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ABSTRACT: Mutations in human copper—zinc superoxide dismutase (SOD1) cause an inherited form of the
fatal neurodegenerative disease amyotrophic lateral sclerosis (ALS). Here, we present structures of the patho-
genic SODI variants D124V and H80R, both of which demonstrate compromised zinc-binding sites. The
disruption of the zinc-binding sites in HS80OR SODI leads to conformational changes in loop elements,
permitting non-native SOD1—SODI1 interactions that mediate the assembly of these proteins into higher-
order filamentous arrays. Analytical ultracentrifugation sedimentation velocity experiments indicate that
these SODI variants are more prone to monomerization than the wild-type enzyme. Although D124V and
HS80R SODI1 proteins appear to have fully functional copper-binding sites, inductively coupled plasma mass
spectrometery (ICP-MS) and anomalous scattering X-ray diffraction analyses reveal that zinc (not copper)
occupies the copper-binding sites in these variants. The absence of copper in these proteins, together with the
results of covalent thiol modification experiments in yeast strains with and without the gene encoding the
copper chaperone for SOD1 (CCS), suggests that CCS may not fully act on newly translated forms of these
polypeptides. Overall, these findings lend support to the hypothesis that immature mutant SOD1 species

contribute to toxicity in SOD1-linked ALS.

Copper—zinc superoxide dismutase (SOD1)" detoxifies super-
oxide anion, a byproduct of cellular respiration, to molecular
oxygen and hydrogen peroxide 20, 4+ 2H" — H,0, 4+ O] (I).
In the early 1990s, mutations in the human gene encoding SOD1
were linked to the fatal, progressive neurodegenerative disease
amyotrophic lateral sclerosis (ALS, Lou Gehrig’s disease) (2, 3).
Today, more than 100 distinct pathogenic mutations have been
documented (reviewed in refs (£) and (5)), with most resulting in
single amino acid substitutions and a few in truncations of the
polypeptide.

Seminal studies in transgenic mice have established that
pathogenic SODI1 proteins give rise to motor neuron dysfunction

"This work was supported by National Institutes of Health Grants
NS39112 (P.J.H.), RR022200 (B.D.), NS049134 (J.S.V.), and GM 50016
(V.C.C.), National Science Foundation Grant TG-MCB070038 (B.D.),
and the Johns Hopkins University NIEHS center (V.C.C.). D.D.W. and
L.J.W. were supported in part by an American Foundation for Aging
Research predoctoral fellowship. X.C. and S.V.S. were supported in
part by the Judith and Jean Pape Adams Charitable Foundation and the
William and Ella Owens Medical Research Foundation.

*To whom correspondence should be addressed. E-mail: pjhart@
biochem.uthscsa.edu. Telephone: (210) 567-0751. Fax: (210) 567-6595.

! Abbreviations: SODI, copper—zinc superoxide dismutase; ALS, amyo-
trophic lateral sclerosis; fALS, familial amyotrophic lateral sclerosis;
D124V, copper—zinc superoxide dismutase with D124 substituted with
Val; H80R, copper—zinc superoxide dismutase with H80 substituted with
Arg; CCS, copper chaperone for SOD1; 2DSA, two-dimensional spectrum
analysis; SOMO, SOlution MOdeler; ASTFEM-RA, Adaptive Space-Time
Finite Element Solution for Multicomponent-Reacting Systems; [CP-MS,
inductively coupled plasma mass spectrometry; AMS, 4-acetamido-4'-
maleimidylstilbene-2,2'-disulfonic acid; EDTA, ethylenediaminetetraacetic
acid; PDB, Protein Data Bank; rmsd, root-mean-square deviation.

pubs.acs.org/Biochemistry Published on Web 06/01/2010

through the gain of a toxic property and not a loss of enzymatic
function. Mice expressing human fALS SOD1 polypeptides in
addition to their endogenous active SOD1 develop paralytic
symptoms (6—38), while SOD1 knockout mice do not (9). The
appearance of inclusions enriched in mutant SOD1 in cell culture
model systems, in ALS-SOD1 transgenic mice, and in fALS pati-
ents has led to the suggestion that SOD1-linked ALS toxicity is
related to misfolding and/or aggregation of these polypeptides
(reviewed in refs (/0—12)). However, the precise molecular
mechanisms underlying mutant SODI1 toxicity remain unknown,
and it is unclear whether the observed proteinaceous inclusions
cause or arise from motor neuron dysfunction.

The appearance of insoluble, higher-order assemblies of patho-
genic SODI proteins in patients and in murine models of the
disease strongly suggests that these SOD1 variants possess pro-
perties distinct from those of the wild-type enzyme that lead to
their aggregation in vivo. Previous studies of wild-type SOD1
have highlighted the stabilizing roles of both metal ion binding
and the presence of an oxidized intrasubunit disulfide bond
(13—15). Both of these stabilizing posttranslational modifica-
tions of nascent SOD1 are facilitated by a helper protein called
the copper chaperone for SOD1 (CCS) (16— 18). Pathogenic SOD1
mutations that alter CCS/SOD]1 protein—protein interactions or
prevent proper CCS action could result in destabilized, immature
SODI proteins that are prone to non-native self-association
4,5, 19).

Here, we characterize the human pathogenic SOD1 variants
D124V and H80R using single-crystal X-ray diffraction, analytical
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ultracentrifugation, and covalent thiol modification. The find-
ings (1) reinforce previous observations that the absence of metal
ions in the zinc-binding sites of SOD1 variants can result in non-
native intermolecular interactions that give rise to higher-order
filamentous arrays (20), (2) reveal that both the D124V and
H80R SOD1 homodimers are more prone to dissociation than
the wild-type enzyme, and (3) suggest that unlike the wild-type
enzyme, CCS may not be able to interact productively with these
pathogenic SOD1 variants in vivo. The resulting metal-deficient,
destabilized mutant SODI proteins can essentially be considered
as trapped folding intermediates that may be prone to oligomeri-
zation in motor neurons.

