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Amyotrophic lateral sclerosis (ALS) is a devastating fatal syndrome
characterized by very rapid degeneration of motor neurons. A
leading hypothesis is that ALS is caused by toxic protein misfolding
and aggregation, as also occurs in many other neurodegenerative
disorders, such as prion, Alzheimer's, Parkinson’s, and Huntington’s
diseases. A prominent cause of familial ALS is mutations in the pro-
tein superoxide dismutase (SOD1), which promote the formation of
misfolded SOD1 conformers that are prone to aberrant interactions
both with each other and with other cellular components. We have
shown previously that immature SOD1, lacking bound Cu and Zn
metal ions and the intrasubunit disulfide bond (apoSOD1?*), has a
rugged free-energy surface (FES) and exchanges with four other
conformations (excited states) that have millisecond lifetimes and
sparse populations on the order of a few percent. Here, we examine
further states of SOD1 along its maturation pathway, as well as
those off-pathway resulting from metal loss that have been ob-
served in proteinaceous inclusions. Metallation and disulfide bond
formation lead to structural transformations including local order-
ing of the electrostatic loop and native dimerization that are ob-
served in rare conformers of apoSOD1%*H; thus, SOD1 maturation
may occur via a population-switch mechanism whereby posttrans-
lational modifications select for preexisting structures on the FES.
Metallation and oxidation of SOD1 stabilize the native, mature con-
formation and decrease the number of detected excited conforma-
tional states, suggesting that it is the immature forms of the protein
that contribute to misfolded conformations in vivo rather than the
highly stable enzymatically active dimer.

SOD1 | NMR | excited conformational states | CPMG | CEST

u,Zn-superoxide dismutase (SOD1) is a homo-dimeric
metalloenzyme that acts to decrease oxidative stress in cells
(1). In its fully mature state, each SOD1 subunit binds a copper ion
and a zinc ion, and is stabilized further by an intramolecular
disulfide connecting Cys-57 and Cys-146 (Cu,Zn-SOD1%) (1). The
sodl gene was the first to be linked to the familial form of amyo-
trophic lateral sclerosis (ALS) (2), with >150 identified mutations
accounting for ~20% of the inherited disease, while 90% of ALS is
sporadic. Aggregated SOD1 is observed in inclusion bodies from
ALS patients (3) as well as from mouse models of this fatal neu-
rodegenerative disease (4). Symptoms of neurodegeneration in
mice appear earlier than aggregates can be detected in the spinal
cord (5), suggesting that smaller misfolded forms of SOD1 initiate
disease. Fully mature Cu,Zn-SOD1%* is remarkably stable (6), with
a melting temperature of 92 °C, and, as such, an unlikely candidate
for a protein conformational disorder. Instead, it has been pro-
posed that immature forms of SOD1, which are significantly less
stable, are the origin for cytotoxic misfolded conformations (7, 8).
The maturation pathway of SOD1 is illustrated in Fig. 14. In
the first step, apoSOD1?H, which lacks metal ions and disulfides
and is predominantly monomeric in solution (9, 10), acquires
zinc by a process that is yet unknown. The E,Zn-SOD1*"
maturation state was reported to be largely dimeric based on gel
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filtration assays performed by Furukawa and O’Halloran (11), al-
though subsequent mass spectrometric studies provided evidence
that this species is predominantly monomeric (12). Subsequent
metalation of E,Zn-SOD1>" to Cu,Zn-SOD1*" (12) followed by
oxidation to Cu,Zn-SOD1%® (12) is facilitated by a copper chap-
erone, CCS (13, 14), a three domain-containing protein where
domains 1 and 3 are involved in copper transport/delivery and
disulfide bond formation, while domain 2 is highly homologous to
SOD1 with ~50% sequence identity. A crystal structure of the
yeast SOD1-CCS heterodimer reveals that the SOD1-CCS in-
teraction occurs through the SOD1 canonical homodimer interface
(15). This implies that at least some fraction of E,Zn-SOD1*5"
exists as a monomer, as was also observed by Furukawa and co-
workers using size exclusion chromatography (SEC).

Although the states described above and illustrated in Fig. 1
(on pathway) are thought to be the only ones populated along
the maturation pathway of SODI1, previous studies have shown
that other maturation states can exist in vivo and in disease-
related aggregates. For example, Rotilio and coworkers (16)
have shown that the metal-free, disulfide-oxidized form of SOD1
(apoSODlS'S) is present in diseased rat livers. Another example
is provided by the study of Borchelt and coworkers (17), where a
mutant of SOD1 lacking the copper-binding site was found to be
highly aggregation prone and neurotoxic. In addition, studies in
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Fig. 1. The SOD1 maturation pathway. (A) Schematic representation of the

SOD1 maturation pathway. Off-pathway maturation states relevant to this
study are also shown. Zinc and copper metals are depicted as magenta and
green spheres, respectively; the electrostatic (dimer) loop is shown as a long
cyan (red) line; and the intrasubunit disulfide is depicted with a short cyan line
connecting two black dots, representing the two Cys residues in each pWT
SOD1 monomer. The dimer and electrostatic loops are shown in a squiggly
manner because they are disordered in apoSOD1?°". The gray cylinder is a CCS
monomer. (B) Cartoon representation of the 3D structure of dimeric Cu,Zn-
SOD1%® (Protein Data Bank ID code 1HL5; ref. 26), with the dimer and elec-
trostatic loops colored in magenta and orange, respectively. A schematic of
the secondary structure is shown above the cartoon with the eight p-strands
depicted as black rectangles; the dimer and electrostatic loops in pink and
orange, respectively; and the short helices in the “loop regions” as rounded
rectangles. (C) The previously determined rugged free-energy landscape of
immature apoSOD12°H (10), showing exchange processes that lead to as many
as four different excited states in equilibrium with native apoSOD1%*". Two of
these excited states (Right), formed as a result of processes | and Il, have
structural features similar to those for mature Cu,Zn-SOD1%®. The excited-
state structure formed via process | closely resembles the native dimer,
while the rare state in process Il contains a locally folded electrostatic loop, as
in the mature dimer. The other two conformers (Left, generated via processes
Ill and IV) are nonnative oligomers whose formation highlights the propensity
of apoSOD 1% to form aberrant interactions.

