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Abstract

Over 130 mutations to copper, zinc superoxide dismutase (SOD) are implicated in the selective death
of motor neurons found in 25% of familial amyotrophic lateral sclerosis (ALS) patients. Despite their
widespread distribution, ALS mutations appear positioned to cause structural and misfolding defects.
Such defects decrease SOD’s affinity for zinc, and loss of zinc from SOD is sufficient to induce
apoptosis in motor neurons in vitro. To examine the importance of the zinc site in the structure and
pathogenesis of human SOD, we determined the 2.0 A resolution crystal structure of a designed zinc-
deficient human SOD, in which two zinc-binding ligands have been mutated to hydrogen-bonding
serine residues. This structure revealed a 9° twist of the subunits, which opens the SOD dimer
interface and represents the largest inter-subunit rotational shift observed for a human SOD variant.
Furthermore, the electrostatic loop and zinc-binding sub-loop were partly disordered, the catalytically
important Arg143 was rotated away from the active site, and the normally rigid intramolecular Cys57-
Cys146 disulfide bridge assumed two conformations. Together, these changes allow small molecules
greater access to the catalytic copper, consistent with the observed increased redox activity of zinc-
deficient SOD. Moreover, the dimer interface is weakened and the Cys57-Cys146 disulfide is more
labile, as demonstrated by the increased aggregation of zinc-deficient SOD in the presence of a thiol
reductant. However, equimolar Cu,Zn SOD rapidly forms heterodimers with zinc-deficient SOD
(t1/2 = 15 min) and prevents aggregation. The stabilization of zinc-deficient SOD as a heterodimer
with Cu,Zn SOD may thus be a contributing factor to the dominant inheritance of ALS mutations.
These results have general implications for the importance of framework stability on normal
metalloenzyme function and specific implications for the role of zinc ion in the fatal neuropathology
associated with SOD mutations.
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Introduction

A major focus of neurodegeneration research involves the characterization of how the
superoxide-scavenging enzyme Cu, Zn superoxide dismutase (SOD) is involved in
amyotrophic lateral sclerosis (ALS). ALS is an adult onset disease involving the progressive
death of lower motor neurons in the spinal cord and upper motor neurons in the brain stem and
cortex.1 In 1993, the first clue implicating a molecular cause for ALS came when mutations
to the SOD gene were identified in approximately 2—-3% of ALS patients 2,3, Since then, more
than 130 different missense mutations as well as several C-terminal truncation mutations to
the SOD gene have been linked to ALS (www.alsod.org).

The discovery of a relationship between SOD mutations and ALS spurred intensive structural
and other biophysical analyses aimed at revealing the molecular basis for the disease. Currently
over 70 Cu,Zn SOD structures have been solved from various sources, including over 23
variants of human SOD#. Human SOD is a tightly associated and unusually stable homodimer
of 153 residues per subunit with each chain folding into an eight-stranded Greek key B-barrel
(see Figure. 1(a)). The active site channel on each subunit is formed on the outside of the B-
barrels by two long loops (known as loop 1V and loop VII)5? 6 Loop IV contributes His 63,
the bridging ligand between the copper and zinc sites, and the other three zinc Iigands5; 6,7
Loop IV can be divided into a dimer interface sub-loop, a disulfide sub-loop and a zinc-binding
sub-loop13 (Figure 1(a)). The dimer interface sub-loop forms 38% of the contact area that
builds the dimer (Figure 1(b)). Loop VII, also known as the electrostatic loop, helps attract the
anionic superoxide substrate into the active site”s 8, Loop VIl also contributes Arg143, whose
side-chain guanidinium group provides hydrogen bonds to anchor the main chain of Loop IV
6 and orient the bound substrate 9.

Despite a wealth of structural and biochemical knowledge, the mechanism by which SOD
mutations promote ALS remains controversial. The mutations associated with ALS occur in
all of the functional elements of the protein structure, including the active site, dimer interface
and B-barrel and many weaken the stability of SOD.3; 105 11, 12713, 14 e available X-ray
structures of seven ALS-causin% SOD mutants (A4V [1N1915,1UXM10], G37R [1AZV16],
H43R [1PTZ1Y, H46R [10Z2T17, 10EZ17], 1113T [1UXL10], D125H [1P1V18], S134D
[134N 7]) show some local distortions at the mutation sites, but are otherwise remarkably
similar to the wild type Cu,Zn SOD structure, conserving the positions of the metals, the
disulfide bridge, and the active site residue Arg143. However, the autosomal dominant
inheritance and the development of motor neuron disease in transgenic animals over-expressing
ALS SOD mutants provides strong evidence that these mutations somehow confer a toxic gain-
of-function.?: 19 Yet, structural and biochemical evidence also support the original proposal
that ALS mutations are likely to cause structural defects in the SOD dimer3. Besides possible
destabilizing effects of mutations, the metal ion binding and disulfide status are known to
profoundly alter SOD stability suggesting that these features merit significant attention. The
loss of copper and zinc from SOD facilitates the reduction of the intra-subunit disulfide bond
between Cys57 of the zinc-loop and Cys146 of the B-barrel. Reduction of the disulfide favors
dissociation of Cu,Zn SOD into monomers, which greatly increases their propensity to form
insoluble aggregateszo? 21,22 Recently, studies of SOD in which the disulfide has been
removed, either by reduction or by mutation, have shown that metal loss and disulfide reduction
are thermodynamically linked, with disulfide formation contributing about 1.6 kcal.mol™2 to
dimer stability.zo? 23 structural studies of disulfide-free SOD in both holo (copper and zinc
bound) or apo (metal-deficient) forms23; 24 indicate that the disulfide stabilizes the dimer by
ordering the dimer interface sub-region of loop IV (Figure 1(a)).

