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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease
linked to the misfolding of Cu/Zn superoxide dismutase (SOD1).
ALS-related defects in SOD1 result in a gain of toxic function that
coincides with aberrant oligomerization. The structural events
triggering oligomerization have remained enigmatic, however, as
is the case in other protein-misfolding diseases. Here, we target the
critical conformational change that defines the earliest step toward
aggregation. Using nuclear spin relaxation dispersion experiments,
we identified a short-lived (0.4 ms) and weakly populated (0.7%)
conformation of metal-depleted SOD1 that triggers aberrant oli-
gomerization. This excited state emanates from the folded ground
state and is suppressed by metal binding, but is present in both the
disulfide-oxidized and disulfide-reduced forms of the protein. Our
results pinpoint a perturbed region of the excited-state structure
that forms intermolecular contacts in the earliest nonnative dimer/
oligomer. The conformational transition that triggers oligomeriza-
tion is a common feature of WT SOD1 and ALS-associated mutants
that have widely different physicochemical properties. But com-
pared with WT SOD1, the mutants have enhanced structural
distortions in their excited states, and in some cases slightly higher
excited-state populations and lower kinetic barriers, implying
increased susceptibility to oligomerization. Our results provide a
unified picture that highlights both () a common denominator
among different SOD1 variants that may explain why diverse
mutations cause the same disease, and (i) a structural basis that
may aid in understanding how different mutations affect disease
propensity and progression.

amyotrophic lateral sclerosis | nuclear magnetic resonance relaxation |
protein misfolding

myotrophic lateral sclerosis (ALS) is a motor neuron dis-

ease with an incidence of 1-2 per 100,000 and a lifetime risk
of 1/1,000 that results in paralysis and respiratory failure, typi-
cally within 1-5 years of onset (1). The most common familial
form of ALS has been linked to Cu/Zn superoxide dismutase
(SOD1) (2), a 32-kDa homodimeric antioxidant enzyme (Fig.
14). Transgenic mice models have shown that mutations in
SOD1 can induce ALS through a gain of cytotoxic function (3,
4), the molecular basis of which remains unknown. The prevail-
ing hypothesis, based on the accumulation of insoluble protein
deposits in motor neurons, asserts that pathogenesis involves
protein misfolding and aggregation (1, 2). Mounting evidence
indicates that the gain of toxic function in SOD1-linked ALS, as
in many other misfolding diseases, is caused by molecular species
that arise early in the aggregation process as opposed to the
macroscopic deposits per se (5-8). The structural events trig-
gering oligomerization have remained enigmatic, however, as is
the case in other protein-misfolding diseases (9). A detailed view
of the misfolding and oligomerization pathway involving SOD1
is of fundamental importance for elucidating the molecular basis
of ALS.

www.pnas.org/cgi/doi/10.1073/pnas.0907387106

Monomeric metal-free (apo) SODI1 is a pertinent starting
point for addressing the initial events causing aberrant oligomer-
ization. SOD1 undergoes complex posttranslational maturation,
including formation of the intramolecular C57-C146 disulfide
bond, binding of Zn, chaperone-assisted insertion of Cu, and
dimerization (10, 11). However, several lines of evidence indi-
cate that it is apo-SOD1, not the metal-bound states, that plays
a key role in aberrant oligomerization (11-19). In vitro studies
of the aggregation kinetics have implicated the monomeric apo
state as the origin for aggregation (12-14). In addition, partially
misfolded and monomeric SOD1 has been detected in ALS
mouse models (20) and in vivo-like erythrocyte systems (21).
The relative population of apo monomers is expected to be
higher for mutations that adversely affect metal binding or
dimerization of SOD1 (2). It also is known that reduction of the
C57-C146 disulfide promotes dissociation of the native dimer
(11, 22), but contrasting data have been reported regarding the
role of intermolecular disulfide bonds in the aggregation of
SOD1 (8, 15, 16, 23, 24). Previous reports have identified a
flexible region in monomeric apo-SOD1, including the metal-
binding loops and neighboring B-sheet, which has been suggested
as the primary candidate for forming an aggregation-prone
interface (18, 19, 25).

