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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease
that, in some cases, has been linked with mutations to the antiox-
idant metalloenzyme superoxide dismutase (SOD1). Although the
mature form of this enzyme is highly stable and resistant to aggre-
gation, the most immature form, lacking metal and a stabilizing
intrasubunit disulfide bond, apoSOD12SH, is dynamic and hypothe-
sized to be a major cause of toxicity in vivo. Previous solution NMR
studies of wild-type apoSOD12SH have shown that the ground state
interconverts with a series of sparsely populated and transiently
formed conformers, some of which have aberrant nonnative struc-
tures. Here, we study seven disease mutants of apoSOD12SH and
characterize their free energy landscapes as a first step in under-
standing the initial stages of disease progression and, more gener-
ally, to evaluate the plasticity of low-lying protein conformational
states. The mutations lead to little change in the structures and
dynamics of the ground states of the mutant proteins. By contrast,
the numbers of low-lying excited states that are accessible to each
of the disease mutants can vary significantly, with additional con-
formers accessed in some cases. Our study suggests that the diver-
sity of these structures can provide alternate interaction motifs for
different mutants, establishing additional pathways for new and
often aberrant intra- and intermolecular contacts. Further, it empha-
sizes the potential importance of conformationally excited states in
directing both folding and misfolding processes.
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Human Cu,Zn superoxide dismutase (SOD1), an extensively
studied dimeric metalloenzyme, has served as a prototype for

understanding the protein structure-function paradigm and for
elucidating how folding and misfolding can be associated with
disease (1). In 1993, a genetic link was established between
amyotrophic lateral sclerosis (ALS) and mutant forms of SOD1
(2), and currently, over 150 disease-causing mutations have been
identified (alsod.iop.kcl.ac.uk/). A characteristic feature of ALS is
the presence of protein aggregates in motor neurons (3), of which
SOD1 has been identified as a component in some familial ALS
(fALS), as well as in some sporadic ALS (sALS) cases (4–6). Due
to similarities in the clinical symptoms of fALS and sALS, com-
mon aggregation mechanisms have been proposed for both forms
of the disease (7, 8). A major hypothesis is that mutations promote
misfolding and aggregation of SOD1, leading to a cascade of toxic
events that culminate in motor neuron death (9). However, at-
tempts to identify relationships between the diverse set of mutants
and disease characteristics, such as age of onset, severity and ag-
gregate morphology, have proven difficult (10, 11).
The fully mature form of SOD1 (Cu2Zn2SOD1S-S) is a highly

stable homodimer (Fig. 1A) with a melting temperature of 92 °C
(12) that maintains enzymatic activity even under strongly denatur-
ing conditions (13). Each SOD1 chain adopts an eight-stranded
Greek key β-barrel structure with two long loops that are referred to
as the zinc-binding (or dimer) loop and the electrostatic loop (1).
Zinc and copper binding (one of each metal per monomer), disulfide

bond formation, and dimerization limit the flexibility of the loops
and markedly increase protein stability (14). Residues in both loops
participate in a multitude of hydrogen-bonding interactions that are
believed to stabilize the protein by providing a network of connec-
tions between the loops and the metal-binding sites (15). Relative to
mature SOD1, ALS-associated mutant forms have increased ten-
dencies to be metal-deficient (1), and the loss of metal decreases
stability and increases the range of sampled conformations, leading
to increased aggregation propensities.
The focus of this study is on the most immature form of SOD1,

apoSOD12SH, which is metal-free, disulfide-reduced, and mainly
monomeric under physiological conditions (16). In the absence of
metals and disulfide bonds, vital interactions are lost, causing the
electrostatic and zinc-binding loops to unravel (17). Together with
the exposed dimer interface, loop unraveling leads to an increased
tendency of the protein to misfold and establish nonnative con-
tacts. ApoSOD12SH is highly dynamic, and its stability is relatively
low compared with other globular proteins (10), and far lower
than more mature forms of SOD1. We have previously shown that
apoSOD12SH populates at least four distinct low-energy, yet
thermally accessible, conformational states (referred to here as
excited states), with lifetimes on the millisecond time scale (18).
Two of these rare conformers are generated by transitions from
apoSOD12SH that lead to the formation of structural elements
resembling the structural elements found in Cu2Zn2SOD1S-S,
whereas the other two conformers are nonnative dimers that are
stabilized by aberrant intermolecular interactions (18).
Because apoSOD12SH is the least stable form of the protein, its