K562 human cells have established that a fraction of SOD1 in
cells exists in a copper-free state (18).

It is clear that there are a number of on- and off-pathway
conformers that can ultimately lead to the formation of mature
SOD1 (summarized in Fig. 14) or potentially to aberrant forms of
the molecule that might be implicated in disease. It is of interest,
therefore, to characterize both the structural properties of each of
these states and their dynamics, focusing on excited state con-
formers (i.e., conformers that are higher in energy than the
ground state) that are thermally accessible from each state to gain
insight into their respective free-energy surfaces (FESs). Solution
NMR spectroscopy is a particularly powerful technique for studies
of transiently formed sparsely populated states of biomolecules,
even in cases where these states cannot be observed directly using
traditional biophysical methods (19, 20). It is worth noting that
such studies of rare protein conformations can be telling. In a
recent study of disease mutants of SOD1, we observed little
change to the structures of the ground state in each case relative
to the WT protein while there were significant changes to the
numbers and types of rare conformers for each mutant (21).

Here, we present a solution NMR dynamics study focusing on
picosecond-nanosecond and microsecond-millisecond motional
timescales to probe the FESs of SOD1 on- and off-pathway
maturation states using both WT and the A4V disease mutant
proteins. Notably, early on-pathway conformers are found to
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exchange with rare states that structurally resemble the next
stage in maturation, thereby opening up kinetic pathways for
maturation. Maturation of SOD1 proceeds with restriction of
conformational space, such that no thermally accessible excited
conformations could be detected for the fully mature, enzymat-
ically active state, Cu,Zn-SOD1%®, Our results provide support
for the hypothesis that immature intermediates of SOD1 are an
important source of cytotoxic conformations in ALS pathology.

Results

NMR Experiments Provide Insight into the FES of apoSOD1%5", We
have shown previously that pseudo-WT (pWT) apoSOD1%", in
which surface-exposed Cys-6 and Cys-111 are replaced by Ala
and Ser, respectively (10), retains the eight-stranded f-barrel
structure of Cu,Zn-SOD1%S (Fig. 1B; pWT is implicitly assumed
throughout and only added when needed for clarity). However,
apoSOD1*" is far more dynamic on the picosecond-nanosec-
ond timescale than the mature protein (10). This is particularly
the case for the extensive dimer and electrostatic loops that
become well-structured in the mature state but that are clearly
disordered in the immature form of the enzyme. In addition to
the increased picosecond-nanosecond motion, apoSOD1*" is
highly dynamic on the millisecond timescale and transiently
samples four excited states that are shown in Fig. 1C (10). These
four rare conformers are either on- or off-pathway from the
perspective of SOD1 maturation. For example, one of the ex-
change processes (termed process I) involves the interconversion
between monomeric apoSOD1?™ and a native-like dimer con-
formation, while a second process converts a loop in apoSOD1%5H
to a helix that is found in the fully mature Cu,Zn-SOD1%%
structure (process II). Another pair of conformers are formed via
processes that are off-pathway (III and IV), involving aberrant
intermolecular interactions.

Characterization of the FES of apoSOD1** (10) has been
possible largely by applying a pair of powerful experiments that
probe conformational exchange processes between populated
ground state conformers and less populated excited conforma-
tional states. Because these experiments also form the basis for
characterizing the FESs of states that are both on and off the
maturation pathway in what follows, we briefly review the basic
features of each. In the first experiment, called chemical exchange
saturation transfer (CEST) (20, 22), a very weak radiofrequency
(By) field, typically between 5 and 50 Hz, is applied for a specific
duration across frequencies covering the chemical shift range (one
at a time) for the nucleus type in question and the intensity of the
visible ground state peak is monitored as a function of the B; field
position. When the field is applied at frequencies distal from the
resonance positions of the spin of interest in either the ground or
excited states, there is no change to the intensity of the ground
state peak, /. In contrast, when the position of the B field coin-
cides with frequency of the invisible excited state peak, the sub-
sequent perturbation to it is transferred to the ground state
resonance via chemical exchange, resulting in an attenuated signal.
When the field is applied on-resonance to the ground state peak /
decreases to zero due to saturation. Thus, for a two-site chemical
exchange process, a plot of I as a function of the position of the B,
field consists of major and minor dips at the resonance positions of
the spin in the ground and excited states, respectively. In a second
experiment, called Carr—Purcell-Meiboon-Gill (CPMG) relaxation
dispersion (23, 24), the effective transverse relaxation rate, Ry ¢, of
an exchanging spin is quantified as a function of the number of
chemical shift refocusing pulses that are applied in an interval
of fixed duration. A plot of R, ¢ vs. vcpmc [= 1/(26), where & is the
time between pules] produces a CPMG dispersion profile where
nonflat curves are the hallmark of chemical exchange. In what
follows, we will study both the on- and off-pathway maturation
states of SOD1 using CEST and CPMG experiments to obtain in-
sight into how their FESs evolve during the maturation process.
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It is worth emphasizing that the CEST and CPMG relaxation
approaches, described above, are restricted in terms of the
timescales of exchange events that can be quantified, so that only
certain regions of a given FES can be explored. Notably, CEST
and CPMG methods are sensitive to exchange rates between
~50-500 and 100-3,000 s~!, respectively, and to populations of
rare states on the order of 0.5% or higher (corresponding to a free-
energy difference between the ground and excited states <3 kcal/mol)
(19). The degree of ruggedness of a given FES, as we define it,
and hence the number of different conformers that can be
observed is, of course, an NMR-based measure, subject to the
limitations mentioned above.