Based on these insights, we set out to characterize the critical
process that turns innocuous SOD1 into an aggregation-prone
species. We used Carr-Purcell-Meiboom-Gill (CPMG) N nu-
clear spin relaxation experiments, which are capable of detecting
minute quantities of short-lived excited states against the dom-
inant background of ground-state protein (26, 27). CPMG
experiments yield the rate of exchange between the ground state
and the excited state, together with the relative populations of
these states and the NMR frequency (chemical shift) difference
between them, which is a sensitive indicator of structural
changes. Thus, the experiments determine the kinetics and
thermodynamics of the conformational transition and also pro-
vide structural information on the excited state.
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Fig. 1. Transient structural distortion of monomeric WT SOD1. (A) Structure
of the native Cu/Zn-bound SOD1 dimer (35). Green and magenta ribbons
represent the two molecules. The solvent-accessible surface is outlined in
green, and the dimer interface is colored magenta. The Cu (blue) and Zn
(green) ions are indicated. p-strands are numbered 1-8 and loops I-VII. (B)
Representative >N CPMG relaxation dispersions (R, vs. vcpiwig) recorded at 2
static magnetic fields (open symbols, 50.6 MHz; filled symbols, 60.8 MHz) and
3 temperatures (blue, 18 °C; green, 25 °C; red, 32 °C). The solid lines represent
the global fit to a 2-state process. (C) Residues with perturbed structure in the
excited state of apo-SOD1 are shown in red. The tube width encodes Awge =
354-1720s~". Black denotes prolines and residues lacking data due to spectral
overlap; gray denotes residues not showing relaxation dispersion. Left-side
view: as for the right-side molecule in (A); right-hand view: rotated by 180°
around the vertical axis. (D) Residues showing quantifiable exchange in
Zn-SOD1 are colored blue; in other respects, the layout follows (C). The global
fit yielded kex = 22 = 157" and (Awpg) = (14 = 9) X 10s~ .

More than 100 different mutations in SOD1 have been linked
to familial ALS, but how the great variation in molecular
properties (e.g., stability and metal affinity) among these mu-
tants relate to the same disease is not well understood (2, 28). To
investigate this issue, we studied both WT SOD1 and 4 familial
ALS mutants. The mutants were selected based on their well-
established links to familial ALS and their diverse physicochem-
ical properties. The monomeric apo states of A4V, G85R, and
G93A are all highly destabilized toward global unfolding,
whereas D90A imparts only a marginal effect in this respect (14).
G85R and D90A have a lower net negative charge, which
increases the aggregation propensity (14, 28), and G85R has a
lower metal affinity, which increases the relative population of
apo-SOD1 (2). A4V and G93A confer short survival times in
patients with ALS (< 3 years), while G85R and D90A are
associated with more variable disease progression (1, 2). Here,
we report a transient structural distortion that triggers oligomer-
ization of monomeric apo-SOD1. Our dynamics profiling of
these SOD1 variants offers physicochemical and structural in-
sights that may explain mutation-specific variations in disease
propensity.

Results

Apo-SOD1 Undergoes a Reversible Conformational Transition. We
measured "N CPMG relaxation dispersion profiles on WT
apo-SODI1 at 3 different temperatures. A total of 64 backbone
nitrogen nuclei showed measurable exchange contributions to
the transverse relaxation rate. The relaxation dispersions from
these residues at all 3 temperatures were fit globally to a 2-state
exchange process (Fig. 1B, Figs. S1 and S2, and Table S1). The
results reveal that WT apo-SOD1 exchanges reversibly between
the folded ground state (F) and an excited state (E) that has a
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Table 1. Parameters describing the transient structural transition
in WT and mutant variants of apo-SOD1 at 25° C and pH 6.3

Variant kex (X103s7 1) pe (%) n*
WTt 2.2+ 0.1 0.7 = 0.1 64
A4V 3.0+0.3 1.0 + 0.5 39
G85R 3.9+ 0.6 1.1 £ 0.6 31
D90A 3.6 0.3 1.2 +£0.3 68

*Number of residues included in the fit.