free energy landscape would be expected to be perturbed by
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disease-causing mutants more readily than the more mature
forms of the protein (10). Thus, apoSOD12SH presents an in-
teresting model for understanding the effects of mutations on
free energy landscapes and the plasticity of low-lying protein
conformational states. Although many studies have focused on
how mutations can lead to structural changes in the ground state
of a protein, little is known about how the structural properties of
sparsely populated and transiently formed states are affected. Here,
we characterize such excited states in seven mutants of SOD1 as-
sociated with ALS. Although the mutations cause only minimal
perturbations to the native state structure of apoSOD12SH, they sub-
stantially affect the free energy landscape and alter the number,
nature, and stability of the thermally accessible rare conformers.
The effects of the mutations are both local and long-range, sug-
gesting allosteric pathways of communication within the protein.
Intriguingly, two of the mutants have conformational fluctuations in
the β5-β6 plug region that are not present in wild-type (WT) SOD1,
highlighting this region as a “hotspot” for the formation of alternate
conformers in addition to the Zn-binding and electrostatic loops.

Results
Mutants Chosen in This Work. As described in the Introduction, we
have chosen to study a series of seven ALS-causing mutants in the
context of the most immature form of SOD1, apoSOD12SH. All of
the mutations were inserted into a well-established pseudo-WT
version of the protein, referred to as pWT, in which surface-exposed
and nonconserved Cys-6 and Cys-111 have been replaced by Ala
and Ser, respectively (19). These substitutions avoid complications
that could arise from disulfide bond formation. pWT SOD1 has
been extensively characterized in the literature and retains WT-like
structure, folding, and enzymatic activity (1, 10, 15, 20), and cell
culture and mouse model studies have found that a disulfide

cross-link at these positions is not required for aggregate for-
mation (21) and does not influence the nature of the aggregate
structures formed (22). The seven disease mutations are dis-
tributed throughout the structure of SOD1 (Fig. 1A) and can
broadly be classified into three categories based on their location
and biophysical properties (1). For simplicity, in what follows, we
will refer to the mutant proteins by the mutation itself (i.e., A4V
refers to the protein with the A4V mutation). A4V and V148G are
proteins with mutations occurring at the native dimer interface,
leading to a lower propensity for dimerization than WT SOD1.
H46R and G85R are metal-binding region mutants with weaker
affinities for metal ions (Zn in the case of G85R and Cu and Zn for
H46R), whereas G37R, G93A, and E100G areWT-like in enzymatic
activity and metal affinity (1). There is a significant variability in the
disease duration (time between age of disease onset and age of
death) of patients carrying these mutations, ranging from greater
than 17 y for G37R and H46R to ∼5 y for E100G, 1–3 y for G93A,
and less than 1 y for A4V (1). A wide range of ΔG0

unfolding values,
from 2.5 kcal/mol to −0.2 kcal/mol, has been estimated for these
mutants based on quantification of cross-peak intensity ratios in 15N-1H
transverse relaxation optimized spectroscopy (TROSY) (23) hetero-
nuclear single quantum coherence (HSQC) spectra, focusing on Trp32
side-chain indole peaks derived from folded and unfolded conformers
(Fig. S1 and Table S1), broadly consistent with relative stabilities
measured by differential scanning calorimetry (10).