EXPERIMENTAL PROCEDURES

Materials. Monobasic and dibasic potassium phosphate, yeast
extract, peptone, dextrose (glucose), EDTA, sodium chloride,
acetic acid, and sodium acetate (used for demetalation) were
obtained from Fischer Scientific. Ammonium sulfate was pur-
chased from US Biological. Tris base [tris(hydroxymethyl)amino-
ethane] was purchased from Research Products International.
Sodium malonate was from Fluka. AMS (4-acetamido-4’-male-
imidylstilbene-2,2'-disulfonic acid) was purchased from Invitro-
gen. Agarose, glycerol (ethylene glycol), and the protease inhi-
bitor cocktail were obtained from Sigma. Pfu DNA polymerase
and deoxyribonucleotides were purchased from Stratagene.
Glass beads were obtained from Biospec. Crystallization screen-
ing kits were obtained from Qiagen, and crystal growth trays
were purchased from Hampton Research. Phenyl Sepharose,
DEAE Sephadex, and Sephadex G-75 resin beads were pur-
chased from Pharmacia. All solutions unless otherwise noted in
the text were prepared using deionized water passed through a
Millipore ultra purification system.

Protein Expression and Purification. The human D124V
and H80R SODI proteins used in this study were expressed,
purified, stripped of metals (for analytical ultracentrifugation),
and characterized by inductively coupled plasma mass spectro-
metry (ICP-MS) and electrospray ionization mass spectrometry
as described previously (/4).

Crystallization, Data Collection, Structure Determination,
and Refinement. All crystals were grown at room temperature
using the hanging drop vapor diffusion method. Protein concen-
trations for the D124V and H80R SODI1 samples used in crys-
tallization trials were 8.0 and 18.7 mg/mL, respectively. Because
D124V SODI tends to precipitate from solution over time, it
could not be stored for later use and was therefore used in
crystallization experiments immediately after purification and
concentration. These SODI variants in 2.25 mM potassium
phosphate (pH 7.0) and 160 mM sodium chloride were mixed
with an equal volume of reservoir solution containing 2.4 M
sodium malonate (pH 7.0) for D124V or 2.3 M ammonium
sulfate and 100 mM Tris (pH 8.0) for H80R. Teardrop-shaped
crystals of D124V SODI1 grew in space group P2;2,2; within one
week. Slender, rodlike crystals of H80R SODI1 grew in space
group P2y, also within one week, while blocklike prisms of HSOR
SODI grew in space group P2,2,2, after approximately two
months in the same crystallization drop as the monoclinic form.
Specimens of each crystal form suitable for single-crystal X-ray
diffraction work were soaked in a cryoprotectant consisting of
reservoir solution made 15% (v/v) in ethylene glycol before being
flash-cooled by being plunged into liquid nitrogen. Native
diffraction data from the D124V and H80R orthorhombic crystal
forms were collected at resolutions of 1.55 and 1.65 A, respectively,
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at Advanced Light Source (Berkeley, CA) beamline 8.2.2 on an
Area Detector Systems Corp. Q315R CCD detector. Native
diffraction data from the monoclinic H80R crystal form were
collected at a resolution of 1.85 A at the X-ray Crystallography
Core Laboratory at The University of Texas Health Science
Center on a Rigaku FR-D High Flux X-ray generator equipped
with Osmic purple optics and a Rigaku HTC imaging plate
detector. All diffraction data were processed using the HKL.2000
suite (21).

The identities of metal ions bound in the D124V and H80R
SOD1 proteins “as purified” were determined by ICP-MS and by
collection of diffraction data from D124V and H80R crystals
using X-rays of wavelengths (energies) tuned to the copper and
zinc absorption edges as described previously for the pathogenic
SOD1 variant G85R (22). The scattering of X-rays is altered by a
metal ion at its absorption edge (anomalous scattering), and this
property causes the metal to be illuminated in an electron density
map, revealing both its location and an estimate of the amount
(occupancy) bound at each site. The energy of X-rays tuned to the
copper edge illuminates zinc only very weakly, providing a means
of discriminating between the two metal ions. Anomalous
diffraction data from the D124V and H80R orthorhombic crystal
forms were collected at beamline 8.2.1 at the Advanced Light
Source on an Area Detector Systems Corp. Q315R CCD
detector. The first data sets were collected at the zinc absorption
edge and above the copper absorption edge, giving anomalous
diffraction data: copper f” =3.4 e, and zinc /" = 3.9 e. The
second data sets were collected at a wavelength of 1.38 A, at the
copper and below the zinc absorption edges, giving anomalous
data: copper /" = 3.9 ¢, and zinc /" = 0.6 ¢. The wavelengths for
optimal copper and zinc anomalous diffraction at the Advanced
Light Source were determined by monitoring the X-ray fluores-
cence of the crystals at an angle normal to the incident X-ray
beam immediately prior to data collection.

The D124V and H80R SODI structures were determined by
molecular replacement with MOLREP (23) using the structure of
the human SOD1 variant G37R (Protein Data Bank entry 1AZV)
(24) as the search model. Once positioned, the models were subjec-
ted to alternating cycles of refinement in PHENIX (25) followed by
manual adjustment into ga-weighted electron density maps (26)
with COOT (27). No stereochemical restraints were applied to the
metal—ligand distances or bond angles during refinement.