The parameters for WT apo-SOD1 were obtained from a global fit to data
acquired at 3 temperatures: 18°C, 25°C, and 32° C. The global fit also
included the enthalpy difference between the folded and excited states,
AHge = —57 = 5 kJ/mol. From pg and AHgg, the differences in free energy and
entropy are obtained: AGge = 12.1 + 0.2 kJ/mol and ASge = —0.22 = 0.01
kJ/mol/K.

relative population of pg = 0.7% (Fig. 1 B and C and Table 1).
The rate of exchange between the folded and excited states, kex =
2.2 X 10%s™1,is 5 and 7 orders of magnitude faster than the rates
of global folding and unfolding, respectively (14), demonstrating
that the excited state is located on the folded side of the major
folding barrier.

The temperature dependence of the relaxation dispersion data
reflects the energy landscape of SOD1. The global fit included
the enthalpy difference between the folded and excited states,
AHyg = —57 = 5 kJ/mol. Together with pg, this yields the free
energy and entropy differences, AGrg = 12.1 = 0.2 kJ/mol and
ASgg = —0.22 = 0.01 kJ/mol/K. Thus, formation of the excited
state is enthalpically favorable, but entropically unfavorable.

To visualize the structural difference between the folded and
excited states of apo-SOD1, we mapped those residues that
exhibit relaxation dispersion onto the structure of apo-SOD1
(Fig. 1C). Extensive regions of the 8-stranded B-sandwich are
perturbed in the excited state, including the flexible loops 1V,
VI, and VII and the B-sheet formed by strands B4, B5, 87, and
B8. In contrast, the sheet formed by strands 81-3 and 86 remains
largely unaffected in the excited state (Fig. 1C). Structural
perturbations are not observed for the ground state, which has
well-folded B-sheets as gauged from >N longitudinal relaxation
rates and {'H}-"SN NOE measurements (25).

Structural analysis shows that the peptide backbone of resi-
dues A60, G61, P62, H63, and F64 populates 2 distinct confor-
mations related to cis/trans isomerization of the G61-P62 pep-
tide bond. The chemical shift of P62 '3CF identifies the sets of
resonances arising from the cis and trans conformations (29), and
the corresponding peak intensities indicate that the relative
populations are ~25% and ~75%, respectively. Notably, the
excited state emanates exclusively from the major trans isomer,
while the cis isomer shows no conformational exchange (Fig. S3).

To investigate whether the observed exchange process relates
to unfolding of the affected segments, we compared the mag-
nitude of the chemical shift differences between the folded and
excited states, Awpg (extracted from the CPMG data), to the
changes in chemical shift expected for complete unfolding, Awry
(30) (Fig. S4). There is no correlation between Awpg and Awpy
(Pearson’s r = —0.14), indicating that the observed conforma-
tional exchange does not involve complete unfolding of these
segments. In fact, Awgg is greater than Awgy in the loops I'V and
VII, which have small values of Awgy, possibly suggesting that
these regions are more structured in the excited state than in the
ground state.

The €57-C146 Disulfide Does Not Control Excited State Formation.
CPMG data acquired on the disulfide-reduced form of WT
apo-SOD1 revealed conformational exchange for 13 residues in
the same regions as in the oxidized state, with pg = 0.6% and
kex = 3.4 X 10° s~ ! (Fig. S54). Thus, the population of the excited
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state in disulfide-reduced and disulfide-oxidized apo-SOD1 is
the same within the limits of experimental error, whereas the
rate of exchange is slightly faster in the reduced state than in the
oxidized state. The low number of residues that show exchange
in reduced apo-SOD1 is a consequence of the faster exchange
rate, which renders the CPMG dispersions measurable only for
residues with large Awpg. The residues for which we observe
exchange in reduced apo-SOD1 thus correspond to those that
have the largest Awgg in the oxidized state. In conclusion, the
oxidation state of the disulfide does not appear to control the
excited state formation in monomeric apo-SOD], in agreement
with computational studies of local unfolding in apo-SOD1 (17),
but might modulate the lifetime of the excited state.