Ground State Structure. Given the diverse nature of the mutations
and the broad range of protein stabilities, we first examined the
structural perturbations to the ground states introduced by the
amino acid replacements. The chemical shift differences between
corresponding cross-peaks in 15N-1H TROSY-HSQC spectra of
pWT and mutant forms of apoSOD12SH are very small (Fig. S1)

Fig. 1. Disease mutations result in little change to the ground state apoSOD12SH structure. (A) Structure of the mature form of SOD1, Cu2Zn2SOD1S-S [Protein
Data Bank ID code 1HL5 (52)] with positions of WT-like, dimer interface, and metal-binding mutations indicated by magenta spheres. The dimer and elec-
trostatic loops are shown in green and blue, respectively. The β-strands are numbered, and Cu and Zn metal ions are denoted by cyan and orange spheres,
respectively. Residue-specific differences in 15N and 1HN chemical shifts between pWT and mutant apoSOD12SH are shown for WT-like (B), metal-binding
region (C), and dimer interface (D) mutants, quantified as described in the main text. The secondary structure of SOD1 is indicated above B, with rectangles
and ovals denoting strands and helices, respectively.
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and are predominantly localized to the site of the mutation (Fig. 1
B–D). Only nine of the 939 assigned residues (out of a total of 1,036,
taking into account all seven mutants) have ΔϖRMSD values greater

than 0.5, where ΔϖRMSD =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2

P
i

� Δϖi
ΔϖSTD,i

�2s
(24), i e (1HN,15N), Δϖi

is the difference in corresponding chemical shifts (parts per million) in
spectra of pWT and mutant proteins, and ΔϖSTD,i is 1 SD of the
chemical shift distribution (both nucleus- and residue-specific) as
tabulated in the Biological Magnetic Resonance Bank (www.bmrb.
wisc.edu). Of these nine residues, only five are further than 5 aa from
the site of mutation. The chemical shift data establish that all of the
mutant forms of apoSOD12SH examined here are structurally similar
to pWT and have an intact β-barrel. In addition, they are consistent
with dynamic dimer and electrostatic loops, because low chemical
shift-derived order parameters were calculated previously for pWT
apoSOD12SH in these regions (18) and amide 1H and 15N nuclei for
loop residues resonate in near-identical positions in all apoSOD12SH

variants. Notably, large amide shift differences are observed between
apoSOD12SH and Cu2Zn2SOD1S-S (by as much as 9 ppm in 15N)
especially in the dimer/electrostatic loop regions of the protein, where
these loops have become well-structured in the mature enzyme (18).

Thermally Accessible Conformations in Mutant apoSOD12SH. In a
previous study, we have detected and structurally characterized
four thermally accessible excited state conformers for pWT
apoSOD12SH that are in equilibrium with the ground state (18).
To investigate the conformational free energy landscapes of the
seven mutants of apoSOD12SH, focusing to a large extent on the
excited states that have been characterized previously, we performed
a series of 15N chemical exchange saturation transfer (CEST) (25,
26) and 15N Carr–Purcell–Meiboom–Gill (CPMG) (27, 28) relax-
ation dispersion experiments. The underlying mechanisms of both
of these experiments have been described in detail previously (26,
29–32). Briefly, in CEST-based experiments, the effect of a weak
radiofrequency perturbation (typically 10–50 Hz), applied at the
frequency of an “invisible” resonance of the excited state con-
former, is transferred via chemical exchange to the corresponding
resonance in the ground state. This transfer leads to an effective
amplification of the “signals” from the rare conformer, as observed
through the ground conformer. For a two-state exchange process, a
CEST profile is obtained for each amide, which is composed of
dips at the positions of the ground (large dip) and excited (small
dip) state chemical shifts, whereas only the ground state dip is
observed in the absence of exchange. The CPMG experiment ex-
ploits the increase in effective transverse relaxation rates of NMR
spins (R2,eff) due to millisecond time-scale stochastic fluctuations
between protein states. The application of chemical shift refocusing
pulses can modulate R2,eff, giving rise to dispersion profiles that
quantify R2,eff as a function of the rate of application of the pulses
(νCPMG). Large dispersion profiles, corresponding to substantial
differences in R2,eff at low and high pulsing frequencies, are hall-
marks of millisecond time-scale exchange, whereas flat profiles
indicate the absence of such processes. Both classes of experiments
have been shown to be particularly powerful, in concert, to dissect
the complicated “exchange landscape” that is present in pWT
apoSOD12SH (18). Here, we use the presence of small dips in
CEST profiles and nonflat relaxation dispersion profiles as a
“screen” to establish qualitatively whether exchange processes are
present, and hence to explore the free energy landscapes of ALS
disease mutants. It is important to emphasize that each of these
relaxation approaches is restricted in terms of the time scales of
exchange events that can be quantified, limiting to some extent the
regions of the landscape that are accessible. The CEST experiment
is sensitive to exchange processes that range from ∼50 to 500 s−1,
whereas the CPMG approach quantifies interconversion rates on
the order of 100 to 3,000 s−1 (33). Thus, despite the fact that peaks
corresponding to the unfolded state of apoSOD12SH are present in