Zinc Titration of apoSOD1?*, The first stgp toward maturation of
SOD1 is the formation of E,Zn-SOD1?" by the binding of Zn to
apoSOD1%", We followed this process by carrying out a Zn
titration in which increasing concentrations of zinc chloride were
added to a 1.2 mM sample of apoSOD15", During the course of
the titration, some of the peaks decreased in intensity while
others appeared as a function of added Zn. The pattern of peak
changes was consistent with slow exchange between Zn-free and
Zn-bound states. Note that while there is only one Zn ion per
SOD1 monomer in the enzymatically active form of the protein,
Zn can also bind to the copper site (25) in the presence of
superstoichiometric amounts of metal. During the course of the
titration, the intensities of the original peaks from apoSOD1*"
were quantified, as were a series of new peaks that appeared and
on the basis of the intensity profiles the peaks were grouped into
four separate classes, as exemplified in Fig. 2 A-D. These include
the following: (i) peaks from apoSOD1** that decrease in intensity
during the course of the titration (Fig. 24), (ii) peaks from E,Zn-
SOD1%! that increase in intensity until a 1:1 [Zn}ro/[SOD1]ro;
ratio is reached and then decrease subsequently as the Zn,Zn-
SOD1%" state is formed (Fig. 2B), (iii) peaks that have degenerate
chemical shifts for E,Zn-SOD1%! and Zn,Zn-SOD1%" and con-
sequently increase until a 1:1 ratio of metal to protein is achieved
and then plateau (Fig. 2C), and (iv) peaks from Zn,Zn-SOD1*"
for which intensity is obtained only after a 1:1 ratio (Fig. 2D). To
verify that peaks from E,Zn-SOD15" are the result of Zn binding
to the Zn site of SOD1, we acquired a 'H-'>N heteronuclear
multiple-bond correlation spectroscopy (HMBC) spectrum of
E,Zn-SOD1%™ focusing on the His side chains. The positions
of peaks from His-63, 71, and 80, which are the ligating residues
for the Zn ion (26), are identical to the corresponding peaks in
a spectrum of Cu,Zn-SOD15S, confirming that SOD1 is metallated
in the manner expected (Fig. S1).

The steep increases in the intensities of peaks from E,Zn-
SOD1%M until a [Zn]1oy/[SOD1] o ratio of 1:1 is achieved fol-
lowed by a decrease in intensities, as well as the lack of any in-
tensity for the peaks reporting on the Zn,Zn-SOD1%5H state until
a 1:1 ratio is surpassed clearly indicates that binding is sequential
with the first Zn-binding site saturating before the second
binding event occurs. Accordingly, a total of 35 titration profiles
from peaks belonging to all four classes described above were
globally fit to the sequential binding model shown at the Top of
Fig. 2F using equations in Supporting Information to extract Ky;
and Ky, values of 27 = 25 nM and 80 + 20 puM, respectivelg
(25 °C). The model visually fits the data well, and 1D reduced y
surfaces as a function of Ky, and Ky, (Fig. 2F) establish that,
while Ky, (~100 pM) can be obtained reliably, the surface for Ky,
is flat below values of ~0.1 pM; 0.1 pM is, therefore, an upper
bound for the dissociation of Zn from the Zn-binding site, a
result that is consistent with the value of 75 + 25 nM for Ky;
obtained previously using chemical denaturation (27). Our re-
sults confirm that Zn binding to the Cu site is at least two orders
of magnitude weaker than the interaction with the Zn site,
providing a post facto justification for the sequential model used
in fitting the data.
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Structure and Dynamics of the Electrostatic Loop in E,Zn-SOD1%5",
The '"H-""N heteronuclear single-quantum coherence spectros-
copy (HSQC) spectrum of E,Zn-SOD1?" is significantly dif-
ferent from that of apoSOD1?*" (Fig. S2), with a number of new
peaks appearing at 'H chemical shifts between 9.5-11 and
6-7.5 ppm, where very few backbone amides of apoSOD1*H
resonate. These peaks can be assigned to residues in the elec-
trostatic loop (122-140, Fig. 1B), suggesting that major structural
changes occur in this region upon Zn binding. To understand
how the electrostatic loop reorganizes in response to binding
zinc, we compared '°N and 'H chemical shifts of this region from
spectra of E,Zn-SOD1*" and apoSOD1*" (Fig. 3 4 and B),
since chemical shifts are sensitive reporters of protein structure.
As expected, there is little correlation in chemical shifts, in-
dicating that the loop structure has significantly changzed from
the disordered conformation that is found in apoSOD1* (10).
In contrast, backbone 'H and >N chemical shifts of the elec-
trostatic loop residues in E,Zn-SOD1%" correlate very well with
the shifts of the corresponding residues in Cu,Zn-SOD1% (Fig.
3C), unequivocally demonstrating that the electrostatic loop has
attained its fully mature structure in E,Zn-SOD1%5H,

The significant structural changes to the ground state that
accompany Zn binding prompted us to explore whether there are
corresponding changes to the electrostatic loop region in any
rare conformers that might potentially be visited by E,Zn-
SOD1?H, As described above and in previous papers (10, 21),
disordered residues 131-138 in apoSOD1?™ that are part of the
electrostatic loop form a helix in an excited state (process II, Fig.
1C), a secondary structural element that is present in the ground
state of the fully mature form of the enzyme. Evidence for the
excited state can be seen in the CEST traces of residues Asn-
131 and Thr-135 of apoSOD1%5" (green) with the small dips in
each case positioned at the amide N resonance frequencies
for these residues in the helical conformation (Fig. 3D) (10).
Notably, the CEST profiles for Asn-131/Thr-135 of apoSOD1?5",
E,Zn-SOD1%Y and Cu,Zn-SOD15® clearly establish that this
excited state of ag)oSODl2SH matches well with the ground states
of E,Zn-SOD1®Y and Cu,Zn-SOD1%S, implying that E,Zn-
SOD1?*" also has a locally folded helix in the electrostatic loop.
The dipole of this helix faces the Zn binding site (28), suggesting
that the presence of Zn in its canonical position in the protein
stabilizes this helix and hence the excited state conformation
(process II) of apoSOD1%5", Notably, CEST traces for Asn-131/
Thr-135 of both E,Zn-SOD1*" and Cu,Zn-SOD15S show only a
single (major) dip, suggesting that excited conformers with sig-
nificant structural changes in this region are not present in either
of these two states.