SOD-containing aggregates have been found in motor neurons and astrocytes expressing ALS
mutant SODs, leading to the hypothesis that aggregation confers the proposed toxic gain-of-
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function2>; 26 . Aggregation has been variously postulated to confer toxicity through disrupting
mitochondrial function, mterferln% with chaperones, 14 or by inducing dysfunction of the
ubiquitin-proteasome system. 7 Misfolded SODs may also preferentially associate
with other proteins and even with RNA 28 ALS mutant proteins have been shown to have
increased hydrophobic character29: 30 and associate with the anti- -apoptotic protein bel-2 ina
hydrophobic manner.31 However, a major shortcoming of the aggregation hypothesis is that
little evidence directly demonstrates that either SOD aggregates or apoSOD are directly toxic
to motor neurons.32; 33 A long standing enigma is why the A4V mutation, which causes the
most aggressive form of ALS in patients, does not produce disease when overexpressed in
transgenic mice despite the presence of aggregated A4V protein in motor neurons.19 However,
Deng et al.3% have recently shown that co-expression of A4V with wild-type human SOD does
cause motor neuron disease in mice, suggesting a role for human SOD heterodimers in ALS.

Many SOD ALS mutants, including the A4V SOD protein, have superoxide scavenging
activity comparable to that of wild-type S0oD.3: 355 36 However, ALS mutations make the
SOD mutants more susceptible to the loss of their metal cofactors.3° Zinc is more likely to
disassociate than copper, because SOD has approximately a seven thousand fold lower affinity
for zinc than it does for copper.>® Loss of zinc impacts the redox properties of the copper, in
part through their bridging His63 ligand. Zinc-deficiency dramatically i mcreases the reduction
of the active site copper by low molecular weight reductants such as ascorbate.3 Dellvery of
zinc-deficient SOD intracellularly into cultured motor neurons by liposomes is sufficient to
induce apoptosis, associated with increased redox activity of the remaining copper. 32
Furthermore, zinc-deficient wild-type SOD was shown to be just as toxic to cultured motor
neurons as zinc-deficient mutant SOD.32 Thus, the loss of zinc from wild- -type SOD could be
involved in the 98% of ALS patients without SOD mutations. In the zinc-deficient Cu/Zn-SOD
hypothesis for ALS, the mutations to SOD do not directly cause the toxic gain-in-function, but
rather increase the propensity of SOD to become zinc-deficient.

The loss of zinc from SOD is potentially important for both the aggregation and zinc-deficient
Cu/zZn-SOD hypotheses. Currently, structures in the context of wild-type or mutant SOD are
available for apoSOD 17,37 zn,zn soD,17: 18; 38 E 7n SOD (i.e. copper-deficient, zinc-
containing SOD) 7 and for an engineered obligatory monomeric Cu,Zn soD.39 To
characterize the effects of losing zinc alone, we have demetallated the zinc-binding pocket by
generating mutations to create constitutively zinc-deficient SOD proteins. Here, we have
solved the X-ray crystal structure of this zinc-deficient SOD protein and characterized how the
loss of zinc affects dimer stability and aggregation, with general implications for understanding
the role of SOD mutations in neurodegenerative disease.

Crystal structure of zinc-deficient SOD

To examine the importance of the zinc site in the structure and pathogenesis of human SOD,
we determined the 2.0 A resolution crystal structure of a designed zinc-deficient human SOD,
in which two zinc-binding ligands (His80 and Asp 83) have been mutated to hydrogen-bonding
serine residues. These mutations not only produce a constitutively zinc-deficient SOD, but also
prevent the migration of the active-site copper or trace metal contaminants into the zinc site
during the expression, purification, and crystallization processes. The zinc site mutations were
made in the active thermostable human SOD double mutant, which lacks free thiols (C6A,
C1118) (see Materials and Methods). This background allows examination of the role of the
zinc site without the complicating variability of the free thiols, which are known to be reactive
in vitro. The resulting constitutively zinc-deficient SOD mutant H80S/D83S/C6A/C111S was
used to grow crystals in a form distinct from any previously published SOD crystals(space
group C2 with a=107.2 A, b=35.9 A, ¢=68.30 and p=104.8°), suggesting the possibility of an
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underlying structural change. The asymmetric unit contained one SOD homodimer. The
structure was solved by molecular replacement and refined to 2.0 A resolution with final R/
Ryree factors of 0.19/0.25 (Table 1) with well-ordered parts of the structure having an expected
coordinate accuracy of ~0.3 A. The electron density map confirmed the presence of all four
mutated side chains. Compared to either the wild-type or thermostable C111S/C6A Cu,Zn
SOD, the basic fold of zinc-deficient SOD remained unchanged; the main chain conformations
for the 123 residues principally forming the B-barrel core of SOD were well defined. These
residues were generally similar in chains A and B (C,, rmsd=0.38 A) and structural descriptions
refer to both chains unless explicitly noted.