Analytical Ultracentrifugation. All analytical ultracentri-
fugation experiments were performed with a Beckman Optima
XL-I centrifuge in the Center for Analytical Ultracentrifugation
of Macromolecular Assemblies at The University of Texas
Health Science Center. Sedimentation velocity data were ana-
lyzed with ULTRASCAN (28) version 9.9 (29). All calculations
were performed on the Lonestar cluster at the Texas Advanced
Computing Center at The University of Texas (Austin, TX) and
on the Jacinto cluster at the Bioinformatics Core Facility at The
University of Texas Health Science Center. Velocity measure-
ments were taken at 230 nm in a buffer containing 2.25 mM
sodium phosphate (pH 7.0) and 160 mM NaCl. The samples were
centrifuged at 20.4 °C and 60000 rpm, using standard Epon two-
channel centerpieces. Hydrodynamic corrections for buffer den-
sity, viscosity, and partial specific volume were applied according
to methods outlined by Laue (30) as implemented in ULTRA-
SCAN (28). The partial specific volume was determined to
be 0.725 cm®/g for wild-type human SODI and for HS80R
SODI, whereas the value for D124V SOD1 was 0.727 cm’/g. All
data were first analyzed by two-dimensional spectrum analysis
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Table 1: X-ray Diffraction Data and Refinement Statistics®

D124V, P2,2,2, H80R, P2,2,2,
D124V, P2,2,2,, HS8O0R, P2,2,2,, H8OR, P2,
3H2P 3H2R 3H2Q copper edge zinc edge copper edge zinc edge
Data Collection

cell dimensions

a,b, ¢ (A) 39.92, 57.97, 105.02  40.25, 58.43, 104.83  35.24, 136.80, 56.36

a, B, y (deg) 90, 90, 90 90, 90, 90 90, 104.58, 90
resolution (A) 50.0—1.55 50.0—1.65 30.0—1.85 1.80 1.80 1.65 1.65

(1.61—1.55) (1.71-1.65) (1.92—1.85) (1.86—1.80) (1.86—1.80) (1.71-1.65) (1.71-1.65)
7 (A) 1.0000 1.2820 1.5418 1.3781 1.2826 1.3786 1.2820
Rgym (on 1) (%) 6.7 (56.6) 6.4 (38.5) 9.0 (53.1) 9.0 (52.5) 9.0 (48.6) 6.3 (41.4) 6.4 (38.5)
1ol 18.7(2.3) 23.2(5.5) 21.1 (3.4) 17.5(6.2) 17.1(6.7) 23.1(3.2) 23.2(5.5)
completeness (%) 99.1 (96.0) 99.9 (99.5) 94.5 (95.3) 99.8 (100) 99.9 (99.9) 99.2 (93.7) 99.9 (99.5)
redundancy 5.9(5.1) 7.2 (6.3) 6.8 (6.5) 6.7 (6.0) 6.6 (6.1) 6.7 (3.5) 7.2 (6.3)
Refinement

resolution (A) 50.0—1.55 50.0—1.65 30.0—1.85
no. of reflections 35624 56897 41462
Ryork/Reree (%0) 15.28/19.96 14.33/18.42 18.24/22.33
no. of dimers per 1 1 2

asymmetric unit
no. of atoms

protein 1856 1804 3772

metal ion 3 (Zn) 2 (Zn) 4 (Zn)

water 259 188 370

ligand 14 (malonate) 10 (sulfate) 25 (sulfate)
rmsd

bond lengths (A)  0.004 0.004 0.006

bond angles (deg) 0.900 0.850 1.033

“Values in parentheses are values for the highest-resolution bin.

(2DSA) (37) with simultaneous removal of time-invariant noise,
and then by genetic algorithm refinement (32), followed by Monte
Carlo analysis (33).

Sedimentation velocity data for freshly isolated D124V SOD1
preparations were also fit to a nonlinear model for a reversible
monomer—dimer equilibrium using the Adaptive Space-Time
Finite Element Solution for Multicomponent-Reacting Systems
(ASTFEM-RA) (34) to obtain equilibrium constants and kinetic
rate constants. Extinction coefficients at 280 nm for SOD1 were
determined by the method of Gill and von Hippel (35) to be 6170
OD mol ™! em ™. Absorption profiles from multiple concentra-
tions ranging between 220 and 340 nm were fit with ULTRA-
SCAN (28) to a sum of five Gaussian functions. The extinction fit
was calibrated at 280 nm with the extinction coefficient deter-
mined above to derive an extinction coefficient at 230 nm of
58596.1 OD mol~' ecm™'. Bead models were calculated with
ULTRASCAN SOlution MOdeler (SOMO) (36) which is avail-
able for free download from http://www.ultrascan.uthscsa.edu.

Covalent Modification of Free Thiols in SODI. 4-Acet-
amido-4'-maleimidylstilbene-2,2’-disulfonic acid (AMS) was used
to covalently modify free thiols in D124V and H80R SODI
proteins coming from yeast with and without the ccs/ gene as
previously described (37) to monitor the degree to which the SOD1
intrasubunit disulfide bond is oxidized in these variants.

Figure Preparation. All figures were created using PyMOL
(38).

RESULTS

Structures of D124V and H80R SOD1. The crystal struc-
tures of the pathogenic D124V and H80R SODI proteins were

determined and refined at resolutions ranging from 1.55 to 1.85 A.
X-ray diffraction data collection and protein structure refinement
statistics are listed in Table 1. Figure 1 reveals that while the Greek
key f-barrels of D124V and H80R SOD1 remain similar in struc-
ture to that of the wild-type enzyme, the D124V and H80R sub-
stitutions give rise to substantial disorder in loops IV (the “zinc
loop”, residues 50—83) and VII (the “electrostatic loop”, residues
121—142). Figure 2A shows that the electrostatic loop elements in
adjacent metal-deficient HSOR SODI dimers in the monoclinic
crystal form can engage in reciprocal, non-native SOD1—SOD1
interactions at edge strands in the Greek key -barrel that become
accessible due to the inability of this variant to bind metal in the
zinc-binding site. As shown in Figure 2B, these non-native SOD1—
SOD1 contacts occur at opposite ends of the HSOR SOD1 homo-
dimer, permitting them to propagate bidirectionally over the
entire length of the crystal to form higher-order filamentous
arrays.

Disrupted Zinc-Binding Sites. Figure 3 shows that the D124V
and H8OR pathogenic SODI substitutions disrupt the zinc-
binding sites in these variants. The degree of disorder of the
zinc-binding sites is quite similar overall in all three structures,
with an absence of electron density for H71 and only very poor
electron density for H80 in each case.