Conformational Exchange Is Suppressed in Zn-SOD1. We verified that
the excited state is a unique feature of apo-SOD1 by performing
complementary CPMG experiments on Zn-bound SOD1 (Zn-
SOD1) (Fig. S5B). In contrast to apo-SOD1, Zn-SOD1 does not
undergo any large-scale conformational exchange. Eighteen
residues in the regions around the Zn binding site and the
superoxide access channel show evidence of slow conforma-
tional exchange with small structural changes (compare Fig. 1 C
and D). These distinct differences in conformational integrity
explain why apo-SODI1 forms oligomeric structures, whereas
Zn-SOD1 does not (11, 15).

Transient Intermolecular Contacts Are Identified by Paramagnetic
Relaxation. We mixed !’N-labeled SOD1 with non-isotope-
labeled SOD1 that had been tagged with the paramagnetic spin
label methanethiosulfonate (MTSL), which causes a strongly
distance dependent relaxation enhancement (31). Significant
paramagnetic relaxation enhancement (PRE) is observed (Figs.
24 and S6), establishing that monomeric apo-SOD1 forms
transient intermolecular interactions. The observed pattern of
PRE across the protein structure differs significantly from that
expected for the native apo dimer (Fig. 2 A-C); for example,
sizeable PREs are observed for residues H80 and V81, whose
backbone amides are buried in the interior of the ground-state
protein, as well as for residues L67, S68, and R69, which shield
HS80 and V81 from the solvent and are located 610 A away from
these residues. These observations indicate that the PREs are
due to nonnative dimers or higher-order oligomers, and that
intermolecular contacts occur between species that have under-
gone significant structural rearrangements. Most importantly,
PRE:s are observed only for the trans-(G61-P62) conformer (Fig.
2D), directly mirroring the CPMG results. Consequently, apo-
SOD1 must be in the trans-(G61-P62) conformation to (i) reach
the excited state and (if) form oligomers. Together, the PRE and
CPMG results strongly indicate that oligomerization occurs
specifically via the excited state. Because the observed exchange
parameters are independent of concentration (Fig. S7), we
conclude that the excited state is predominantly monomeric, but
forms oligomers in a transient fashion.

Familial ALS Mutants of SOD1 Show Enhanced Perturbations. We
investigated whether the structural transition occurs for ALS-
associated SOD1 mutants as well and, if so, whether these affect
the transition process or the structure of the excited state. We
performed PN CPMG relaxation measurements on 4 ALS
mutants: A4V, G85R, D90A, and G93A (Figs. 34 and S8). The
'H-BN correlation spectra of WT and A4V, G85R, and D90A
show very similar structures (Fig. S9). In contrast, G93A is
predominantly (=90%) unfolded under the same conditions, as
expected due to its low stability (14). The unfolded state of G93A
does not exhibit conformational exchange on the millisecond
time scale, in keeping with the conclusion that the excited state
of apo-SODL1 is located on the folded side of the major folding
barrier. The low population of folded G93A precluded CPMG
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Fig. 2. Transient oligomerization in the excited state of WT apo-SOD1. (A)
PRE, I';, of transverse "H magnetization in WT apo-SOD1 in the presence of the
spin-labeled apo-SOD1 variant Q153C-MTSL. The measured I'; is plotted versus
residue number (black bars), with estimated errors indicated. The blue line
shows the TI'; profile expected for transient formation of the native dimer
(3%). (B) Residues in WT apo-SOD1 with significant T'; (P < 0.01) are shown in
red. The width of the worm diagram indicates the magnitude of I',, which
scales with r=¢, where r is the distance from the spin label in the nonnative
dimer or oligomer. Black denotes prolines and residues lacking data due to
spectral overlap; gray denotes residues that do not experience significant I',.
(C) Calculated values of I'; > 2 s~ expected for transient formation of the
native dimer are shown in blue [corresponding to the blue line in (A)]. (D)
Representative experimental data showing PRE decays for A60 and G61 in the
major and minor conformations of WT apo-SOD1 that are due to cis-trans
isomerization around the G61-P62 peptide bond. The relative cross-peak
intensity measured in MTSL-oxidized and MTSL-reduced samples is plotted
versus the relaxation delay. The fitted values are I'; = 25.9 = 1.4 s~ for A60
and 9.1 = 0.5s" for G61.

measurements for this state. For the remaining 3 mutants, the
CPMG results reveal the existence of a conformational transi-
tion similar to that detected in WT apo-SOD1 (Table 1 and Fig.
3). Although k¢ and pg for the mutants are close to the values
measured for the WT, statistical analysis indicates that the
differences are significant (P < 0.05), except for the pg of A4V
(Table S2). To this extent, both k.« and pg tend to be slightly
increased for the mutants compared with WT.