spectra of some of the disease mutants studied, the folding/unfolding
of the protein cannot be explored using CEST or CPMG experi-
ments because the folding rate constant of apoSOD12SH, 0.023 s−1

at 25 °C and pH 6.3 (34), is well outside the detection window of
these methods.
In what follows, we initially focus on each of the four exchange

processes previously detected in pWT apoSOD12SH (18) and es-
tablish whether they are present in the seven disease mutants
considered here. Process I corresponds to the interconversion
between monomeric (ground state) apoSOD12SH and a dimeric
form of the protein (excited state) that structurally resembles
Cu2Zn2SOD1S-S. The exchange event is illustrated in Fig. 2A
(Top), along with the lifetime (τ) and population (pE) of the
excited state conformer that was established previously for
pWT apoSOD12SH (25 °C) (18). As described in that study, Gly-61
is a reporter of process I and the 15N CEST profile for this residue
shows a minor dip at ∼100 ppm that derives from the dimeric
excited state (Fig. 2B). We have used this profile, along with others
from residues Gly-51, Asn-53, and Thr-54, to establish whether this
dimer-forming process is present in each of the disease mutants
studied. All WT-like and metal-binding region mutants retain this
excited state, because CEST profiles for these residues clearly show
a second dip at the position expected for the dimer (Fig. S2).
However, for the two dimer interface mutants studied here, the
second dip is barely observed (A4V) or notably absent (V148G)
(Fig. 2C), indicating that the population of the dimer must be at or
below the detection threshold of the experiment, typically less than
0.3% for the exchange parameters relevant for process I (Fig. 2A).
A second exchange event (process II) that also involves forma-

tion of native-like structure has been characterized for pWT
apoSOD12SH (18). Here, a short helix in the electrostatic loop
(Fig. 1A) that is not present in the ground state of apoSOD12SH is
formed in the excited conformer (Fig. 2D). Residues Thr-135 and
Thr-137 of the electrostatic loop are reporters of this process and
undergo large (Δϖ ∼ 9 ppm) chemical shift changes that can be
readily observed in 15N CEST profiles of pWT apoSOD12SH (Fig.
2E). Minor dips for both Thr-135 and Thr-137 are observed for
WT-like mutants G93A and G37R (Fig. 2F) but are absent or se-
verely attenuated for the metal-binding region mutants H46R and
G85R and for the dimer interface and WT-like mutants V148G
and E100G, respectively. This finding indicates that the helix does
not form or forms at a level that is at the threshold of detection in
these variants (Fig. 2 F–H).
A pair of additional conformational exchange processes, result-

ing in the formation of nonnative apoSOD12SH dimers, has also
been characterized (18) (Fig. 3 A and D). One of these exchange
processes, the dimer formed via process III, is symmetrical and
involves the native dimer interface, whereas the other (formed via
process IV) is asymmetrical and is stabilized through interactions
of the electrostatic loop of one monomer with the native dimer
interface of another. Both of these exchange processes involve
relatively smaller chemical shift differences in comparison to
transitions I and II described above, and CPMG relaxation dis-
persion experiments have proven critical for their study. Residues
such as Gly-114 and Gln-153 (process III; Fig. 3 B and C) as well as
Ser-111 and His-46 (process IV; Fig. 3 E and F), among others,
serve as reporters. As illustrated in Fig. S3, most of the mutant
apoSOD12SH variants retain the ability to form nonnative dimers.
Structural models of these nonnative dimers predict that mutations
weakening the native dimer interface would disrupt formation of
the excited state nonnative dimers (discussed below). This disrup-
tion is observed for both of the dimer-disrupting mutants consid-
ered in this study, A4V and V148G, where flat or very significantly
reduced dispersion profiles (Fig. 3 C and F) relative to the dis-
persion profiles for the pWT protein (Fig. 3 B and E) are recorded,
indicating a significant reduction in the populations of both aber-
rant dimeric states (processes III and IV).
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Our results establish that not all of the four excited states pre-
viously characterized for pWT apoSOD12SH are observed for each
of the ALS disease mutants. However, this fact does not imply that

