. 7). Overall, these
results indicate that full metal occupancy is not only critical
for SOD1 extreme thermal stability (18, 31, 65) but is also
more important than disulfide bond status to prevent abnor-
mal hydrophobic exposure.

Both the binding and fluorescence properties of ANS are
influenced strongly by local environmental variables, which
include not only hydrophobicity but also neighboring charged
groups and the solvent polarity and viscosity (43, 44, 83). Inter-
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action of positively charged arginine or lysine side chains with
the sulfonate group of ANS (Fig. 1B), for instance, may contrib-
ute to ANS binding and the charge transfer processes that
define the ANS fluorescence emission maximum (43, 44, 83).
We were surprised to observe that compared with apoWT
SOD1, the partially metalated WT01 SOD1 produced an
increase in ANS fluorescence and blue shift of the peak (Fig. 4,
A and D). This could be caused either by formation of a local
hydrophobic pocket or by a change in the position of neighbor-
ing charged residues upon zinc binding. ANS can, therefore, act
as a sensitive probe to measure subtle changes in the local envi-
ronment of the protein.

Our observation that Cu®>* binding inhibits abnormal ANS
fluorescence (Figs. 5-7) suggests that associated conforma-
tional changes upon copper site occupancy can mask either the
ANS binding or its fluorescence emission. The conformation of
Arg-143 is critical for SOD1 enzymatic activity and is properly
constrained in the dimeric holoenzyme but not in monomeric
(38) or disulfide-reduced Empty, Zinc-SOD1 (38). It is note-
worthy that Val-118, which is buried in the SOD1 holoenzyme,
becomes exposed in a hydrophobic pocket near Arg-143 in dis-
ulfide-reduced Empty, Zinc-SOD1 (39). Further definitive
studies are in progress to map the locations of ANS interaction
with different SOD1 species. Overall, these findings suggest
that failure of SOD1 mutant species to acquire or retain metal
ions, especially copper, may influence the observed hydropho-
bic exposure and contribute to abnormal interactions with
other proteins or lipids in vivo.
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