The residue-specific values of Awgg for the mutants correlate
with the values measured for WT SODI1 (Fig. 3 E and F),
demonstrating that the excited state has a similar overall struc-
ture in the different variants. Focusing next on the detailed
chemical shift patterns, we pinpoint residues that have an altered
structure in the excited state of the mutants but apparently
remain unaffected in WT (Fig. 3 B-D). We defer any further
interpretations of potential differences in Awrg between variants
until future work that includes additional nuclei (e.g., '3C® and
13C"). The residues showing a mutation-specific exchange in A4V
are part of the N-terminal protecting edge of the B-sheet that is
stable in WT (B1-3 and B6; Fig. 3B). The destabilization of 1
in the excited state of A4V implies exposure of 2, which shows
high intrinsic propensity for fibril formation (32). G85R affects
residues in 86 and loop V, which together form the C-terminal
protective edge of the B-sheet (Fig. 3C), as well as in 83 next to
B6. The D90A mutation affects loop V and the adjacent loop 111
(Fig. 3D). In addition, 4 and B7 appear to be perturbed in A4V
and D90 beyond what is observed in WT.

Discussion

Here, we have demonstrated that monomeric apo-SOD1 ex-
changes between the globular folded state and an excited state
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Fig. 3.  Structural variation between the excited states of WT and mutant
variants of apo-SOD1. (A) Structural location of the mutated residues in the
SOD1variantsinvestigated herein. Blue, A4; green, G85; red, D90; yellow, G93.
(B-D) The locations of residues that are perturbed in the excited state of the
mutants, but notin WT apo-SOD1. (B) A4V:residues 4-6 (locatedin 81), 12and
14 (loop 1), and 45 (B4). (C) G85R: residues 34 (83), 91 (loop V), and 98-99 (36).
(D) D90A: residues 39 (loop IlI), 45 (B4), 91-92 (loop V), 116 and 120 (B7). (E)
Differences in the chemical shifts of the backbone amide >N nuclei between
the exchanging folded and excited states, obtained from CPMG relaxation
dispersions. The magnitude of the chemical shift change, Awfe, is plotted
versus residue number. The dashed lines indicate the locations of the mutated
residues. The color code is as in (A)-(D). (F) The Awre values obtained for each
of the mutants plotted versus Awge for WT SOD1. The Pearson correlation
coefficient, r, and P values are as follows: A4V versus WT, r = 0.80 and P <
0.0001; G85R versus WT, r = 0.41 and P = 0.039; D90A versus WT, r = 0.86 and
P < 0.0001.

that forms nonnative intermolecular interactions. That fact that
regions of apo-SOD1 are highly dynamic has been recognized for
years (25), but it is not clear whether the observed variables, such
as NMR relaxation rates and amide hydrogen exchange with
solvent deuterium (18, 19, 25, 33), imply that SOD1 experiences
a conformational continuum within a single basin in the energy
landscape, large-scale unfolding of the affected regions, or
exchange to a relatively well-defined excited state. Our present
results provide evidence for the latter scenario, and further show
that the excited state is a unifying feature of all SOD1 variants
investigated herein, despite their significant variation in stability
toward global unfolding. Under the present experimental con-
ditions, we could not obtain any CPMG dispersion data on the
folded state of the G93A mutant due to its low population. Thus,
it remains to be investigated whether the folded states of G93A
and other severely destabilized mutants also exhibit the transient
conformational distortion observed for the other 4 variants.
Our data reveal molecular properties of SOD1 that may offer
insight into the variations in disease propensity and progression
observed among different mutants. Previous reports have shown
that the net electric charge of SOD1 mutants is an important
factor in ALS (14, 28). Because the population of monomeric
apo-SOD1 depends on a number of factors, including dimer
interface integrity, metal affinity, and disulfide oxidation state,
mutations compromising any of these properties would be
expected to influence disease propensity (2, 11). Cellular prop-

18276 | www.pnas.org/cgi/doi/10.1073/pnas.0907387106

erties, including dysfunction of the chaperone and proteasome
systems, also are predicted to play a role in the development of
ALS (1). Below we discuss structural and physicochemical
properties of the excited state that are likely to influence the
aberrant oligomerization of SOD1.