Consistent with the H80S/D83S mutations causing zinc-deficiency, electron density for zinc
was absent in the zinc-binding site, but density for copper was clearly defined in the copper-
binding site. Surprisingly, the coordination of copper remained quite similar to that found in
wild-type Cu,Zn SOD. Even His63, which is the bridging ligand for both copper and zinc in
oxidized (Cu?*) wild-type SOD, remained in a nearly native position in the zinc-deficient
structure. In chain A, a small fraction (~17%) of copper could be modeled at an alternate
position shifted by 1.3 A to a location commonly associated with reduced (Cul*) SOD (Figure
2). For catalysis, wild-type Cu, Zn SOD is poised in a redox equilibrium. The proportion of
Cul* versus Cu™2 can be influenced by crystal lattice contactst6: 40 or radiation-induced
reduction of copper during X-ray diffraction data collection 9 41; 42; 43; 44, 45 a5 \well as
by other in vitro or in vivo conditions. Only chain A of the zinc-deficient SOD dimer had
evidence for the alternate, reduced (Cul*) geometry.

The most striking change in the zinc-deficient SOD subunits was the lack of electron density
for part (residues 68-78) of the zinc-binding section of loop 1V, as might be expected from the
loss of zinc coordination to its four ligands (His63, His71, His80 and Asp83) in this loop. The
disruption extended to residues 132-139 of the electrostatic loop VII, which makes contacts
with the zinc-binding sub-loop. The combined disordering of the electrostatic and zinc-binding
loops substantially disrupted and widened the active-site channel, resulting in greater
accessibility of the copper to solvent (Figure 3).

Asymmetry in the Zn-deficient SOD dimer

The dimer interface of zinc-deficient SOD was substantially opened compared to wild-type
Cu,Zn SOD. Chain A was rotated 9° relative to chain B (Figure 4(a)) and exhibited subtle
differences that affected the disulfide and interface sub-loop sections of loop IV (Figure 4(b)).
The ca. 1 A shift of the disulfide sub-loop into the dimer interface of chain A involves 5-15°
shifts in the phi/psi angles of residues 53-59 and was accompanied by a new hydrogen bond
between Thr58N and Ala550. Together the changes in residues 53-59 of chain A result in a
more defined 31 helix. The shift in the disulfide sub-loop was also associated with a 0.6 A
shift of the guanidinium group of Arg143 away from the copper active site in chain A (Figure
4(b) and (d)). In the new conformation exhibited by chain A, Arg143 maintained hydrogen
bonds to the carbonyl of Cys57 and two water molecules, but lost hydrogen bonds to the
carbonyl of Gly61 and instead formed a hydrogen bond to the carbonyl of Thr58. Coinciding
with these shifts was the presence of two distinct conformations for the Cys57-Cys146 disulfide
bridge (Figure 4(c)). The predominant conformation (occupancy=0.65) was the canonical left-
handed spiral conformation found in nearly all SOD structures; the second conformation
involved a significant shift of only one atom, Cys146-Sy, to yield a right-handed hook, the
second major conformation found for disulfide bridges in proteins. The conformations of
Arg143 and the disulfide subloop in chain B remained similar to those seen in wild-type Cu,Zn
SOD.

In chain A, residues 124-131 of the electrostatic loop deviated substantially from other SOD
structures, due in part to crystal packing interactions made between these residues and the
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equivalent residues of a symmetry-related chain B subunit (Figure 5). Also, the observed
asymmetry in the disulfide sub-loop of chain A was stabilized by crystal contacts with chain
B of a symmetry mate (Figure 5). Two hydrogen bonds linked Arg143 of chain A with residues
Lys91Bgsym and Asp92Bsym, while Thr58A made two hydrogen bonds with Lys91Bgym and
Glu40Bgym.

An important aspect of the zinc-deficient SOD structure is the asymmetry of the dimer. None
of the other human SOD crystal structures show asymmetry of this magnitude: an
unprecedented 9° subunit rotation and ~1 A shift in the disulfide loop. The somewhat different
conformations between chain A and chain B are related to the structural changes in the dimer
interface. In the crystal, the asymmetry observed in chain A was stabilized by interactions with
symmetry-related molecules of chain B (see above). Although the observed asymmetry could
be inherent to zinc-deficient SOD or could have been induced by crystal packing interactions,
we favor the hypothesis that the asymmetry reflects alterations to the dimer that could also
occur in solution. In either case, the perturbation of chain A in the crystal structure of Zn-
deficient SOD indicates a fundamental destabilization of the structure to an extent not seen for
other ALS SOD mutants characterized to date.

Conformational changes in conserved Arg143 and the disulfide bond

To assess the novelty of various structural features seen in zinc-deficient SOD, an overlay was
carried out with all human SOD crystal structures in the Protein Data Bank# with 2.0 A or
better resolution. Fifteen structures comprising 83 SOD chains meet these criteria. These
comparisons show that the Arg143 conformation seen here was unusual, with only the A4V/
C6A/C111S mutant having a similar positioning and the artificially engineered monomeric
form of human SOD having a conformation that is even more dramatically shifted from its
canonical position (Figure 6(a)). The shift in the position of Arg143 in A4V/C6A/C111S is
stabilized by two a hydrogen bonds, one to a water and the second to Glu77 of a symmetry
related molecule. However, the conformation of Arg143 in the artificially engineered monomer
was not stabilized by crystal contacts.