Zinc in the Copper-Binding Sites. ICP-MS analyses per-
formed on freshly purified D124V and H80R SODI variants
prior to use in crystallization or analytical ultracentrifugation
experiments indicated that although these proteins were comp-
letely devoid of copper, they contained between 1.5 and 1.7 equiv
of zinc per dimer. Measurement of the fluorescence of D124V
and H80R SODI crystals as they were scanned with X-rays at
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FiGURE 1: Structures of human wild-type, D124V, and H80R SODI. (A) Human wild-type SOD1 [PDB entry 2c9v (39)]. The relationship
between the two subunits in the SOD1 dimer is indicated. The Greek key f-barrel is colored gray, the zinc loop (loop IV, residues 50—83) green,
and the electrostatic loop (loop VII, residues 121—142) red. Copper, zinc, and the sulfur atoms of C57 and C146 that form the disulfide bond in
each subunit are shown as blue, orange, and yellow spheres, respectively. (B) Human D124V SOD1 variant in the same orientation as the wild-type
enzyme shown in panel A. The color coding is the same as in panel A except the Greek key 5-barrel is colored cyan. Green and red spheres represent
the last residues visible in the electron density for the zinc and electrostatic loop elements, respectively. Zinc occupies the copper-binding site, and
there is no metal in the zinc-binding site. (C) Human H8OR SOD1 variant in space group P2,2,2;. The color coding is the same as for the wild-type
enzyme except the Greek key f-barrel is colored gold. Zinc occupies the copper-binding site, and there is no metal in the zinc-binding site.
(D) Human H80R SOD1 variant in space group P2;. The color coding is the same as for the wild-type enzyme except the Greek key -barrel is
colored pink. Zinc occupies the copper-binding site, and there is no metal in the zinc-binding site.

energies spanning the zinc and copper absorption edges, followed
by inspection of anomalous difference Fourier electron density
maps, confirmed the presence of zinc and the absence of copper in
these pathogenic SODI variants. Supplementary Figure 1 (Sup-
porting Information) reveals sharp transitions in the fluorescence
spectra measured for D124V and H80R SOD1 crystals when the
energy of the X-rays illuminating the crystals reaches the zinc
absorption edge. In contrast, no sharp transitions are evident
when the energy of the X-rays illuminating the crystals coincides
with the copper absorption edge. Supplementary Figure 2 (Sup-
porting Information) shows zinc and copper edge anomalous
difference Fourier electron density maps superimposed on the
refined D124V SODI1 structure. The zinc edge anomalous diffe-
rence electron density peaks are very strong, persisting at contour
levels greater than 60c, while the anomalous difference Fourier
electron density peaks coming from the small contribution of zinc
at the copper edge (/" = 0.6 ¢) disappear between 120 and 130. As
a comparison, the anomalous difference Fourier electron density
peaks coming from the sulfur atoms of the four cysteine residues
in each SODI subunit are no longer visible at contour levels
greater than approximately 100. Nearly identical results were
obtained using anomalous difference Fourier electron density
maps obtained from the HSOR SOD1 orthorhombic crystal form.

As shown in Figure 3, the zinc ions occupying the copper-
binding sites in the D124V and H80R SODI variants are
coordinated by H46, H48, and H120, at distances of ~2.0 A.
Depending upon which was present in the crystallization mother
liquor, the oxygen atoms of malonate or sulfate anions act as a
fourth ligand to the zinc (not shown in Figure 3 for the sake of
clarity). The zinc coordination geometry in the D124V and H80R

SODI proteins is best described as distorted tetrahedral, with the
zinc ion displaced ~0.4 A from the plane formed by the nitrogen
atoms of the three liganding histidine ligands. This coordination
geometry is quite similar to that observed for zinc in the copper-
binding site in the 1.4 A resolution structure of the pathogenic
D125H SODI1 variant, which was crystallized in the presence of
sulfate anion (38).

Oxidation of Cysl11. Figure 4 shows o5-weighted electron
density with coefficients 2mF, — DF, superimposed on the C111
residues in the H80R P2,2,2; crystal structure. The C111 Sy atoms
appear to be oxidized to sulfonic acid (Cys111-SO3H) in subunit
A and to sulfenic acid (Cys111-SOH) in subunit B.

Covalent Thiol Modification. Cysteine residues are found in
human SODI at positions 6, 57, 111, and 146. C57 and C146
participate in the intrasubunit disulfide bond in the mature wild-
type enzyme. To probe whether CCS can affect the redox status
of this intrasubunit disulfide bond in the D124V and H8OR
SODI variants in cells, covalent thiol modification experiments
were performed on these proteins after expression in ccs/+ and
cesIA yeast as previously described (19, 37). Figure 5 reveals that
when AMS is added to fresh lysates of ccsIA yeast expressing
wild-type, D124V, or H80R SODI, in each case, a fraction is
observed to possess four free thiols that are covalently modified
by AMS. When expressed in ccs/+ yeast, this fraction of wild-
type SODI is converted to a species with only two free thiols,
suggesting that CCS facilitates the oxidation of the C57—C146
disulfide bond. In contrast, the four thiol fractions of the D124V
and H80R SODI proteins remain unaltered when these proteins
are expressed in ccs/+ yeast, suggesting that CCS is unable to
interact productively with these particular SOD1 variants.
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FIGURE 2: Divergent stereoview of the non-native contacts formed between adjacent HSOR SOD1 homodimers in the P2; crystal form. Residues
of the zinc and electrostatic loop elements are colored green and red, respectively. The Greek key 5-barrel of a subunit coming from one SOD1
homodimer is colored pink, and that of another subunit coming from an adjacent SOD1 homodimer is colored blue. Green and red spheres
represent the last residues visible in the electron density in the zinc and electrostatic loops, respectively. Residues 121—131 of the electrostatic loop
from one H80OR dimer interact with a depression in the 5-barrel of a neighboring H8OR dimer in the crystal lattice. The o4-weighted electron
density, with coefficients 2mF, — DF,, is contoured at 1.50. (B) Space-filling representation of HSOR SOD1 proteins assembling into higher-order
filamentous arrays in the P2, crystal form. The color coding is the same as in panel A except the zinc loop has not been colored green to more easily
visualize the reciprocal interactions mediated by the electrostatic loop and 5-barrel elements of adjacent HSOR SOD1 dimers in the crystal lattice.