Having established that the electrostatic loop is stabilized in
the ground state of E,Zn-SOD1?" to a conformation resem-
bling that in the mature enzyme, we next investigated whether
the significant amplitude fast (picosecond-nanosecond) time-
scale dynamics of this region in the apoSOD1?" state (>N{'H}
NOE values of 0.2-0.4, Fig. 3E, Left) are reduced upon metal-
lation. That this is the case is evident from the increased ""N{'H}
NOE values for E,Zn-SOD1%" (0.6-0.8, Fig. 3E, Middle) that
more closely resemble those measured in Cu,Zn-SOD1% (Fig.
3E, Right). Taken together, these results show that the binding of
Zn to its canonical site leads to a structured and rigid electro-
static loop with a conformation similar to that found in the
mature, enzymatically active form of SOD1.

Thermodynamic, Kinetic, and Structural Characterization of the E,Zn-
SOD1*" Oligomerization State. Having established that the elec-
trostatic loop becomes structured upon Zn binding to apoSOD1H,
we next sought to establish how other structural properties, such as
oligomerization, are affected by metallation. Fig. 44 shows mea-
sured backbone '°N transverse relaxation rates (R,) for monomeric
apoSOD1*", E,Zn-SOD1%", and dimeric Cu,Zn-SOD1%. In the
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Fig. 2. NMR-detected binding of Zn?* to apoSOD1%". (A-D) Binding curves showing intensities of cross-peaks in "H-">N HSQC spectra as a function of the
ratio of the total Zn?* and SOD1?*" (i.e., total monomer) concentrations. Zn®* can bind either to the Zn or the Cu site in an apoSOD 12" monomer, and each
panel (A-D) presents a representative example of the four classes of peaks that report on the binding events. Intensity profiles in A, B, and D are associated
with peaks reporting on the concentrations of apoSOD1%H, E,Zn-SOD 12", and Zn,Zn-SOD 1?5 states, respectively, while in C a representative profile for a
peak with degenerate chemical shifts for singly and doubly Zn-bound states is shown. Errors in peak intensities are generally smaller than the size of the data
points. Solid lines are global fits of the data to the sequential binding model shown in E. For each class, intensities were related to the concentrations of the
molecular species present during the titration as indicated on the plots, where ¢, is a peak-specific constant that relates to the noise floor of the spectrum.
(E) Reduced y? surfaces for dissociation equilibrium constants K4, (binding to the Zn site) and Kg (binding to the Cu site) showing that while Ky, (=80 + 20 uM)
can be determined from the fit, only an upper bound for K47 (0.1 pM) can be obtained. (F) Variation in the populations of apoSOD 12", E,Zn-SOD1%*", and
Zn,Zn-SOD1%%M during the titration obtained from a simulation using the model in E and the best-fit values of equilibrium constants Ky; and Kg>.

macromolecular limit, R, rates are proportional to the overall
tumbling time that, in turn, scales with molecular weight for a
spherical particle. Notably, R, values for E,Zn-SOD17" are larger
than for apoSOD1%H but smaller than for Cu,Zn-SOD15S, sug-
gesting that E,Zn-SOD1?" may exist as a monomer—dimer mixture
at the concentrations where the experiment was performed (1 mM
in total monomer concentration, 25 °C). Using the average R,
values for apoSOD1%" and Cu,Zn-SOD15%S as proxies for mono-
mer and dimer transverse relaxation rate constants, respectively, we
estimate a 16% fractional PPopulation for the monomer in a 1 mM
solution of E,Zn-SOD1* (i.e., [M]/([M] + 2[M,]) = 0.16, where
[M] and [M,] are the concentrations of the monomers and dimers,
respectively). Note that this estimation assumes that the exchange
between monomer—dimer states is fast on the NMR chemical shift
timescale and compared with differences in R, rates in the mono-
mer and dimer structures.

To quantify the monomer—dimer equilibrium further, we con-
ducted isothermal titration calorimetry (ITC) experiments. Small
volumes of concentrated, predominantly dimeric, E,ZnSOD1%%H
solution were successively diluted into buffer, and the associated
heats of dimer dissociation, which occurs due to mass action, were
measured (Fig. S3). The ITC data are well fit by a two-state
model, 2M = M5, providing an equilibrium dissociation constant,
Ky, of 51 pM (25 °C), and the corresponding enthalpy of disso-
ciation, AH, of 4.0 kcal-(mol monomer)~" (Fig. $3). Based on this
Ki, a 1 mM solution of E,ZnSOD1%" will have a fractional
monomer concentration of 15%, which is in agreement with the
analysis of R, rates above. The Ky for E,ZnSOD1?" is 6,700- and
23,000-fold larger than for apoSOD1%% and Cu,Zn SOD153
7.6 and 2.2 nM, respectively (29, 30). In contrast, relative to
apoSOD1%™, which has a K in the millimolar range (10), binding
of Zn clearly substantially promotes dimerization. We also de-
termined the value of AC, for E,ZnSOD1?*" dimer dissociation
as 0.22 kcal(mol monomer)™'-°C™" from the temperature de-
pendence of AHy (Fig. S3). This AC,, is much smaller than the
value of 0.85 kcal-(mol monomer)™-°C™" for apoSOD1%® dimer
dissociation (29), and 1.1 kcal-(mol monomer)~'-°C™" for global
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unfolding of apoSOD1*" (31), due to the highly dynamic nature
of this immature protein. Together, the calorimetry data demon-
strate that the dimer interface is much weaker and buries mark-
edly less surface area in E,ZnSOD1?*"! than in more structured
forms of SOD1 containing the intrasubunit disulfide bond.