they have simpler free energy landscapes. For example, additional
rare conformers are accessible for G85R and G93A that are no-
tably absent in the pWT protein (Fig. 4). CPMG (G85R; Fig. 4A)
and CPMG/CEST (G93A; Fig. 4 C and D) analyses indicate con-
formational fluctuations in the β5-β6 cleft that involve a large
number of residues (Fig. 4 B and E). Interestingly, despite the fact
that the exchange is localized to the same region of structure (β5-β6)
for both G85R and G93A, the exchange dynamics are somewhat
different for each mutant. The exchange rate for G85R is fast on
the chemical shift time scale, as evidenced by the near-linear de-
crease in R2,eff with νCPMG (exchange rate > 3,000 s−1, 25 °C, based
on global fits of profiles from all reporter residues to a two-state

Fig. 2. Effect of disease mutations on excited states of apoSOD12SH generated
via processes I and II. (A) Schematic of the transient dimerization (process I) of
apoSOD12SH, with the population (pE) and lifetime (τ) of the dimeric state in-
dicated for pWT apoSOD12SH [25 °C, 1.3 mMapoSOD12SH (18)]. 15N CEST profiles
for Gly-61 reporting on native dimerization for pWT (B) and dimer interface
(C) mutants are shown. Note that profiles for Gly-61 are representative of the
profiles for other residues probing process I, such as Gly-51, Asn-53, and Thr-54.
(D) Schematic as in A, but for process II in which a native helix is transiently
formed in the electrostatic loop. 15N CEST profiles of Thr-135 reporting on helix
formation for pWT (E), WT-like (F), metal-binding region (G), and dimer in-
terface (H) mutants are shown. Solid lines are best fits of residue- and B1-specific
CEST profiles to a two-state model of chemical exchange.

Fig. 3. Effect of disease mutations on aberrant dimeric excited states of
apoSOD12SH generated via processes III and IV. (A) Schematic of the exchange
process generating the symmetrical dimer excited state, process III, with pE and
τ indicated [25 °C, 1.3 mM apoSOD12SH (18)]. 15N CPMG profiles for Gly-114 (○)
and Gln-153 (●) reporting on symmetrical nonnative dimerization for pWT
(B) and dimer interface (C) mutants are shown. (D) Schematic as in A, but for
process IV. 15N CPMG profiles for Ser-111 (○) and His-46 (●) reporting on
asymmetrical nonnative dimerization for pWT (E) and dimer interface
(F) mutants are shown. Solid lines are global fits of CPMG profiles obtained at
14.1 T and 18.8 T. In C and F, y axes for A4V and V148G are offset so that
dispersions are not overlapping. Note that the exchange processes relevant in
A and D are depicted using cartoon representations of the structural models
obtained previously both for pWT apoSOD12SH and for the symmetrical and
asymmetrical nonnative dimers (18).
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model), and in this exchange regime, it is not possible to extract
chemical shifts for nuclei in the excited state from CPMG profiles
alone. For G93A, the exchange time scale was reduced so that a
combined CPMG/CEST analysis could be performed. Exchange
parameters pE = 1.60 ± 0.05% and τ = 1.40 ± 0.03 ms, 25 °C, were
fit along with chemical shifts of the excited state that correlate
broadly, but not perfectly, with random coil chemical shifts (Fig.
4F). This correlation strongly indicates that the β5-β6 cleft opens
and becomes partially unstructured in apoSOD12SH G93A, as was
also suggested in a previous study of the holo form of G93A (35).