Analytical Ultracentrifugation. A comparison of the sedi-
mentation coefficient distributions of D124V and H80R SOD1
with wild-type SOD1 is shown in Figure 6A. Plots of boundary
fraction versus s, , Will be vertical if the sample is homogeneous
and will have a positive slope if the sample is heterogeneous.
Although the wild-type SOD1 protein sediments as a single,
homogeneous species with an S value of 3.03, the D124V and
H8O0R SODI proteins form a distribution of species ranging from
~1.7 to 2.6 S, consistent with a reversible monomer—dimer
equilibrium (/4). After metal ion removal, the D124V and
H80R SODI variants exhibit a heterogeneous distribution ran-
ging from 0.5 to 3.0 S. The D124V sample, when examined in the
analytical ultracentrifuge after being stored at 4 °C for 10 days,
displays a distribution identical to the distribution observed
for the metal-free sample, suggesting that it loses its bound metal
over time.

To further characterize the mass and shape distributions of
these samples, the sedimentation velocity data were analyzed
using whole boundary fitting to the Adaptive Space-Time Finite

Element Solution for Multi-Component Reacting Systems (34).
Consistent with the results of the analysis described above, wild-
type SODI sediments as a single species with a sedimentation
coefficient of 3.03 S, a frictional ratio of 1.21, and a molecular
mass of 31.0 kDa, the latter of which is in excellent agreement
with the theoretically determined molecular mass of the homo-
dimer (31.95 kDa) (Figure 6A,C). The sedimentation velocity
results for wild-type SOD1 were also compared to the hydro-
dynamic parameters derived from bead modeling of the X-ray
crystal structure [PDB entry 2C9V (39)] using UltraScan SOMO
(36). SOMO predicted the sedimentation coefficient for the wild
type to be 3.06 S for the homodimer and the frictional ratio to be
1.22, in excellent agreement with the values obtained from the
sedimentation velocity experiments.

The monomer—dimer fit of the sedimentation data for freshly
isolated D124V SODI is shown in Figure 6B. The monomer—
dimer equilibrium model parameters are listed in Table 2. The
D124V SODI variant dissociates to monomers with an equili-
brium constant of approximately 650 nM. The kinetics of this
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Wild Type

HBOR P2,2,2,

H8OR P2,

FI1GURE 3: Metal-binding sites in human wild-type, D124V, and HSOR SOD1. The color coding of the zinc and electrostatic loop elements is the
same as in Figure 1. (A) Human wild-type SOD1 [PDB entry 2c9v (39)]. Metal—ligand bonds and hydrogen bonds between D124 and the
nonliganding imidazole nitrogen atoms of copper ligand H46 and H71 are shown as dotted lines. H63, the bridging imidazolate, is colored
magenta. (B) Human D124V SOD1 variant in the same orientation as the wild-type enzyme shown in panel A. Zinc occupies the copper-binding
site, and there is no metal in the zinc-binding site. H63 is colored magenta and the D124V mutation yellow. Metal—ligand bonds and the hydrogen
bond between D83 and N85 are shown as dotted lines. (C) Human H8OR SOD1 variant in space group P2,2,2,. Zinc occupies the copper-binding
site, and there is no metal in the zinc-binding site. H63 is colored magenta and the HS8OR mutation yellow. Metal—ligand bonds and the hydrogen
bond between D83 and N85 are shown as dotted lines. (D) Human HSOR SOD1 variant in space group P2;. Zinc occupies the copper-binding site,
and there is no metal in the zinc-binding site. H63 is colored magenta and the H80R mutation yellow. Metal—ligand bonds and the hydrogen
bonds between D83 and N85 and between D124 and H46 are shown as dotted lines.

dissociation are quite slow with a k. rate of only 1.03 x
10~*s™". A similar equilibrium constant of 660 nM is calculated
when the data are fit to a noninteracting model (Table 2 and
Figure 6C, top panel).

The sedimentation velocity data for freshly isolated H80R
SODI were also fit to a monomer—dimer equilibrium model,
which resulted in a binding constant of 143 nM (see Table 2).
However, the genetic algorithm-Monte Carlo analysis reveals a
species that does not correspond to a monomer—dimer molecular
mass (see Figure 6C, bottom). While the dimer molecular mass is
as expected (32.2 kDa), the second, much less abundant species
appears to be globular with a molecular mass of 26.7 kDa. This
result suggests that the second species may not be a reversible self-
associating monomer but instead might be a degradation pro-
duct. However, the concentration of the second species is too
low to reliably determine its identity. In fact, in both the D124V
and H80R metal-free SOD1 samples, several minor degradation

products were detected whose concentration is too low to permit
reliable identification. However, the increase in the frictional
ratio for the dimeric forms of both pathogenic SOD1 mutants
relative to the wild type strongly suggests that both the D124V
and H80R mutants are more extended or unfolded than the wild-
type enzyme, a suggestion consistent with the disordered regions
of loops IV and VII shown in Figures | and 3.