The incomplete occupancy of the left-handed spiral conformation of the disulfide observed in
this study is unusual among SODs. A search of all SODs in the PDB (n=76) revealed that only
three structures exhibited partial occupancy for the left-handed spiral conformation: In the
human monomeric Cu,Zn SOD and “as-isolated” human Zn,Zn SOD (2C9U), the second
conformation was not a right-handed hook, but instead showed evidence of partial reduction,
with long Sy-Sy distances of ~2.7 A. The recently determined Schistosoma mansoni Cu,Zn
SOD(1TO4) provides on additional example of partially occupied alternate conformation of
the disulfide. Similar to the structure reported here, the Schistosoma mansoni disulfide had a
partially occupied right-handed hook with Sy-Sy distances of ~2.1 A indicating that the
disulfide remains oxidized 46.

Thiol-dependent aggregation and heterodimer formation

The propensity of zinc-deficient SOD to aggregate was studied using analytical
ultracentrifugation (Figure 7(a)). In the absence of the reductant dithiothreitol (DTT), all SODs
tested, whether Cu,Zn-replete or zinc-deficient, were resistant to aggregation (<10%
aggregation after 72 hours at 20°C). In the presence of DTT, ~50% of both the D124N and
D83S forms of zinc-deficient SOD aggregated, whereas < 5% of wild-type and C111S Cu,Zn
SODs aggregated. Surprisingly, the DTT-induced aggregation of both zinc-deficient SOD
mutants was prevented by the addition of equimolar amounts of wild-type Cu,Zn SOD (Figure
7(a)). Sedimentation velocity experiments yielded Syg \, values of 2.8 for Cu,Zn SOD and 3
for zinc-deficient SOD. To determine whether heterodimers could form between wild-type
Cu,Zn SOD and D83S SOD, two techniques were employed: fluorescence resonance energy
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transfer (FRET) and native gel electrophoresis (Figure 7(b) and 7(c)). Both approaches showed
that subunit exchange between wild-type Cu,Zn SODs and D83S occurs readily at 37°C to
create heterodimers; the measured half-lives were 17 £ 4 min and 12.5 = 0.6 min for native gel
and FRET experiments, respectively.

Discussion

Zinc-deficient SOD can be an important intermediate in both the aggregation and pro-oxidant
models for ALS progression. The present structure reveals that the loss of zinc alters the
structure of human SOD far more than any ALS mutation that has been crystallographically
characterized to date. Overall, the zinc-deficient SOD structure reveals features that help
explain both its greater redox activity and increased susceptibility to aggregation. The most
dramatic structural change is the disorder of the loop IV that forms the zinc-binding pocket
containing all four zinc ligands. The electrostatic loop also becomes disordered because it
makes significant contacts with the zinc loop. The disorder of these two loops is comparable
to the disorder caused by the lack of both copper and zinc (Table I1), and to that seen in
molecular dynamic simulations of apo or partially metallated SOD. 47 According to NMR48;
49 and molecular dynamic structures*’ both metals are needed for full localization of the
electrostatic and zinc-binding loops.

The loss of zinc leaves the B-barrel and the active-site copper geometry essentially unchanged
from oxidized wild-type Cu,Zn SOD. His63, which normally coordinates with both copper and
zinc, also assumes a conformation similar to that found in Cu,Zn SOD even though much of
the rest of loop 1V is disordered. The remarkably similar geometries of the active site are
consistent with the ability of oxidized (Cu*2) zinc-deficient SOD to scavenge superoxide at a
rate that is nearly identical to the rate of Cu,Zn soD.50 However, the second step in catalysis,
the oxidation of Cu*! by sugeromde is slower and becomes pH dependent upon the loss of
zinc from the enzyme

An important consequence of the disruption of loops IV and VII is the opening of the narrow
4 A wide channel that normally restricts small molecules from accessing the catalytic copper.
The increased accessibility to the copper in zinc-deficient SOD explains why copper in zinc-
deficient SOD is more than a thousand-times more reactive than the wild-type holo- Cu,Zn
SOD with intracellular reductants such as ascorbate and glutathione (Eqn. 1).32 Although the
reduced copper will continually be reoxidized by molecular oxygen to produce superoxide
(Eqn. 2), the copper will tend to be maintained in a reduced state in vivo by oxidizing low
molecular weight antioxidants to their respective free radical intermediates (Eqgn. 1).

Ascorbate + Cu(Il), E — SOD — Ascorbyl Radical + Cu(I), E — SOD (Equation 1)

Cu(l), E—SOD + O2 — Cu(Il), E — SOD + 02'_ (Equation 2)
With respect to motor neurons and ALS, the depletlon of ascorbate has been shown to be lethal
in guinea pigs on a tocopherol-depleted diet. 52 Thus, the consumption of ascorbate might also
contribute to motor neuron death induced by zinc-deficient SOD observed by Estevez et al. 32

Zinc-loss leads to an altered dimer

Rearrangements in loop IV twist the dimer interface and result in a nine-degree rotation in the
relative orientation of the two subunits (Figure 4). This is the largest shift reported for the
interface of any SOD structure. The disorder in the normally rigidly held disulfide bond and
the opening of the dimer interface suggest that the subunit structure is itself more loosely packed
and flexible, and that the dimer interface is also weakened. These observations are consistent
with the loss of zinc being an initial step in the process of forming apo enzyme and consequent
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disulfide reduction, dimer dissociation, unfolding and aggregation. Except for the disorder of
loops IV and VI, chain B closely resembles the structure of Cu,Zn SOD, while chain A shares
features that are intermediate between a genetically engineered monomeric form of SOD and
Cu,Zn SOD. The rotation of the guanidinium moiety of Arg143 away from the active site
copper and movement of the disulfide region of loop 1V are consistent with observations seen
in the recently solved structures of the metal depleted, C57S, C146S disulfide mutants of SOD.
23 These changes in Arg143 emphasize the interconnections between the active site, the
disulfide and the dimer interface.