The Awpg values indicate a significant structural change
between the folded and excited states, yet the values of Awpg
show that the perturbed residues of the excited state do not
behave as an unfolded chain (Fig. S4). Given that the excited
state is destabilized (AGgg = 12 kJ/mol), this structural change
likely involves weakened packing and exposure of hydrophobic
side chains that normally are hidden in the protein interior. This
interpretation is supported both by the PREs observed for
residues that are buried in the ground state and by the temper-
ature dependence of the CPMG data (Fig. 1B), which reveals an
unfavorable change in entropy, ASpg = —220 J/mol/K, as
expected for a process that increases the hydrophobic surface
area. An upper limit for the change in hydrophobic exposure can
be estimated by assuming that ASgg is caused entirely by the
hydrophobic effect (34), yielding A4 = 635 A2, which is com-
parable with the surface buried in the highly stable native
homodimer (A4 = 660 A2 per monomer) (35, 36). The residues
that are perturbed in the excited state do not match those in the
native dimer interface (Fig. 1 4 and C), but do match those
experiencing PRE (Figs. 1C and 2B). Thus, we conclude that the
excited state constitutes a precursor for nonnative assembly
mediated by a structural perturbation that exposes a hydropho-
bic face capable of association.

Previous observations have indicated that SOD1 oligomers
and insoluble aggregates are mediated by amyloid-like interac-
tions between B-strands (11, 15). The present view of the excited
state highlights those parts of the monomer that are the most
likely to engage in intermolecular B-interactions. Based on the
principle that B-sheet edges of native structures oppose aggre-
gation by negative design (37, 38), we note that the perturbation
of edge strands B5 and 88 in the excited state makes these regions
prime targets for nonnative associations implicated in oligomer-
ization. Indeed, 86 shows PREs due to intermolecular interac-
tions that cannot be explained by the native dimer (Fig. 2B) but
are made possible by the destabilization of 85 (Fig. 1B). Similar
observations have been made previously for an amyloid precur-
sor state of B,-microglobulin (39).

All 3 ALS mutations exhibit additional perturbations of the
protective -sheet edges that remain intact in the excited state
of WT apo-SOD1; specifically, this involves strands 81 or 86 or
the loops leading into these strands. Consequently, an increased
tendency to form nonnative intermolecular interactions is ex-
pected for the mutants relative to the WT. The degree of
excited-state perturbation follows the rank order of disease
severity for the mutants studied here; the excited state of A4V
exhibits more critical effects than either of G85R or D90A,
because it exposes 82, which has a high propensity for fibril
formation (32). These observations suggest that structural dif-
ferences between the excited states of different SOD1 variants
may be a critical factor in determining oligomerization propen-
sities and disease progression.

Do the kinetic and thermodynamic properties of the excited
states reveal any further determinants of variations in disease
severity? The populations of the excited states differ by less than
a factor of 2 between the WT and mutant variants. Nevertheless,
PE, Which is expected to scale the effective rate of oligomeriza-
tion, appears to be slightly greater for some mutants than for
WT. The same observation holds for the exchange rate, indi-
cating that the energy barrier between the folded and excited
states is reduced by mutations (Table 1). Although the observed
changes in pg are limited, we note that even smaller changes
(< 15%) in the aggregation propensity of Alzheimer’s B-peptide
produce profound changes in its pathogenic effects (40). It would