DISCUSSION

The D124V and H80R Mutations Disrupt the Zinc-Binding
Site. The crystal structures determined in this work suggest why
the D124V and H80R pathogenic substitutions adversely affect
the ability of these variants to bind zinc in the zinc-binding site.
Figures 3A and 7A reveal that D124 is located in the electrostatic
loop (loop VII, residues 121—142), where its side chain stabilizes
both the copper- and zinc-binding sites by accepting hydrogen
bonds simultaneously from the nonliganding imidazole nitrogen
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FIGURE 4: Divergent stereoview of the dimer interface in the H80R P2,2,2; structure showing the oxidation of C111 residues. Subunits A and B of
the HSOR homodimer are colored blue and gold, respectively. Residues of the zinc loop are colored green. The molecular model is superimposed
on the op-weighted electron density of the form 2mF, — DF, contoured at 1.50. The Sy atom of C111 is oxidized to sulfonic acid in subunit A and
sulfenic acid in subunit B. Except for R115, the environment immediately surrounding C111 is quite apolar. The proximity of R115to C111 in this
environment may lower the pK, of C111, causing it to be “reactive” (see the text).

wild Type | D124v | HsoR
ccs:+ + A|+ + A|+ + A:CCS
AMS: - + + |- 4+ +| - + +:AMS

4-SH
2-SH

FIGURE 5: AMS covalent thiol modification of D124V and H80R
SOD1 variants coming from ccs/A and cesl+ yeast. The SOD1
monomer contains four cysteine residues, two of which participate in
a conserved disulfide bond within each SOD1 subunit. ces/A and
ces1+ yeast cells expressing D124V and H80R SODI are lysed in the
presence of AMS, and the lysates are run on SDS—PAGE and probed
with an antibody specific for SOD1 as described previously (55, 56).
AMS-modified thiols produce gel shifts to higher molecular weights
such that two are modified in the disulfide-oxidized enzyme and four
are modified in the disulfide-reduced enzyme. The disulfide status of
the D124V and H80R SOD1 variants is predominantly oxidized and
is unaffected by CCS.

atoms of copper ligand H46 and zinc ligand H71. These two
D124-mediated hydrogen bonds are the primary interactions
linking the electrostatic loop to the zinc loop, as well as anchoring
these loop elements to the SOD1 f-barrel. The importance of the
D124 side chain for proper metal binding to the zinc-binding site
in SOD1 was noted previously when D124N and D124G SODI
mutants were found to be severely zinc-deficient, even after exten-
sive dialysis against 0.5 M ZnCl, at neutral pH (40). Figure 3B
shows that the elimination of the hydrogen bonding interactions
with H46 and H71 by the D124V substitution results in severely
disordered electrostatic and zinc loop elements, the latter of which
house the zinc ligands H63, H71, H80, and D83 (Table 3). Figure 7A
shows that the side chain of zinc ligand D83 is oriented away
from the zinc-binding site such that its O4; atom, which coordi-
nates the zinc ion in the wild-type enzyme, instead accepts a
hydrogen bond from the amide nitrogen of G85.

Figures 3C,D and 7B show that the HSOR pathogenic SOD1
substitution disrupts the zinc-binding site by sterically preventing
zinc binding and by inducing conformational disorder in the electro-
static and zinc loop elements. Figure 7B shows that in addition
to being a poor zinc ligand relative to histidine, the lengthy R80
side chain occupies the position held by the carbonyl oxygen of

K136 in the wild-type enzyme, which prevents residues 132—136
of the electrostatic loop from forming the short a-helix that
normally acts as a “lid” to shield the zinc-binding site from bulk
solvent. As can be inferred from panels C and D of Figure 3, the
R80-induced displacement of this helical lid permits the zinc loop
to become conformationally dynamic, resulting in the displace-
ment of the zinc ligand H71 such that it no longer resides within
15 A of its original position in wild-type SODI1. The bridging
imidazolate, H63, adopts a conformation such that it is unable to
coordinate metal ions in either metal-binding site. Finally, as
observed in the D124V structure, the zinc ligand, D83, adopts a
conformation such that it points away from the position occupied
by zinc in the wild-type enzyme.

Non-Native Higher-Order Assembly of HSOR SODI.
Although the ability of metal-deficient, pathogenic SODI1 pro-
teins to assemble into higher-order filamentous arrays was first
described more than six years ago in structures of the pathogenic
SOD1 variants S134N and H46R (20, 41), the notion that the
edges of f-strands 5 and 6 and the cleft between them may act as
a “hot spot” for non-native pathogenic SODI self-association
has recently gained momentum. For example, non-native inter-
molecular SODI1 interactions nearly identical to those shown in
Figure 2A were observed in structures of wild-type human SOD1
proteins engineered to possess ablated zinc-binding sites (42, 43).
Recent work by Nordlund, Oliveberg, and colleagues is particu-
larly notable because the non-native SOD1—-SODI interactions
highlighted in Figure 2A were also observed in the structure of an
SOD1 protein engineered to be exclusively monomeric, which led
them to suggest that the interactions at this interface may initiate
aggregation of pathogenic SODI1 proteins in vivo (42, 43). Ineach
of these cases, the absence of metal ions in the zinc-binding site
appears to be necessary for these non-native intermolecular SOD1
interactions to occur, consistent with the notion that immature
SODI1 proteins may represent the noxious entities in SOD1-
linked ALS (4, 5, 19).

C111 Oxidation. The electron density superimposed on C111
residues at the homodimeric interface in HSOR SOD1 shown in
Figure 4 strongly suggests that the sulfur atoms are oxidized
to sulfonic acid (C111-SOs;H) in subunit A and to sulfenic acid
(C111-SOH) in subunit B. Interestingly, these adducts are clearly
observed on the H80R SODI variant in the P2,2;2; crystal form
but not in the P2; crystal form, even though these crystals were
grown from the same crystallization drop. A similar partitioning
of SOD1 species upon crystallization was observed previously for
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FIGURE 6: Analytical ultracentrifugation of wild-type, and D124V, and H80R SODI. (A) van Holde and Weischet integral distribution plot of
sedimentation coefficients for wild-type hSODI1 (blue) and D124V and H80R mutants. Data for freshly isolated D124V and H80R mutants are
colored red and yellow, respectively, while data for their metal-free forms are colored green and purple, respectively. D124V is also shown after
being stored for 10 days at 4 °C (black). After 10 days, the sedimentation coefficient distribution appears identical to that of the apo form,
suggesting the loss of metal from the D124V SODI1 protein over time. Human wild-type SOD1 sediments as a homogeneous species with a
sedimentation coefficient of 3.03 S, consistent with a homodimer. The D124V and H80R mutant SOD samples exhibited various degrees of
heterogeneity. (B) D124V SOD1 sedimentation velocity data fitted with a reversible monomer—dimer model based on the ASTFEM-RA
solution (34). The equilibrium constant, shape factors, and rate constants are listed in Table 2. The residuals of the fit are shown in the top panel
and are randomly distributed, suggesting that the monomer—dimer model is a good representation of these data. The bottom panel shows the
experimental sedimentation velocity data (black), and the ASTFEM-RA model overlay is colored red. (C) Results for the Monte Carlo fit of
sedimentation velocity data from the metal-free form (red) and the freshly isolated sample (blue) of D124V (top) and H80R (bottom). Data for
human wild-type SOD1 are colored green for comparison in both panels. Both mutants show an increase in the frictional ratio for the dimer