Curiously, Mycobacterium tuberculosis expresses a membrane-bound, copper containing form
of SOD (MtSOD) that does not have a zinc-binding site.93 This MtSOD is up-regulated and
expressed on the extracellular surface of the mycobacterium upon entry into human
macrophages, where superoxide levels are expected to be high.54 Despite the absence of zinc,
MtSOD has an enzymatic rate comparable to that of most Cu, Zn SODs.23 Consistent with
zinc-deficient human SOD, the rate of superoxide dismutation of M. tuberculosis is pH
dependent.53 When exposed to high superoxide fluxes, as will occur in a macrophage
phagosome, the rate of reoxidation (Eqn. 2) of Cu*! by oxygen would be inconsequential.
Because the host limits zinc availability within a macrophage, M. tuberculosis would have a
selective advantage to express an efficient SOD lacking zinc2°. To accommodate the absence
of zinc, the dimer interface of MtSOD involves the electrostatic loop and the addition of a
unique dimerization Ioop.53 The dimer interface in MtSOD occludes more surface area and
involves over 30 hydrogen bonds, compared to only a few hydrogen bonds in human SOD.
53 The increased stability of the dimer interface may be a mechanism to compensate for the
loss in structural stability conferred by zinc in traditional copper and zinc containing SODs.

Aggregation properties and insights into the mechanisms of disease

Dissociation of SOD subunits is now recognized to be a major step in the formation of insoluble
aggregates (Figure 8).22? 56; 57 |n the present study, we found that the thiol-reducing agent
DTT strongly promoted aggregation of zinc-deficient SOD. As noted above, the alternate
conformation seen for the Cys57-Cys146 disulfide in chain A of the zinc-deficient SOD
structure is particularly noteworthy in this regard, as it implies a greater level of mobility that
would be expected to correlate with greater ease of reduction by small molecular weight thiol
reductants. Remarkably, the thiol-dependent aggregation of zinc-deficient SOD was almost
entirely prevented by the addition of Cu,Zn SOD (Figure 7(a)). As we have shown that
heterodimers form in minutes (Figure 7(b) and (c)), we propose that Cu,Zn SOD prevents the
thiol-dependent aggregation of zinc-deficient SOD through the formation of more stable
heterodimers with zinc-deficient SOD. Structurally this makes sense because the Cu,Zn subunit
would stabilize the more native-like conformation of the disulfide section of loop IV in the
zinc-deficient SOD subunit. A more native conformation would make the disulfide less
susceptible to reduction by DTT and thereby decrease the rate of formation of aggregation-
prone monomers in the presence of DTT.

An intriguing aspect of this work is the implications for how heterodimer formation could
influence disease progression. Cu,Zn and zinc-deficient SOD heterodimer formation
significantly inhibits aggregation of the zinc-deficient enzyme (Figure 7(a)). The two
hypotheses of pro-oxidant toxicity and aggregation toxicity would predict different disease
outcomes resulting from stabilization as heterodimers. Under the aggregation hypothesis,
heterodimer formation would be expected to decrease aggregation and therefore slow disease.
According to the pro-oxidant SOD hypothesis (Figure 8), heterodimer formation would lead
to a more rapid disease course because decreased aggregation would increase the lifetime of
zinc-deficient mutant SOD, resulting in an increased consumption of ascorbate and increased
oxidation by SOD. Crossing mice overexpressing wild-type SOD with FALS SOD mice has
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been shown to accelerate development of motor neuron disease.34: 98 Fukada et al.®8
attributed the accelerated disease progression to the stabilization of mutant SOD via the
formation of heterodimers. In humans, FALS is an autosomal dominant disease, which allows
for the formation of heterodimers of wild-type and mutant SOD. As point mutations have been
described in all five exons of SOD-1, involving almost one-third 43 of the 153 residues,
hypotheses about the toxic role of mutant SOD-1 in the pathogenesis of ALS must account for
this striking molecular diversity. In accordance with the results presented here, a fundamental
aspect of all the ALS mutant dimers as well as ALS SOD heterodimers with wild-type SOD
will be structural defects expected to influence zinc ion binding. The involvement of the Zn
ion may explain why an ALS-like lle-to-Thr mutation in the tetrameric human mitochondrial
MnSOD fails to cause any known degenerative diseases in humans despite destabilizing the
protein fold, as this MnSOD contains a single active site metal ion, so there is no comparable
Zn site loss to amplify the defect®®. The zinc-deficient SOD structure therefore provides new
insights into how the formation of heterodimers with Cu,Zn wild-type SOD would stabilize
zinc-deficient mutant SOD, a species known to be toxic to motor neurons, and thus contributes
to the dominant inheritance of SOD mutations.

Materials and Methods

Description of SOD mutants

In the course of this work, we used five different forms of human Cu,Zn SOD with metal
content assessed using the 4-pyridylazaresorcinol (PAR) assay35: wild-type (wild-type),
C111S (C111S, 1.07 copper per monomer, 1.18 zinc per monomer), H80S/D83S/C6A/C111S
(H80S/D83S), D124N/C111S (D124N,0.93 copper per monomer, 0.03 zinc per monomer),
and D83S/C111S (D83S, 0.93 copper per monomer, 0.08 zinc per monomer). The previously
characterized C111S and C6A mutations facilitate expression of soluble, stable protein from
E. coli and do not significantly alter the structure, metal binding, or catalytic superoxide
dismutase activity of soD.6: 11560 pmutation of the zinc ligands His80 and Asp83 makes SOD
constitutively zinc-deficient. The D124N mutation was shown to yield a zinc-deficient SOD
by disrupting hydrogen-bonds networks that stabilize the Zn ligands His46 and His716L. For
the purposes of this study, we have grouped these variants into two categories: the normally
“Cu, Zn” containing enzymes, wt SOD and C111S SOD, and the constitutively zinc-deficient
(Cu, E) enzymes D124N SOD, D83S SOD and H80S/D83S SOD.