The formation of a weak dimeric interface in E,Zn-SOD
consistent with the absence of cross-peaks in "H-'"N HSQC spectra
for the interfacial residues 49-54 of the dimer loop. Their absence
cannot be explained by rapid hydrogen exchange with the solvent
because residues from the electrostatic loop, which are more
solvent-exposed than the dimer interface residues, can be visualized
as strong peaks in the same dataset. To eliminate the possibility that
these residues were overlapped in the crowded E,Zn-SOD1%5H
spectrum, we implemented amino acid-specific labeling to obtain a
simplified spectrum. The dimer loop sequence (*°’FGDNT>*) has
three unique i, i + 1 residue pairs (FG, DN, and NT), which would
allow for unambiguous detection via standard HNCO-based ex-
periments (32) if the carbonyl carbon of residue i and the nitrogen
of residue i + 1 are labeled with '*C and '°N, respectively, in a
2C/"N background. However, when this approach was used for
both the FG and the DN pairs, one pair at a time, resonances were
not visible in the HNCO dataset for F50(**C0)-G51(*°N) or
D52(**CO)-N53(*°N). Finally, these residues could be clearly
observed in spectra of dimeric apoSOD15S and Cu,Zn-SOD157%,
so their absence in datasets recorded of E,Zn-SOD1%H is not a
reflection of the size of the system studied. Rather, our results
provide evidence that residues 49-54 of the dimer loop interface
are broadened beyond detection by microsecond-millisecond con-
formational exchange, reinforcing that the dimer interface is not
stably formed in E,Zn-SOD1%",

To characterize the kinetics of the oligomerization process and
to gain insight into the structure at the dimer interface, we performed
SN-CEST experiments on a 1 mM sample of EZn-SOD1%H,
While residues 49-54 are not detected in spectra, G114, also at the
dimer interface, can be quantified. We have PPreviously shown
that G114 is a good reporter of the apoSOD 1" monomer—dimer
equilibrium, with a large '°N shift change between the two

1ZSH is
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Fig. 3. The electrostatic loop in E,Zn-SOD1%*" adopts a native-like configuration. Correlation plots of (A) "N chemical shift values for residues in the

electrostatic loop of E,Zn-SOD 125" and apoSOD1%°". (B) 'H chemical shifts for the same residues in E,Zn-SOD1%°" and apoSOD 12" and (C) 'H (blue) and '°N
(red) chemical shifts for the electrostatic loop residues in E,Zn-SOD 1% and Cu,Zn-SOD1%. (D) ">N-CEST profiles for Asn-131 (Left) and Thr-135 (Right) in the
electrostatic loop of E,Zn-SOD1%*" (red), compared with the most immature apoSOD1?*" (green) and the enzymatically active Cu,Zn-SOD1%® (cyan) states.
Single-residue fits of the data to a two-site model of chemical exchange, as described previously (10), are shown by solid lines. Differences in CEST baselines
arise from different R, rates due to different tumbling times for apoSOD1%" (effectively all monomeric), E,Zn-SOD1%" (monomer—dimer equilibrium), and
Cu,Zn-SOD1>*® (all dimeric) states. (E) "°N{'"H} NOE values for the electrostatic loop residues in the same maturation states as D.

interconvertin% states (10). The '*N-CEST profiles of Gly-114 from
E,Zn-SOD1" (red) and apoSOD1?" (green) are shown in Fig.
4B where it is clear that for this residue the excited state of E,Zn-
SOD1%" (small dip) has a similar backbone "N amide chemical
shift as for G114 in the apoSOD1%" ground state and vice versa,
suggesting that the monomer of E,Zn-SOD1?" has similar struc-
tural features as apoSOD1%! in the vicinity of G114. This profile is
also consistent with a dominant dimeric conformation for E,Zn-
SOD1H, We then repeated the "N-CEST measurements on a
sample of A4V E,Zn-SOD1?°H, which was determined to be mo-
nomeric in solution based on R, data. The A4V mutation causes a
particularly aggressive form of ALS and disrupts the dimer
interface (1). As expected, the resonance position of the amide
nitrogen for G114 in the ground state of A4V E,Zn-SOD1*H
coincides with the G114 "N chemical shift in the excited state
of pWT E,Zn-SOD1*" and vice versa (Fig. 4C). To further
confirm that the exchange process observed for A4V E,Zn-

E2550 | www.pnas.org/cgi/doi/10.1073/pnas.1721022115

SOD1*" corresponds to a monomer—dimer interconversion,
and hence so too does the process characterized for pWT E,Zn-
SOD1%*", an additional CEST experiment was recorded on the
A4V sample at a twofold lower overall protein concentration
(Fig. 4D). The CEST minor dip decreases markedly in size, estab-
lishing that the CEST profiles are reporting on a concentration-
dependent event. Taken together, our results on A4V E,Zn-
SOD1?" and pWT E,Zn-SOD1%%" provide strong evidence
of monomer—dimer exchange reactions, with the dominant
conformation being a monomer for A4V and a dimer for
pWT E,Zn-SOD1%H,

kon
Although reliable exchange parameters for the 2M = M,
kott

reaction could not be obtained from a fit of only a single CEST
profile in E,Zn-SOD1*" reporting on the monomer—dimer ex-
change reaction (G114), more accurate values could be obtained
by fixing the populations of the interconverting states to those
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predominately monomeric and exchanges with a native-like dimer, E,Zn-
SOD1%" is predominantly dimeric in equilibrium with a small population of
monomer. (C) ">N-CEST profiles of Gly-114 in the E,Zn-SOD 1% state for pWT
(red) and A4V (blue) SOD1. The A4V mutation disrupts the native di-
mer interface of SOD1, so that A4V E,Zn-SOD1%*" exchanges between
monomer (major) and dimer (minor) conformations with the reverse for
PWT E,ZnSOD 12", (D) ">N-CEST profiles of A4V Gly-114 in the E,Zn-SOD1%%"
maturation state as a function of concentration. The decrease in the size of
the minor dip at the lower protein concentration (orange) confirms that the
exchange event involves a process that is dependent on protein concentra-
tion. Solid lines in B-D are fits of the data to a two-state model of confor-
mational exchange.

predicted using K4 = 51 pM determined from ITC. In this way,
values of ko, and kg of (2.3 + 0.4)10* M~".s™ and 1.2 + 0.2 57},
respectively, were fit. Notably, a small population of monomeric
E,Zn-SOD1?" positions the protein for the next stage in the
maturation pathway involving interaction with CCS for Cu
transfer and establishment of the intrasubunit disulfide link.