Discussion
In this study, we have used both CEST and CPMG NMR spin
relaxation methods to detect sparsely populated conformational
states in disease mutants of the most immature form of human

superoxide dismutase 1 (apoSOD12SH), which lacks metal ions and
a stabilizing intramonomer disulfide bond. Unlike the mature form
of this antioxidant enzyme, which is highly stable, apoSOD12SH

misfolds and aggregates in vitro (14, 36, 37), and may be a primary
cause of toxicity in vivo (38). Thus, it is of considerable interest to
characterize the free energy landscape of both WT and disease
mutant forms of the protein as a first step toward understanding
the initial stages of disease progression. Our results establish that the
conformational free energy landscapes of both WT apoSOD12SH

and many of the disease mutants of this immature form contain a
number of low-lying excited conformers, with as many as five de-
tected in the present analysis for G93A (although process III is
highly attenuated for this mutant). Regions of conformational het-
erogeneity and a list of the sparse conformers detected for pWT and
each of the disease mutants are presented in Fig. 5. The detected
excited states are structurally distinct from the native state con-
former or the globally unfolded state, and thus provide alternate
interaction motifs and new pathways for the establishment of ab-
errant intra- and intermolecular contacts.
Analysis of the CPMG and CEST relaxation profiles of reporter

residues in each of the seven disease-causing mutants that have
been chosen for study here (A4V, G37R, H46R, G85R, G93A,
E100G, and V148G) clearly shows that the mutations can differ-
entially affect the apoSOD12SH free energy landscape, with the
numbers of observed excited states varying from zero (V148G) to
possibly five (G93A) (Fig. 5B). This variability is a feature that
cannot be predicted from traditional structural biology studies that
focus only on the ground state, because the ground state con-
formers of all disease mutants share the same eight-stranded,
β-barrel structure and dynamic Zn-binding and electrostatic
loops (Fig. 1 and Fig. S1). Further, the facile accessibility of pWT
apoSOD12SH and a number of the ALS disease mutants to alter-
native, rare-state conformations implies that an understanding of the
aberrant interactions of SOD1 with in vivo binding partners cannot
be achieved purely on the basis of the ground state structure. Rather,
a comprehensive knowledge of the thermally accessible alternate
conformations that can play important roles in forming these in-
teractions is required. It is tempting to speculate that the observed
variability in excited state structural propensities may partly be
responsible for the heterogeneous nature of ALS and for the dis-
parity in disease onset, pathology, survival time, and aggregate
morphology, because each disease-causing mutant can have its own
set of accessible conformers from which to form potentially dif-
ferent aberrant structures. Indeed, it has been hypothesized on the
basis of computational studies that differences in dynamics be-
tween diverse disease-causing mutants can result in varied patterns
of local folding, which, in turn, may affect aggregate morphology
(39). Our results are consistent with this idea, revealing distinct free
energy landscapes for the different SOD1 mutants. A case in point
is provided by G85R and G93A, where the β5-β6 cleft becomes
destabilized in one of the several excited states that is accessible to
each of these mutant proteins (Fig. 4). This destabilization results
in partial unfolding of the β5-β6 region, at least for G93A (Fig. 4F),
and, potentially, the formation of conformers that lead to
nonnative oligomers. Support for this aggregation model comes
from the crystal structures of S134N Cu2Zn2SOD1S-S and H46R
apoSOD1S-S that show nonnative interfaces between adjacent
SOD1 molecules consisting of the β5-β6 cleft of one molecule and
the electrostatic loop of another (40). Thus, β5-β6 can serve as a
hotspot for the formation of aggregates that would normally
not form if the electrostatic loop is rigidly held in place by a
network of hydrogen bonds. Disordering of the electrostatic loop
in apoSOD12SH and further destabilization of the β5-β6 cleft in
G85R and G93A could provide a pathway to aggregation.
Excited state conformers of apoSOD12SH may play important

roles in the natural maturation process as well. In this context, the
absence of a transiently formed, native-like dimer in equilibrium
with the monomeric A4V and V148G apoSOD12SH ground states