Expression and purification of SOD

Zinc-deficient SOD was created by mutating the zinc-binding residues Asp83 and His80 to
Ser or by mutating Asp124 to Asn using mutagenic PCR as previously described. 15 61 Al
SOD proteins used in this study were expressed and purified from E. coli as previously
described.15; 60 Copper and zinc content was determined using the 4-pyridylazaresorcinol
(PAR) assay.35 Protein concentrations were based on gygg= 5,810 M~1cm™1 for the denatured
protein that was calculated from the amino acid composition.

Crystallization

Crystals were grown at room temperature in less than one week using a reservoir of 2.45 M
ammonium sulfate, 200 mM NaCl in 50 mM Tris, pH 7.5, and a drop made from 2 pL of 15.7
mg/mL protein in 50 mM Na/K phosphate pH 7.7 mixed with 2 uL of reservoir solution.

Data collection and refinement

Diffraction data were collected at the Advanced Light Source (Lawrence-Berkeley National
Laboratory, USA) at —170° C (1°oscillations; A= 1.01 A), and were processed using programs
DENZO and SCALEPACK (Table I)63. The crystals formed in space group C2 with unit cell
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axes a=107.2 A, b=35.9 A, ¢=68.30 and p=104.8°. All crystallographic refinement was done
using the Crystallography and NMR System software (v1.1)64. A random 5% of the data were
selected for cross-validation. The structure of the C6A, C111S SOD mutant (PDB code 1N18)
succeeded as a search model to carry out molecular replacement against data from 20 to 5 A
resolution. Rigid body refinement yielded R/R¢e Values of 0.31/0.35, consistent with a correct
solution. The 2Fg — F¢ electron density map displayed well-defined density for residues 1-67,
79-131 and 140-153, however there was no clear density for atoms of the zinc binding sub-
loop residues 68-78 or the electrostatic loop residues132-139 in either chain A or B. Hence,
these residues were removed from the model for successive refinements. Residues 1-2, 23-28,
66-67 and 131 had weak backbone density but sufficient to allow them to be modeled. Local
positional and B-factor refinement extending to 2.0 A resolution, rapidly dropped the R-factors
to R=0.226 and Rgree= 0.273. Manual rebuilding of the model using the program O 65 was
guided by 2Fg — Fc and Fg — Fc electron density maps. Water molecules were added both
manually and using the CNS utility Water-Pick with the following criteria: (1) a minimum
3o peak in Fg — Fc maps and (2) a reasonable hydrogen-bonding geometry. At the later stages
of refinement, the largest positive difference peak corresponded to an alternate position for the
Sy atom of residue Cys 146. Occupancy of the Cys146-Sy alternate position was selected as
the value that yielded equivalent B-factors for the two positions 66: final B-factors of ~30
A3 resulted from occupancies of 0.65 for the native-like Cys146-Sy and 0.35 for the alternate
conformation of Cys146-Sy. Waters were numbered such that water 1 had the strongest electron
density and water 193 had the weakest density. Waters with 2Fg-Fc density of <1c were
removed from the model. Potential atomic clashes and erroneous side chain rotamers were
identified with Molprobity 67 Refinement was considered complete when the largest
difference map peaks were not interpretable and R and Rg,ee had converged. Final statistics
are reported in Table I. In addition, 100% of the,y angles are in the allowed regions of the
Ramachadran plot.

Root-mean-square deviation calculations and structural overlays were performed using the
program HOMOLOGCORE (P.A. Karplus). Theé)rogram HBPLUS v2.24 was used to define
hydrogen bonds within the zinc-deficient model 8, Structural figures were made using
PyMOLS9.

Native gel electrophoresis

Wild-type Cu, Zn SOD (40 pM) and D83S (40 pM) were combined in 100 mM sodium
phosphate, pH=7.4, and 100 mM sodium chloride and incubated at 37° C for the time indicated.
After incubation samples were flash frozen with liquid No. Samples were prepared with native
sample buffer (Bio-Rad) and resolved using 7.5 % acrylamide/bis-acrylamide (37.5:1)
resolving gel and a 3% stacking gel. Electrophoresis was carried out at 4° C for 120 min. at
130 V. The gel was then stained with Coomassie Blue and quantified with NIH Image (http://
rsh.info.nih.gov/nih-image/). Heterodimer formation was quantified as density of heterodimer
band divided by the total density of all three bands.