Changes in E,Zn-SOD1?** upon Addition of CCS. The interaction of
E,Zn-SOD1*" with CCS promotes the final stage of SOD1
maturation whereby Cu is transferred from the chaperone to
the SOD1 Cu-binding site and the disulfide bond is formed.
The CCS-SODL1 interaction has been studied in the literature
by trapping E,Zn-SOD1*%" as a heterodimeric complex with
CCS in the absence of Cu (33). Here, we added Cu-loaded CCS
to a solution of E,Zn-SOD1?" and acquired an NMR spec-
trum after several minutes of incubation. The 'H-'"N HSQC
spectrum (Fig. S4) of the resulting solution is virtually identical
to that of Cu,Zn-SOD1%S. To verify the oxidation states of the
sulfhydryl groups in the NMR sample, we performed SEC
where reduced and oxidized SOD1 elute differently. The size
exclusion chromatograms confirm that addition of Cu-loaded
CCS to E,Zn-SOD1**" indeed results in fully mature, enzy-
matically active Cu,Zn-SOD1% (Fig. S5).

Culik et al.

Characterizing the FESs of SOD1 On- and Off-Pathway Maturation
States. To examine how the conformational preferences of differ-
ent maturation states of SOD1 are affected by posttranslational
modifications such as metallation and disulfide bond formation, we
have carried out a combined CEST and CPMG study, focusing on
cross-peaks that report on processes I-IV (Fig. 1C). As described
above, several important insights could be obtained from studies of
the initial on-pathway state, corresponding to the E,Zn-SOD1*"
conformer. First, local folding of the electrostatic loop (process II)
is complete. Unlike apoSOD1**", which is predominantly
monomeric, E,Zn-SOD1%! is shifted toward the dimeric form,
which cannot interact with CCS because CCS competes with
SOD1 for binding at the homodimer interface. However, E,Zn-
SOD1?" interconverts between dimeric and monomeric states
(Fig. 4B), reminiscent of process I for apoSOD1?", and facilitating
heterodimer formation with CCS. Notably, processes III and IV
are quenched upon Zn binding to apoSOD1**! (Fig. S6). Be-
cause the heterodimeric CCS/SOD1 complex forms too transiently
for studies via CEST and CPMG experiments, little information can
be obtained on this complex. However, relaxation studies of the
long-lived fully mature Cu,Zn-SOD1%® form of the enzyme estab-
lish that processes I-IV are all eliminated (Fig. 3D and Fig. S6),
suggesting that the FES of this species is smoothened relative to the
more rugged landscape of apoSOD1%",

Having qualitatively characterized how the FESs of SOD1
evolve with maturation, we next focused on off-pathway species
apoSOD1%S and E,Zn-SOD1%® (Fig. 14). While these states are
not directly populated during SOD1 maturation, they can be
formed in vivo upon loss of metal from mature SOD1, especially
in the case of metal-binding deficient ALS mutants such as
G85R or H46R for which the affinities of SOD1 for Zn and Cu
ions are lowered (34). Fig. 5 shows the results of CEST- and
CPMG-based studies of apoSOD1%® and E,Zn-SOD15S, fo-
cusing, as above, on processes I-IV (highlighted in the fis%ilre).
For reference, we have included results for apoSOD1%*! for
which all interconversion processes are observed. Upon oxida-
tion of Cys-57 and Cys-146 to form apoSOD1%, processes I, III,
and IV are eliminated. This is to be expected, as apoSOD15S
forms a stable dimer, with average ISN R, relaxation rates that
are similar to those obtained for the mature holo-form of the
enzyme (27 + 2vs. 23 + 2 s~ for the apo and metallated states,
respectively). Thus, monomer—dimer exchange is quenched be-
cause the equilibrium is highly skewed to the dimeric structure
(process I) and the dimer interface is not available to form ab-
errant structures (processes III and IV). Notably, without Zn, the
electrostatic loop remains dynamic and the coil-to-helix transition
of process II is present. A similar scenario with respect to
quenching of the oligomerization processes is observed for
E,Zn-SOD15S, In this case, however, Zn binding stabilizes the
electrostatic loop helix and hence eliminates process II as well.
Thus, Zn binding and cysteine-bridging rigidify opposite ends of
the SOD1 molecule, with the dimer interface retaining flexibility
in E,Zn-SOD1%"", while the mobility of the electrostatic loop
persists in apoSOD15S, Either of these two posttranslational
modifications is sufficient to quench the aberrant nonnative olig-
omerization processes that are observed for the apoSOD1%* form.

Correlation Between Microsecond-Millisecond and Picosecond-
Nanosecond Dynamics in SOD1. Fig. 6 shows residue-specific N{'H}
NOE values for apoSODleH, apoSODlS'S, and Cu,Zn-SOD15%,
In the case of apoSOD1%!, very low values are obtained for resi-
dues in the dimer and electrostatic loops, indicating that these re-
gions are mobile on the picosecond-nanosecond timescale (35). In
apoSOD15S, NOEs remain very low for backbone amides in the
electrostatic loop. We have not been able to obtain complete as-
signments for residues in the dimer loop, as many of the expected
peaks in this region are not present in spectra; however, the first
20 residues are assigned and the ’N{'H} NOEs derived from them
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because of the faster transverse relaxation for the dimeric species.