Fig. 4. Additional conformational exchange processes for G85R and G93A
implicate the β5-β6 cleft as a dynamic hotspot. (A) CPMG relaxation dispersion
profiles for Ile-99 (●) and Ser-102 (○) of G85R (red) and pWT (blue) apoSOD12SH.
(B) Residues reporting on this exchange process that could be globally fit to a
two-state model of exchange are plotted as red spheres on the monomer
structure of SOD1. The location of G85 is indicated by a green sphere. (C) 15N
CPMG profiles for Ala-89 (●) and Asp-96 (○) of G93A (red) and pWT (blue)
constructs. (D) 15N CEST profile for Asp-90 of G93A (red) and pWT (blue).
(E) Residues reporting on this exchange process that could be globally fit to a
two-state model of exchange are plotted as red spheres on the monomer
structure of SOD1, with the location of G93 indicated by a green sphere.
(F) Chemical shifts of the excited state populated by G93A obtained from a
global analysis of CEST and CPMG relaxation data correlate well, but not per-
fectly, with random coil values [as tabulated by Tamiola et al. (53)], suggesting
that the excited conformation is less structured than the native state.
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(process I; Fig. 2C) is particularly interesting, given that measure-
ments show that both A4V and V148G Cu2Zn2SOD1S-S have lower
dimerization constants than the WT protein (41). This finding
suggests that formation of a dimeric excited state may expedite the
generation of a highly stable dimer. However, it is worth noting that
A4V and V148G Cu2Zn2SOD1S-S are both predominantly dimeric
(42), so that the critical factor in dimer formation is nevertheless
posttranslational binding of metal ions and/or disulfide bond for-
mation. Another example illustrating the potential importance
of excited states in the SOD1 maturation process, starting from
apoSOD12SH, is provided by the metal-binding mutants H46R and
G85R. Here, the absence or severe attenuation of minor state dips
in CEST profiles for residues Thr-135 and Thr-137 indicates that
the native-like electrostatic loop helix does not form in the excited
states of these mutants. The dipole of this short helix has been
proposed to stabilize the binding of Zn (43), and its conspicuous
absence in mutants with lower Zn affinities may indicate that metal
binding is facilitated, at least in part, through a conformational
selection mechanism with zinc binding to excited state conformers
containing the transiently formed helix in the electrostatic loop.
Notably, the helix is at the limit of detection or not present in
the excited states of E100G and V148G, respectively, where
the sites of mutations are more than 20 Å away from Thr-135. The
fact that these distant mutations can affect local folding at the
electrostatic loop emphasizes the importance of allosteric pathways
in apoSOD12SH. Finally, there is an interesting parallel between
excursions of apoSOD12SH to the rare, short-lived conformers de-
scribed above via processes I and II and the transitions that are made
by the enzyme dihydrofolate reductase (DHFR) during its reaction
cycle, as detailed by Wright and coworkers (44). In both cases, rare
conformers are visited from ground states, ultimately becoming
dominant conformers as the maturation process (SOD1) or reaction
cycle (DHFR) proceeds, with the presampling of subsequent con-
formations likely playing an important role in directing each process.
Although the SOD1 disease mutations examined here have little

impact on the global structural and dynamical properties of the
corresponding ground state conformers, substantial differences are
noted for the low-lying excited states that are in equilibrium with
them. These differences include both the number and the structures
of excited conformers that are accessible to a given mutant. In
addition to providing insight into how ALS disease-causing mutants
affect the free energy landscape of SOD1, this study is among the first
to describe how mutations affect the structural and dynamic prop-
erties of individual excited states. Since the pioneering development

of site-directed mutagenesis four decades ago (45), much has been
learned about how mutations affect the dominant conformers of
proteins. With the development and routine application of NMR
spin relaxation experiments such as CPMG relaxation dispersion
and CEST (33, 46), it is now possible to begin to assess how
mutations affect other regions of the free energy landscape as
well. Given the continuing realization of the importance of con-
formationally excited states in both protein function and misfunction
(33, 44, 47), such assessments will only become increasingly relevant.