Fluorescent resonance energy transfer (FRET)

SOD protein samples were conjugated to primary amines via succinamide esters of either donor
fluorphore Alexa594 or acceptor fluorophore Alexa647 as described by the manufacturer
(Invitrogen, Eugene, OR). Briefly a 10-fold molar excess of reactive dye was allowed to react
with SOD for 2 h at pH=8.0 and 4° C. Conjugated SOD was purified from free dye using a
Sephadex G25 column (30 cm x 0.75 cm) pre-equilibrated with 100 mM phosphate buffer, pH
=7.4. The degree of labeling ranged between 0.8 and 1.3 conjugates per SOD subunit.
Fluorescent measurements were carried out at 37° C. Protein concentrations were 100 nM of
each the acceptor and donor labeled protein. Fluorescence was measured by irradiating the
sample with 586 nm excitation and monitoring the emission at 670 nm. To correct for
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background fluorescence, separate measurements were taken of the acceptor-labeled or donor-
labeled SOD.

Analytical ultracentrifugation

Equilibrium experiments were performed in a Beckman Optima XL-A analytical
ultracentrifuge. Buffer densities and viscosity corrections were made according to Laue et al.
70 The partial specific volume of SOD (0.725 cm3/g) was estimated from the protein
sequence71. The buffers were 100 mM potassium phosphate, pH 7.4, 100 mM NaCl with or
without 1 mM DTT. Sedimentation velocity runs were performed at 20°C using a four hole
AN-60Ti rotor and double-sector charcoal/Epon filled centerpieces. 10 uM SOD samples
(A230=0.8) were centrifuged at 42,000 rpm. Aggregation of the protein was measure using two
methods: (1) the difference in absorbance between baseline and after the sample had reached
equilibrium (2) after the completion of the equilibrium run the samples were agitated and then
the baseline absorbance was taken and compared to the initial baseline measurement. Scans
were collected using absorbance optics and analyzed by the method of van Holde and
Weischet72, or an enhanced method as implemented in the UltraScan software’3: 74, This
analysis yields the integral distribution G(s) of diffusion-corrected sedimentation coefficients
across the sedimentation boundary. In addition, the data were analyzed by the computer
program Sedfit. This software analyses analytical ultracentrifuge velocity data files by direct
fitting with numerical solutions of the Lamm Equation75.

Sedimentation equilibrium experiments were performed at 20°C according to procedures
described 6. Typically, three 120-ul samples of 10 uM SOD were centrifuged to equilibrium
at 3 different speeds from 15,000-22,000 rpm. Scans were collected with absorbance optics at
wavelengths between 230 and 280 nm. The radial step size was 0.001 cm, and each ¢ versus
r data point was the average of 15 independent measurements. Wavelengths were chosen so
that no points exceeded an absorbance of 1.0. Using UltraScan software, equilibrium data were
fit to multiple models using global fitting. The most appropriate model was chosen based on
the statistics and on visual inspection of the residual patterns.

Coordinates

The coordinates and structure factors have been deposited in the Protein Data Bank (http://
www.pdb.org/) as entry XXXX.
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C57-C146
Disulfide

Figure 1.

Key structural features of wild-type Cu,Zn SOD (PDB code 1HLD5). (a) In the right hand subunit
(chain A) copper (orange) and zinc (grey) are shown as spheres. Loop 1V is divided into three
sections; the dimerization sub-loop (residues 50-54, yellow) creates part of the dimer interface,
the disulfide sub-loop (residues 55-61, raspberry) covalently attaches to the B-barrel via the
Cysb7-Cys146 disulfide and the zinc-binding region (residues 62-83, blue) contains His63,
His71, His80 and Asp83 (shown as sticks). Copper is coordinated by residues His63, His46,
His48, and His120 (orange sticks). (b) Surface buried upon dimerization is shown for chain A.
The ~1400 A2 area is divided into three regions; the area contributed by the dimerization sub-
loop (yellow), the area buried by the interaction with the dimerization sub-loop of chain B
(cyan with yellow ribbon showing chain B segment) and th area from the B-barrel interaction
(light grey). The dimerization sub-loop is involved in ~ 75% of the total surface area buried
by the dimer.
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Alternate Cu-site
Occupancy = 0.17

Figure 2.

Position of copper in the active site of zinc-deficient SOD chain A. The 2Fo-Fc electron density
is contoured at 7o (blue mesh) and the Fo-Fc difference map is contoured at 3c (magenta mesh)
after omitting the alternate copper. The axial water (red sphere) and histidine residues 46, 48,
63, 120 coordinate Cu* (orange sphere) with a distorted square planar geometry. The magenta
positive density peak (peak height 5.7c) indicates some of the copper (light yellow sphere) is
in the alternate copper site, implying that it is in the Cul* state.
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Figure 3.

Increases copper accessibility in zinc-deficient SOD. (a) Access to the active site copper
(orange) of wild-type Cu,Zn SOD (green) is limited by the electrostatic and zinc-binding loops.
The red dashes illustrate the dimensions of the active site channel, which narrows from ca. 12
Atoca. 4 A. (b) The active site of zinc-deficient SOD (bluge) is more open and accessible due
to the disorder of the electrostatic and zinc-binding loops. Although the disordered residues in
these loops may transiently restrict the active-site channel, their flexibility allows small
molecules greater access to the copper.
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Figure 4.