Teilum et al.
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Fig.4. Schematicdiagram of the initial molecular events triggering aberrant
oligomerization of apo-SOD1. (/) Unfolded apo-SOD1. (//) Folded ground state
of monomeric apo-SOD1. (/) Native dimeric Cu/Zn-bound SOD1. (/V) Excited
state of monomeric apo-SOD1 with destabilized edge B-strands and increased
hydrophobicsurface area. The excited state defines the gateway to oligomer-
ization implicated in ALS. (V) Nonnative dimer or oligomer. Arrows indicate
equilibria; the relative size of the arrows qualitatively depicts the balance
across each equilibrium, which depends on the specific mutation, among
other things.

be of great interest to compare our results with measured rates
of oligomerization or aggregation for the same SOD]1 variants.
But to the best of our knowledge, this type of data has not yet
been published, although qualitative results have been reported
for WT and D90A (41). At present, we can only speculate that
the differences in pg and kex between SOD1 variants (up to 70%
in the present cases), in combination with the structural differ-
ences between their excited states, might represent important
factors underlying the variations in development and progression
of ALS observed for different mutations.

We note that the detailed view of the excited state provided
here differs from that inferred from previous ¢-value analysis of
the folding kinetics (42), possibly suggesting that the excited
state is off the folding pathway; alternatively, the observed
differences arguably could be explained by the limited structural
resolution afforded by the ¢-value approach. The chemical shifts
of the perturbed residues in the excited state suggest that the
protein is not simply undergoing local unfolding, which implies
that the approach reported by Korzhnev et al. (43) toward
calculating the structure of the excited state cannot be applied
in the present case, because one of the endpoint reference states
remains unknown.

Our current model of the initial steps that lead to aberrant
oligomerization of SOD1 is summarized in Fig. 4. The critical
event is the reversible transition of apo-SODI, in either the
disulfide-oxidized or disulfide-reduced state, to a destabilized
conformation that forms nonnative oligomers. We hypothesize
that this transition might constitute the gateway to downstream
events leading to ALS. The excited state is a unifying factor
among ALS-associated SOD1 mutations with widely differing
physicochemical properties, including global stability. Our
model implies that WT SOD1 also is able to form oligomers,
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although with decreased probability. This inherent feature ex-
plains the observations that WT SOD1 can oligomerize or
aggregate (11, 15, 16), that inclusions of WT SOD1 have been
identified in patients with sporadic ALS (7), and that WT SOD1
exacerbates disease in double-transgenic mice (44). The initial
misfolding transition of SOD1 might serve as a target for
intervention of SOD1-associated cytotoxicity in ALS.

Materials and Methods

Protein Expression and Purification. The previously validated mutant C6A/F50E/
G51E/C111A was used as a substitute for monomeric WT SOD1 (14), because it
enables studies of the monomer under equilibrium conditions and avoids
nonnative disulfide cross-linking of C6 and C111, which compromises the
long-term solubility required for the NMR analysis. All of the ALS mutations
studied here were expressed on the background of this pseudo-WT construct,
designated WT herein. The WT and A4V, G85R, D90A, and G93A mutants were
expressed as described in ref. 14 in Escherichia coli strains BL21(DE3) or
BL21*(DE3)/pLysS. The mutant Q153C was constructed using the Quick
Change Lightning site-directed mutagenesis kit (Stratagene), with the WT
construct as a template. Unlabeled SOD1 was expressed in LB medium. SOD1
enriched with >N and '3C was expressed in M9 minimal medium containing
T5NH4Cl and [U-'3Cg]-Glc as the sole nitrogen and carbon sources. The protein
was purified essentially as described in ref. 14. Spin-labeled SOD1-Q153C was
prepared in Ny-flushed 20 mM Tris:HCl (pH 8.0) by mixing with 6 molar
equivalents of MTSL. The sample was placed in the dark at 25 °C for 1-1/2
hours, followed by dialysis against 10 mM Tris:HCI (pH 8.0) at 5 °C. Unlabelled
protein was removed using MonoQ anion exchange with a 0-0.25 M NadCl
elution gradient in 20 mM Tris-HCI (pH 8.0).