are uniformly high. As expected, for the most part large NOEs are
measured for Cu,Zn-SOD15 across its backbone. Interestingly, for
both on- and off-pathway states, regions showing low NOE values
and hence very rapid dynamics correspond to those for which
slower millisecond timescale exchange processes and alternate
sparely populated conformers are observed. For example, in the
case of aPoSOD12SH, residues 49-54 of the dimer loop for which
low ""N{'H} NOE values are obtained, participate in the formation
of a transient native-like dimer (process I). In a similar manner, a
transient helix forms on the millisecond timescale in a region of the
electrostatic loop that is highly mobile in the picosecond-nano-
second regime (process II). Upon cysteine oxidation to form apo-
SOD1%% NOE values for the dimer loop increase and the
corresponding slower process involving monomer—dimer exchange
is no longer observed, while picosecond-nanosecond and millisec-
ond dynamics persist in a region of the electrostatic loop that
samples a helical structure in this state. Finally, the four millisecond
exchange processes observed for apoSOD1*H are quenched in

E2552 | www.pnas.org/cgi/doi/10.1073/pnas.1721022115

the Cu,Zn-SOD1%® mature state of the enzyme with very signifi-
cant attenuation of picosecond—nanosecond timescale motions as
well. A correlation between picosecond—nanosecond backbone
fluctuations and slower motions that are linked to catalytic function
in enzymes has been described previously by Kern and coworkers
(36). In the present case, the shift to a stable, well-defined con-
formation leads to quenching of motions over a range of timescales
that is perhaps not surprising given that loops are involved in each
process. Interestingly, while conformational diffusion in un-
structured loops is typically fast (approximately nanosecond to
microsecond) (37-39), the slower mobility observed for the ex-
change processes in SOD1 might originate from the additional
topological constraints that these loops experience by virtue of the
fact that they are tethered to an eight-stranded f-barrel core.

Discussion

NMR spin relaxation experiments offer unique opportunities to
characterize the FESs of biologically important molecules in an

Culik et al.
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Fig. 6. Mobility of backbone amide bond vectors measured via ">N{'H}
NOEs. Residue-specific ">N{'"H} NOE values as proxies of local picosecond-
nanosecond mobility for apoSOD1%H (Top), apoSOD 15 (Middle), and Cu,Zn-
SOD1%*® (Bottom). The protein secondary structure is indicated at the Top of
the plot, as in Fig. 1B. Areas with significant local motions on the picosec-
ond-nanosecond timescale (small NOE values) correlate with regions un-
dergoing transient excursions to rare conformations (millisecond timescale),
which include the dimer and electrostatic loops in apoSOD1%*" and the
electrostatic loop in apoSOD1%°. Cu,Zn-SOD1%%, with little fluctuation of
backbone amides on the picosecond-nanosecond timescale, does not
detectably populate any excited state.

effort to understand how the formation of rare conformational
states might affect biological function (19, 20). Here, we have
used a number of different NMR experiments to investigate the
picosecond-nanosecond and millisecond timescale dynamics of
SOD1 molecules along the maturation cycle of the enzyme. In
the cell, SOD1 molecules undergo a series of maturation events
after synthesis that increasingly stabilize them (14), leading fi-
nally to an enzymatically active form, as depicted in Figs. 14 and
7. Using a combination of CEST and CPMG NMR experiments,
we previously demonstrated that the most immature state of
SOD1, apoSOD1%H, which has been hypothesized to be the
primary source of toxic misfolded conformations implicated in
SOD1 ALS pathology (7, 8), interconverts between a populated
ground state structure and various thermally accessible confor-
mations (10). These include both native-like and aberrant struc-

Culik et al.

tures (Fig. 1C). It has been unclear, however, how the SOD1 FES
evolves as a function of maturation, both for on- and off-pathway
conformers, and whether some of the same excited state structures
are populated on the FESs of these states.

Our results suggest that the FESs of the different maturation
states of SOD1 become progressively smoother as the extent of
posttranslational modification increases (Fig. 7). For example
binding of one equivalent of Zn to apoSOD1*** (E,Zn-
SOD1) rigidifies the electrostatic loop and shifts the mono-
mer—dimer equilibrium observed in the apo state toward the di-
meric form. However, the dimer is not stable, with a measured Ky
of 51 pM at 25 °C, and so it may readily sample a monomer
conformation under physiological conditions (~40 pM dimer in
cells) (40). We hypothesize that transient sampling of the mono-
mer may be essential for the interaction of SOD1 with its Cu
chaperone CCS. From SEC-based binding exgeriments (Fig S5),
we and others have observed that apoSOD1*", whose ma or state
is monomeric, binds less tightly to CCS than E, Zn- SOD1%" even
though it is more dimeric. This suggests that monomeric E,Zn-
SOD1*" has a preorganized dimer interface that preferentially
binds to CCS, in contrast to apoSOD1%", which does not present
a complementary interface. Further evidence to this effect comes
from NMR data where residues in the dimer loop, including the
critical region from Glu49- Thr54 that 1s at the holo dimer in-
terface, are not visible in either 'H- or *C-detected spectra. This
region is broadened from conformational exchange that likely
includes the sampling of structures with a preorganized dimer

Degree of maturation

E,Zn-80D1%®

v cu.zn- 36515 g

Fig. 7. Progressive smoothening of SOD1 free-energy landscapes as a
function of maturation. Changes in the free-energy landscape of SOD1 upon
maturation as observed using CEST and CPMG NMR experiments. Zinc and
copper ions are depicted by magenta and green spheres, the electrostatic
and dimer loops are represented by long cyan and red lines, and the intra-
subunit disulfide as a short cyan line connecting two black dots. Squiggly
dimer and electrostatic loops indicate that they are disordered, while loops
denoted by straight lines indicate that they are rigid. The gray-colored dimer
loop in E,Zn-SOD1%°H signifies that there is no direct NMR information on
this loop, although the available NMR data do strongly point to a con-
formationally dynamic region. The gray cylinder is a CCS monomer.
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interface primed for CCS binding. Further evidence for the im-
portance of a properly organized surface comes from the work of
Banci et al. (12) showing that while apoSOD1*" is able to form
heterodimers negligible copper transfer from CCS to SOD1 oc-
curs, in contrast to E,Zn-SOD1?". That E,Zn-SOD1>" is able
to sample a monomeric state, likely with a complementary in-
terface to CCS, potentially provides a facile route for SOD1
maturation (see below). Previous studies by Matthews and
coworkers (41) also suggest that preorganization plays a role in
E,Zn-SOD15"® homodimerization.