Origin of the shift in dimer orientation. (a) The zinc-deficient SOD dimer (blue ribbon) was
overlaid with C6A, C111S Cu,Zn SOD (gray ribbon) based on the left hand subunit (chain A).
The shift in the right hand subunit orientation of 9.3° can be seen in the misalignment of the
B-barrel in chain B. The average shift between zinc-deficient SOD and five different human
SOD structures is 9.3°+ 1.4°(std) (n=21 dimers)[PDB codes 1PUO, 1N18, 1HL5, 1HL4,10ZT].
(b) Close up view of the shift in the disulfide sub-loop of chain A towards the dimer interface.
Thr58 prevents the shift in Arg143 due to clashes that would be created between the Nn and
Ca of Thr58. The shift in the disulfide sub-loop is ~1 A as measured at the Ca atom of Thr58.
(c) The native left-handed spiral conformation (Sy-Sy distance 2.2 A) found in Cu,Zn SOD
and the zinc-deficient structure is shown as orange spheres. The right-handed hook
conformation (Sy-Sy distance 2.1 A) observed as an alternate conformation in chain A of zinc-
deficient SOD is shown as yellow sphere with omit Fo-Fc density contoured to 3¢ (magenta
mesh). (d) Stereo image of the altered position of Arg143 in Chain A. In wild type Cu,Zn SOD
(PDB code 1HL5) Arg143 H-bonds (gray dashes) to three water molecules (gray spheres), to
the carbonyl oxygen of Gly61 and to the carbonyl oxygen of Cys57. Conversely, Arg143 in
chain A of zinc-deficient SOD no longer makes H-bonds to Gly61-O, but forms a new H-bond
to Thr58-0O (red dashes).
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Chain B

Figure 5.

Crystal contacts in the zinc-deficient SOD structure. Chain B of a symmetry-related molecule
(grey; Sym1) contacts both chains A and B (blue) of the asymmetric unit. The inset shows the
symmetry mate makes four hydrogen bonds (red dashes) with chain A. The Sym1 symmetry
mate also makes a single salt bridge with chain B. The electrostatic loop residues 124-131
remain ordered due to an interaction across a twofold with the same residues of another (Sym2)
symmetry-related molecule.
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(a) . (b)

Monomeric 1TMFM

Zinc-deficient

Figure 6.

Deviation of the conserved conformation of Arg143 in human Cu,Zn SOD. (a) Comparison of
83 independent Arg143 side chains from 15 human SOD structures with resolution of 2.0 A
or better (PDB codes 1AZV, 1HL4, 1HL5, 1IMFM, 1N18, 1N19, 10ZU, 1P1V, 1PTZ, 1PUO,
1UXL, 1UXM, 2C9S, 2C9U, 2C9V). The overlay was based on the main chain and C atoms
of Arg143. Thicker models of Ar%143 indicate chain A of zinc-deficient SOD (blue), chain B
of A4V/CB6A/C111S (red, 1N19l ), and monomeric SOD (green, lMFM39), which was
designed in a collaboration of Tainer and Getzoff with Robert A. Hallewell and Guy T.
Mullenbach.. (b) Overlay excluding the Arg143 of A4V/C6A/C111S, monomeric and zinc-
deficient SOD to confirm that no other conformations were hidden by the sticks in panel A.
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Figure 7.
Aggregation and heterodimer formation of zinc-deficient SOD. (a) The stability of the protein

against aggregation is measured as the amount of protein remaining in solution at the end of a
72 h analytical ultracentrifuge equilibrium run. Copper and zinc containing SOD (open bars),
zinc-deficient SOD (hashed bars) and zinc-deficient SOD mixed with Cu,Zn SOD (filled bars)
were all measured with and without DTT as indicated (n=2). (b) SOD native gel electrophoresis
shows the time course of the formation of heterodimer as monitored by the appearance of an
intermediate band. The half-life of heterodimer formation determined using densitometry was
17 £ 4 min (s.d.,n=3). (c) Increase fluorescence at 670nm resulting from mixing Alexa 647
conjugated zinc-deficient SOD(D83S) and Alexa-594 conjugated Cu,Zn SOD. Heterodimer
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formation was measured as an increase in fluorescence resonance energy transfer as indicated

by the increase in the acceptor (Alexa 647) fluorophore fluorescence at 670nm. The half-life
of heterodimer formation was measured to be 12.5 + 0.6 min (s.d.,n=3).
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Figure 8.

The loss of zinc from Cu,Zn SOD will initially form a heterodimer that can eventually lose a
second zinc to yield a zinc-deficient homodimer. The loss of zinc increases accessibility of
small molecules to copper and weakens the dimer interface. The C57-C146 disulfide bridge in
zinc-deficient homodimers is more susceptible to reduction and the monomeric proteins will
readily lose copper and form insoluble aggregates stabilized by intersubunit disulfides.
Although the dimer interface of Cu,Zn SOD is more stable, the formation of heterodimers from
Cu,Zn and zinc-deficient SOD monomers greatly reduces the susceptibility of zinc-deficient
SOD to aggregation in the presence of disulfide reducing agents due to the more stable interface
from the Cu,Zn subunit.
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Data collection
Resolution limits ()
Unique observations
Rsym
Completeness (%)
Refinement
No. of protein molecules
No. of amino acid residues
No. of water sites
Average B-factor ( 2)
RWork
Reree (5% of data)
r.m.s.d. bond lengths ()
r.m.s.d. bond angles (o)

20-2.0 (2.07-2.0)
15899

0.061 (0.267)
95.8 (94.5)

2

268
190
36
0.187
0.246
0.016
1.84

a . . . .
Numbers in parentheses correspond to values in the highest resolution shell
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Table Il
PDB code Disordered loop residues Loop residues in non- native Reference
conformation
10ZT H46R-Apo 68-77, 132-138 125-131 17
10EZ H46R-zinc-hound 66-77, 124-141 78-81 17
1HL4 WtSOD-Apo 68-78, 125-141 n.c. 37
XXX Zinc-deficient SOD 68-79, 132-139 125-131 This work
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