relative to the wild-type enzyme.

G85R SODI and H46R/H48Q SODI1. G85R SOD1 was found
to crystallize in four distinct crystal forms such that each crystal
form contained a metal-bound species distinct from those in the
other crystal forms (22), while H46R/H48Q SOD1 was observed
to crystallize in two distinct crystal forms in which one displayed
diatomic covalent adducts to C111 while the other did not (79).

Several reports have implicated C111 in human SODI1 as a
“reactive” cysteine. In addition to the oxidation products des-
cribed above and in ref 44, there have been reports of covalent
modification of C111 by glutathione (45) and by sulfur to form
persulfide (46, 47), trisulfide (48), and, more recently, a hepta-
sulfane bridge linking the two SOD1 subunits at the homodimeric
interface (57). We speculate that the reactive nature of C111 may
arise from the nature of its local environment. Figure 4 shows
that C111 is tucked into a recessed cavity located at the SOD1
dimer interface that is lined with apolar residues except for R115.
The proximity of the positive charge coming from the R115
guanidinium moiety in an apolar environment that is partially
protected from the solvent might lower the pK,, of the C111 thiol,
enhancing its reactivity.

Dissociation of D124V and HSOR SOD1 Dimers. As shown
in Figure 6C, freshly purified D124V and H80R SOD1 dimers
with zinc in the copper-binding site demonstrate greater f/f,
ratios than the wild-type SOD1 homodimer, suggesting that the
differences in sy, between the ~2.6 S D124V and H80R SOD!
dimers and the ~3.0 S metal-bound wild-type SOD1 dimers
shown in Figure 6A are due to differences in shape rather than
mass. The observation of a greater frictional ratio for the D124V
and H80R SODI variants is consistent with the observation of
disordered zinc and electrostatic loop elements observed in their
crystal structures as shown in Figure 3 because conformational
disorder of these loop elements would be expected to enhance the
drag of these molecules, thereby decreasing their S values relative
to the wild-type dimer with its well-ordered zinc and electrostatic
loops.

The binding of metal ions to SODI has long been known to
have an enormous stabilizing effect on the SOD1 homodimer
(reviewed in refs 74 and 49). When metal-free, however, disulfide-
oxidized human wild-type SODI proteins still do not fractionally dis-
sociate into monomers under even the most dilute concentrations
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Table 2: Results of Analytical Ultracentrifugation Analyses”

reversible monomer—dimer self-association model

noninteracting model

D124V
monomer molecular mass 16.1 (15.8, 16.4) kDa
dimer molecular mass constrained to 2 x monomer molecular mass
monomer f/f 1.12 (1.09, 1.14)
dimer f/f, 1.29 (1.28, 1.31)
Kdissocialion 0.65 (0497 096) ruM
kogr rate constant 1.03 x 107%(0.96 x 107*, 1.11 x 107%) 57!
kon rate constant 6.69 x 107°Ms™!
H80R
monomer molecular mass 16.9 (16.8, 17.0) kDa
dimer molecular mass constrained to 2 x monomer molecular mass
monomer f/fo b
dimer f/f, 1.32 (1.31, 1.32)
Kdissocialion 2143 (0142, 0144) IuM

kofr rate constant

kon rate constant b

16.8 (16.6, 17.1) kDa

31.8 (31.6, 3.23) kDa (unconstrained)

1.19 (1.18, 1.20)

1.31 (1.30, 1.31)

0.66 uM (based on partial concentrations)
not available

not available

29.1 (26.9, 29.7) kDa”

30.6 (30.1, 32.8) kDa (unconstrained)
1.0 (1.0, 1.0)

1.27 (1.25, 1.36)

b

not available
not available

“Fitting parameters for the freshly isolated mutant D124V and HSOR SOD1 samples. Values in parentheses represent 95% confidence intervals determined in
the Monte Carlo analysis. Both the reversible self-association model and the noninteracting model give very similar results and are fitted equally well to the
data. “The second species determined in this fit did not correspond to the monomer molecular mass, and therefore, the equilibrium constant cannot be calculated.

" 122/

FIGURE 7: Metal-binding site of human wild-type SOD1 on the D124V and H80R SOD1 variants. The color coding of the zinc and electrostatic
loop elementsis asin Figure 1. (A) D124V SODI1 superimposed on human wild-type SOD1 [PDB entry 2c9v (39)]. Only the side chains of residues
83 and 124 are shown coming from the D124V structure. (B) HS0R SOD1 superimposed on human wild-type SOD1 [PDB entry 2¢9v (39)]. Only
the side chains of residues 63, 80, 83, and 124 are shown coming from the H80R structure. The R80 side chain clashes with the carbonyl oxygen of
K136, disrupting the a-helix formed by residues 132—136 of the H80R electrostatic loop (see the text).