The final step in the maturation process takes E,Zn-SOD1%5H
to Cu,Zn-SOD1%® via the CCS chaperone, and NMR spin re-
laxation measurements indicate that the four excited states ob-
served for apoSOD15" are no longer transiently sampled (at least
at detectable levels) in the FES of the mature form of the enzyme.
The coil-helix exchange process (process II) is detected in the off-
pathway apoSOD15 state, although the other processes are not,
while none of the four processes can be observed in CEST/CPMG
datasets recorded on the E,Zn-SOD1% state (Fig. 7).

Our studies of the FESs of intermediates along the SOD1 mat-
uration pathway suggest that the maturation process may occur via a
series of steps in which the transiently populated structure of an
immediately preceding state may subsequently become the domi-
nant conformer, as has been observed for the dihydrofolate reduc-
tase (DHFR) enzymatic cycle (42). Posttranslational modifications
could thus induce structural transitions by simply selecting the ap-
propriate conformation and executing a population switch by al-
tering the relative stabilities of the ground and excited states. For
example, one of the excited states of apoSOD1*" orders the
electrostatic loop that then primes this region for Zn binding to
form E,Zn-SOD1%" where the electrostatic loop is rigid in the
ground state. The E,Zn-SOD1%" conformer, in turn, exchanges
between monomeric and dimeric states with the former likely poised
for binding the CCS (see above) so that the final steps in the mat-
uration cycle can occur. Thus, the rare conformers that are sampled
by intermediates along the pathway do provide an avenue by which
the maturation process could occur. It is well established that there
is selection pressure during evolution for a protein to adopt a par-
ticular native conformation required for function (43). In cases such
as the maturation cycle of SOD1 or the DHFR enzyme cycle (42), it
is of interest to ask whether evolution selects only for the final state
or also for the process by which that state is formed, which would
include, of course, the excited states along the pathway.

The melting temperatures of the SOD1 maturation states,
related to their stabilities, have been tabulated in the literature:
Cu,Zn-SOD1%, 92 °C; E,Zn-SOD1%%, 75 °C; E,Zn-SOD1>%",
58 °C; apoSOD1%%, 59 °C; and apoSOD1%%H, 48 °C (6, 11, 31).
Interestingly, the number of excited-state conformations corre-
lates inversely with stability, demonstrating the importance of
posttranslational modifications in suppressing alternate confor-
mations that might be important for cytotoxic interactions with
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cellular components. However, posttranslational modifications
are not sufficient to rescue a disease phenotype. For example, our
SEC assays (Fig. S5), focusing on the A4V disease mutant where
the substitution of the smaller hydrophobic Ala side chain for Val
considerably weakens the homodimer interface, shows that A4V
apoSOD1?*! is unable to bind CCS, unlike pWT apoSOD1%5",
Zincation of the mutant only partially rescues binding, as A4V
E,Zn-SOD1%" interacts with CCS less tightly than its pWT
counterpart. Consequently, SOD1 may cause disease in some
cases by overwhelming the cellular homeostatic machinery via
the accumulation of less stable intermediates on the maturation
pathway, as suggested by Morimoto and coworkers (44), rather
than exclusively by formation of toxic conformers.

Materials and Methods

All of the variants of SOD1 were prepared in a pWT background where Cys-
6 and Cys-111 have been replaced by Ala and Ser, respectively (45, 46);
elimination of these surface residues avoids complications that could arise
from intermolecular disulfide bond formation but maintains WT-like struc-
ture, folding, and enzymatic activity (1, 31, 47, 48). SOD1 proteins were
overexpressed and purified as described previously (10) or using the fol-
lowing procedure: Cells were harvested and resuspended in 20 mM Hepes,
pH 8, buffer containing 6 M GdnHCI and subsequently lysed by sonication.
Following centrifugation to remove cellular debris (39,000 x g for 30 min at
4 °C), the supernatant was filtered and loaded onto a nickel column (GE
Healthcare). After washing with 5 column-volumes of buffer (20 mM Hepes,
pH 8, 6 M GdnHCI, 10 mM imidazole), SOD1 was refolded by washing with
10 column-volumes of a second buffer (20 mM Hepes, pH 8, 10 mM imid-
azole), after which the protein was eluted with buffer composed of 20 mM
Hepes, pH 8, 400 mM imidazole. Dialysis of the eluate into TEV cleavage
buffer (20 mM Tris, pH 8, 0.5 mM EDTA, 1 mM DTT) occurred overnight at
25 °C in the presence of TEV (1 mg TEV: 50 mg SOD1). Nickel chromatog-
raphy was performed to isolate cleaved SOD1 in the flow-through, which
was then concentrated and loaded onto an S75 size exclusion column and
run with a buffer of 20 mM Hepes, pH 8. SOD1 was demetallated and re-
duced using standard protocols (31, 49). To produce E,Zn-SOD1 samples,
ZnCl, was added to apoSOD1%" to achieve a stoichiometric ratio of 4 Zn:5
SOD1 (monomer) under dilute conditions (~60 pM or less) to avoid double
zincation of SOD1 and subsequently concentrated. This mixture was left to
incubate at room temperature for at least 30 min before measurements
were taken and diagnostic HSQCs were collected at regular intervals to
ensure that the sample did not change over time. ApoSOD1*° was gener-
ated by diluting apoSOD1%" to ~10 uM in 20 mM Hepes, pH 8, after which
20 pM copper-1,10-phenantroline was introduced (50). The solution was stored
at 37 °C for 3 h, and the reaction was subsequently quenched with 5 mM EDTA.
A second round of gel filtration was employed to ensure no contamination
with apoSOD12°H. Cu,Zn-SOD1%° was generated as described previously (51).
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