Materials and Methods
Sample Preparation. Seven mutants of apoSOD12SH (in a pWT background
where Cys-6 and Cys-111 have been replaced by Ala and Ser, respectively),
along with the pWT protein, were overexpressed and purified as described
earlier (18). NMR samples of 15N-labeled protein were prepared in 20 mM
Hepes (pH 7.4) containing 1 mM NaN3, 1 mM Tris(2-carboxyethyl)phosphine
(TCEP), and 10% (vol/vol) D2O at the following protein concentrations: pWT,
1.3 mM; E100G, 1.2 mM; G93A, 0.7 mM; G37R, 2.0 mM; G85R, 1.5 mM; H46R,
2.5 mM; A4V, 1.1 mM; and V148G, 0.6 mM. Samples were placed in Suprasil
NMR tubes (catalog no. 535-PP-7SUP; Wilmad), which were then purged with
Ar and sealed.

NMR Spectroscopy. All NMR spectra were acquired using either a Varian
600MHz (14.1 T) spectrometer equippedwith a cryogenically cooled probe or a
Varian 800MHz (18.8 T) spectrometer with a room temperature probe. Sample
temperature was measured using a thermocouple placed inside an NMR tube;
all experiments were performed at 25 °C.

Assignment of 15N-1H HSQC Spectra of Mutant apoSOD12SH. 15N-1H HSQC spectra
of mutants of apoSOD12SH were assigned by transferring assignments from
pWT apoSOD12SH and verifying the assignments by recording 150-ms mixing
time 15N-edited NOESY datasets (48).

CEST. All 15N CEST datasets were acquired at 600 MHz using a previously
reported pulse sequence (26), an exchange duration of 350 ms, and weak B1
fields of 30 and 58 Hz, calibrated as described earlier (26) (the exact values of B1
fields vary by ±1 Hz depending on the experiment). Pseudo-3D datasets com-
prising 89 (B1 = 30 Hz) and 50 (B1 = 58 Hz) planes were collected, corresponding
to total acquisition times of 50 h and 30 h, respectively, with the frequency of
the weak B1 field ranging between 93 and 132 ppm.

CPMG. 15N CPMG datasets were acquired at static magnetic fields of 14.1 T and
18.8 T using a previously reported pulse scheme (28) and a constant-time
CPMG element of 30 ms. Approximately 20 νCPMG values were used for each
dispersion profile, ranging from 33.3 to 1,000 Hz, with two to three points
repeated for error analysis, giving rise to net acquisition times of ∼17 h for
each pseudo-3D experiment.

Fig. 5. Dynamic hotspots in apoSOD12SH as established by NMR spin relaxation. (A) Cartoon representation of the structure of the Cu2Zn2SOD1S-S native
dimer, with regions forming sparse conformers in apoSOD12SH (both pWT and disease-causing mutants) indicated in red (electrostatic loop), orange (dimer
loop), and pink (β5-β6 cleft). The locations of the mutations studied are depicted by green spheres. (B) Mutants studied in this work, listing the presence (+) or
absence (−) of conformational exchange processes I–IV observed in pWT, as well as β5-β6 cleft dynamics.
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Data Analysis. NMRdatasets were processedwith nmrPipe (49) and visualized using
nmrDraw (49) and Sparky (50). Resonance intensities were quantified as a function
of the frequency of the weak B1 field in CEST experiments or the frequency of
application of 180° pulses in CPMG experiments using the program FuDA, whereby
peak line shapes were fit globally across all frequency values. CEST profiles, I/Io vs. B1
field position, were constructed from peak intensities recorded with (I) and without
(Io) the relaxation interval, Trelax. CPMG profiles, R2,eff = −1/Trelaxln(I/Io) vs. νCPMG,
were generated from measured I and Io values corresponding to peak intensities
with (I) and without (Io) the CPMG relaxation element of duration Trelax. CEST and

CPMG profiles were fit to a two-site chemical exchange model (51) using the
software packages Chemex (https://github.com/gbouvignies/chemex) and CPMG,
Anti-TROSY, and TROSY Intelligent Analysis (CATIA), respectively.
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