NMR Sample Preparation. All NMR samples were made up in 10 mM MES, pH
6.3, 10% D;0, and 1 mM EDTA, unless stated otherwise. Apo-SOD1 was
prepared by extensive dialysis against 50 mM NaAcO and 10 mM EDTA (pH
3.8), followed by dialysis against the NMR buffer and concentration to 0.25-1
mM. Reduced apo-SOD1 was prepared by adding 50 mM DTT to an Ar-purged
solution of apo-SOD1 in 20 mM Tris (pH 8), incubation under Ar atmosphere
for 2 h at 37 °C, and buffer exchange to yield 0.8 mM reduced apo-SOD1 with
0.5 mM tris(2-carboxyethyl)phosphine. Zn-SOD was prepared by 10-fold dilu-
tion of 1 mM apo-SOD into 0.5 mM ZnCl, without EDTA, and concentration to
1 mM. The sample for paramagnetic relaxation measurements was prepared
by mixing 60 uL of 1 mM >N apo-SOD1 with 540 uL of 1 mM apo-Q153C-MTSL.

NMR Experiments. Backbone resonances for WT SOD1, A4V, and G85R were
assigned using 'H-">N HSQC, HNCO, HNCA, (HCA)CO(CA)NH, HNCACB, and
CBCA(CO)NH experiments (45). The WT assignments could be transferred to
D90A using a single HNCA spectrum. >N CPMG relaxation-compensated
experiments (46) were performed using the constant time approach (47) on
Varian Inova 500 and 600 MHz spectrometers equipped with triple-resonance
probes. All spectra were processed in nmrPipe (48) and analyzed with
nmrDraw and SPARKY 3. CPMG dispersions were measured at 18, 25,and 32 °C
on WT SOD1 and at 25 °C on the A4V, G85R, and D90A mutants. Dispersion
profiles were sampled using 17 CPMG field strengths (vcpme) ranging from 50
to 1,000 Hz at 11.7 T and 14 values of vcpmg ranging from 33 to 1,000 Hz at 14.1
T; veeme = 1/(47cpmc), Where 27cpmg is the spacing between 2 successive 180°
pulses in the CPMG pulse train. 'H I'; experiments were recorded using a
published pulse sequence (31) on a Varian Inova 800 spectrometer with a
triple-resonance cryoprobe. Relaxation decays were measured before and
after reduction of the MTSL spin-label with 3 molar excess ascorbate, using 8
relaxation delays of 2-40 ms.

Data Analysis. Relaxation dispersion profiles on apo-SOD1 were fitted both to
a constant value and to the general expression for a 2-state process (49).
Relaxation dispersion profiles on Zn-SOD1 were fitted to a constant and the
expression for a 2-state process in slow exchange (50). The van't Hoff equation
was applied to model the temperature dependence of pr, while kex was fit
individually at each temperature to allow for non-Arrhenius dynamics. The F
test was used to determine whether each residue showed significant disper-
sions (51, 52). For the single-temperature data, P < 0.02 was used as signifi-
cance criterion. For the 3-temperature data, P < 0.0005 was used to ensure
convergence of the global fit, which resulted in selection of essentially the
same residues as those identified from single-temperature data and P < 0.02.
Data from residues with significant dispersion were subsequently included in
a global fit with kex and pr as global parameters. Global fits were performed
using IgorPro v5.04 (WaveMetrics). To assess the robustness and quality of the
global fit, a bootstrap procedure was used; 20% of the residues with signifi-
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cant dispersion were randomly left out in 100 repeated global fits. To test
whether the parameters pr and kex differ between the WT and mutants, data
were fit pairwise with either pr or kex as a parameter shared between the WT
and mutant. The results of these fits were compared with the fits of each SOD
variant treated individually by applying the F test. I'; was measured from
intensity profiles profiles as described in ref. 31. Data were fitted both to a
constant and to an exponential decay, and the F test was used to determine
whether I'; was significant (P < 0.01). The PREs expected for the native dimer
were calculated as described in ref. 31, based on a correlation time of 10 ns
(25). The distance between each amide proton and the unpaired electron of
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MTSL was estimated from the distance between N2 of Q153 in WT SOD1 and
the amide nitrogen in the dimeric structure of Zn-loaded SOD1, PDB-code
1HL4 (35).
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