used in sedimentation equilibrium experiments (2 uM) (14), copper-binding sites (Figure 3), they remain significantly weaker
which is indicative of a dimerization K4 of <10 nM. In contrast, dimers than metal-free, disulfide-oxidized wild-type SOD1 as
despite the fact that the D124V and H80R SODI proteins possess indicated by the positive slopes of their van Holde and Weischet
an oxidized disulfide bond (Figure 5) and bind metal ions in their plots shown in Figure 6A, as well as their calculated dissociation
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Table 3: Disordered Regions and Identities of Metal Ions in the Metal-Binding Sites

metal-binding sites

monomer  disordered regions  primary bridge (H63)  secondary bridge (D124) D83 orientation  copper site (occupancy)  zinc site (occupancy)
D124V, P2,2,2,

A 6778 broken broken flipped zinc (0.8) zinc (0.15)
125-139

B 6977 broken broken flipped zine (0.9) empty
125—-138

HS80R, P2,2,2,

A 67178 broken intact wild type zinc (0.7) empty
131-138

B 69—78 broken intact flipped zine (0.9) empty
125138

H80R, P2,

A 6778 broken intact flipped zinc (0.7) empty
134-138

B 6778 intact intact flipped zine (0.6) empty
133—-139

C 67—79 intact intact flipped zinc (0.2) empty
125—-140

D 6778 broken intact flipped zinc (0.7) empty
126—138

constants of 650 and 143 nM, respectively (Table 2). A potential
implication of these differences in the dissociation behavior of
D124V and H80R SOD1 proteins relative to that of the wild type
with regard to CCS action is explored more fully below.

Hindered CCS-Mediated Maturation and SODI-Linked
ALS. When expressed in sodlA/ccsi+ yeast, wild-type SODI1
proteins rescue the oxygen sensitive phenotype of these yeast
and contain substantial amounts of both copper and zinc when
purified (24, 50, 51). In contrast, H46R, D124V, and H80R
SOD1 proteins expressed in these yeast are unable to rescue the
oxygen-sensitive phenotype, an observation that is consistent with
ICP-MS and anomalous scattering analyses indicating that these
SODI1 variants are completely devoid of copper (20). The results of
the covalent thiol modification experiments shown in Figure 5
suggest that CCS has no apparent effect on the disulfide bond status
of the D124V and H80R variants. Taken together, these observa-
tions might be indicative of an inability of CCS to interact with
newly translated D124V and H80R variants in a productive fashion.

In contrast to the D124V and H80R SODI proteins studied
here, crystal structures of human H46R/H48Q SODI1 reveal zinc
bound to the zinc-binding sites and ablated copper-binding
sites (/9). H46R/H48Q SODI proteins were observed to form
stable heterocomplexes with CCS under reducing conditions in
native gel electrophoresis experiments, but in AMS covalent thiol
modification experiments analogous to those conducted in this
study, H46R/H48Q SODI remained disulfide-reduced, even when
expressed in ccsl+ yeast (19). Thus, in the case of the H46R/
H48Q SODI variant, interaction with CCS is not sufficient for
CCS to catalyze the oxidation of the intrasubunit disulfide bond.
Because copper delivery and disulfide bond oxidation of SODI
proteins by CCS are postulated to be coupled processes, the
inability of H46R/H48Q SODI1 to accept copper from CCS
might also prevent CCS-mediated oxidation of its disulfide
bond (16, 18, 52).

The fact that CCS fails to activate D124V and H80R SOD1
proteins with copper, even though these variants possess what

appear to be normal copper-binding sites, is somewhat puzzling.
As mentioned above, one possibility might be that interactions
between CCS and these variants is weakened, a notion supported
by the observation of an enhanced propensity of D124V and
HB80R SODI proteins to dissociate relative to the wild-type enzyme.
The weakened affinity of D124V and H80R SODI subunits for
themselves in the homodimer might also translate into a weak-
ened affinity for SOD1-like domain 2 of CCS that is responsible
for the specificity of CCS—SODI interactions. Although this
seems like a plausible suggestion, additional experiments are nece-
ssary to test this hypothesis.

We and others have demonstrated that the affinity of CCS for
disulfide-oxidized forms of SODI is substantially lower than for
disulfide-reduced forms (18, 19, 53, 54), and the data in Figure 5
reveal that the D124V and H80R SODI proteins are predomi-
nantly disulfide-oxidized whether CCS is present in yeast cells
expressing these variants. This observation is intriguing in itself
because if CCS cannot productively engage D124V and H80R
SODI, the fraction of disulfide-reduced D124V and HS8OR
proteins in these experiments might be expected to be at least
as large as that observed for the wild-type enzyme or for the
H46R/H48Q variant. A possible explanation for these somewhat
puzzling observations might be that oxidation of the SOD1 intra-
subunit disulfide bond in yeast may depend more on whether a
metal is bound at the copper-binding site than on the identity of
the metal ion per se, as long as oxygen and/or superoxide are
present. In this context, the reduced disulfide bond observed in
H46R/H48Q SOD1 in previous AMS thiol modification experi-
ments (/9) might arise from the inability of this variant to bind
any metal ion at its copper-binding site, while the predominantly
oxidized disulfide bond observed in the D124V and H80R SODI
variants could arise from the fact that they can bind a metal (zinc)
in their respective copper-binding sites. In summary, the results
presented here for the structural and biophysical properties of
the D124V and H80R pathogenic SOD1 variants, together with
previous observations on the H46R/H48Q SOD1 variant, are
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consistent with the suggestion that incomplete posttranslational
modification of nascent SODI polypeptides may be a character-
istic associated with toxicity in SOD1-linked ALS.
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SUPPORTING INFORMATION AVAILABLE

Fluorescence of D124V and H80R SOD1 crystals measured
normal to the X-ray beam at energies spanning the zinc and
copper edges (Supplementary Figure 1) and anomalous diffe-
rence Fourier electron density calculated at various contour levels
with diffraction data taken from orthorhombic D124V SODI1
crystals with X-rays tuned to the zinc and copper absorption edges
superimposed on the refined D124V SODI structure (Supple-
mentary Figure 2). This material is available free of charge via the
Internet at http://pubs.acs.org.
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