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ABSTRACT: The chemical shifts of backbone amide protons in
proteins are sensitive reporters of local structural stability and
conformational heterogeneity, which can be determined from their
readily measured linear and nonlinear temperature-dependences,
respectively. Here we report analyses of amide proton temperature-
dependences for native dimeric Cu, Zn superoxide dismutase (holo
pWT SOD1) and structurally diverse mutant SOD1s associated with
amyotrophic lateral sclerosis (ALS). Holo pWT SOD1 loses structure
with temperature first at its periphery and, while having extremely
high global stability, nevertheless exhibits extensive conformational
heterogeneity, with ∼1 in 5 residues showing evidence for population
of low energy alternative states. The holo G93A and E100G ALS
mutants have moderately decreased global stability, whereas V148I is
slightly stabilized. Comparison of the holo mutants as well as the marginally stable immature monomeric unmetalated and
disulfide-reduced (apo2SH) pWT with holo pWT shows that changes in the local structural stability of individual amides vary
greatly, with average changes corresponding to differences in global protein stability measured by differential scanning
calorimetry. Mutants also exhibit altered conformational heterogeneity compared to pWT. Strikingly, substantial increases as well
as decreases in local stability and conformational heterogeneity occur, in particular upon maturation and for G93A. Thus, the
temperature-dependence of amide shifts for SOD1 variants is a rich source of information on the location and extent of
perturbation of structure upon covalent changes and ligand binding. The implications for potential mechanisms of toxic
misfolding of SOD1 in disease and for general aspects of protein energetics, including entropy−enthalpy compensation, are
discussed.

The native states of proteins are well established as consisting
of an ensemble of interconverting conformations. The

dynamics of these conformations are central to protein stability,
binding, allostery, and catalysis in ways that remain difficult to
explain and predict.1−4 Protein dynamics are challenging to
characterize as they are invisible to many standard techniques
and occur on many different time scales with varying energetics.
Measurement of the temperature-dependence of chemical shifts
by nuclear magnetic resonance (NMR) is a powerful approach
that can provide high resolution information on both local
structure and conformational heterogeneity in proteins.5−23 In
particular, the linear dependence of amide proton chemical shifts
(δNH) on temperature, known as the temperature coefficient,
ΔδNH/ΔT, is well established as being sensitive to hydrogen
bond formation.5,7,12,13,23,24 However, recent work has found

that a larger determinant of ΔδNH/ΔT is the temperature-
dependent loss of structure18 and that the average and spread of
ΔδNH/ΔT values reports on structure even in the absence of
persistent intramolecular hydrogen bonding.8,25 Here, we
explore further how ΔδNH/ΔT can be used to characterize
temperature-dependent loss of structure within proteins, which
we refer to as “structural stability.”
In addition, the nonlinearity of the temperature-dependence of

δNH can report on the population of alternative states of proteins,
i.e., “conformational heterogeneity.”6 Previous studies of various
proteins have found that between 5% and 40% of amide protons
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exhibit curved temperature-dependences.6,7,10,17,19,20 The curva-
ture was modeled in terms of the population of an alternative
state in fast exchange on the chemical shift time scale with the
ground state and within ∼5 kcal/mol in energy.6,20 Thus,
measurements of curvature can report on alternative states close
in energy to the native state and may complement other NMR
methods for identifying and structurally characterizing thermally
accessible low lying biomolecular conformations.26−32 To date,
comparisons of the temperature-dependences of δNH for related
proteins have been limited, for example, to characterizing
similarities and differences between homologous proteins from
different organisms or caused by myristoylation.10,19

Here, we apply measurements of ΔδNH/ΔT, as well as
nitrogen chemical shift temperature-dependence (ΔδN/ΔT)
which have been less studied, and curvature of δNH to investigate
changes caused by maturation and disease-associated mutations
for human Cu, Zn superoxide dismutase (SOD1). This
homodimeric metalloenzyme consists of 153 amino acid
subunits, each binding 1 Cu2+ and 1 Zn2+, containing a conserved
intrasubunit disulfide bond and adopting an immunoglobulin-
like antiparallel β-barrel fold with an N-terminal sheet (strands 1,
2, 3, and 6) and a C-terminal sheet (strands 4, 5, 7, and 8).33 The
fully mature (holo) protein is highly structured and extremely
stable (ΔG ≈ 33 kcal (mol dimer)−1 at 37 °C).34−36 In contrast,
the most immature form of SOD1, lacking bound metals and
with reduced disulfide bond (apo2SH), adopts a highly dynamic,
monomeric structure16 that is marginally stable (ΔG = 1.8 kcal
(mol monomer)−1 at 37 °C).37 To date, over 170 mutations in
SOD1, which span the entire polypeptide chain, have been
associated with causing the devastating neurodegenerative
disease amyotrophic lateral sclerosis (ALS) (http://alsod.iop.
kcl.ac.uk/).38 A hallmark feature of ALS is the appearance of
protein aggregates in motor neurons. Extensive evidence
supports the hypothesis that mutant SOD1s cause disease by
undergoing toxic misfolding and aggregation; however, the
underlying mechanisms remain unclear.39−41

We find that analyses of temperature-dependence for δNH are a
rich source of information on the changes in structural stability
and conformational heterogeneity that occur in SOD1 upon
maturation and mutation. The results for holo pseudo wild-type
(pWT; see Experimental Procedures) are consistent with its high
global stability, but also highlight less stable regions in the protein
and extensive evidence for sampling of alternative states, mainly
for residues at the periphery of the structure. Comparison of holo
with apo2SH shows that the immature monomer, while being
much more dynamic, nevertheless has a well formed β-barrel
with some regions, surprisingly, more structured locally than in
the mature dimer. The holo form is also characterized for
structurally diverse ALS-associated mutants: G93A, in a tight
turn; E100G, in a β-strand; and V148I, in the dimer interface,
providing the first detailed stability analyses for E100G and
V148I. The mutants exhibit common features but also distinctive
changes in structural stability and conformational heterogeneity.
These high resolution analyses of SOD1 give insights into the
molecular mechanisms by which local changes due to maturation
or mutation can be transmitted through the protein and impact
global stability, as well as modes of aggregation that may occur in
disease.

■ EXPERIMENTAL PROCEDURES
Preparation and Purification of Recombinant SOD1.All

SOD1 variants studied are in the pseudo wild-type (pWT)
background, where the free cysteines at positions 6 and 111 have

been replaced by alanine and serine, respectively. The structure,
activity, and stability of pWT are very similar to wild-type
SOD1.34,42−44 Recombinant pWT and mutant SOD1 were
expressed as previously described45,46 and purified using a
modification of the procedure of Getzoff et al. in which a Poros
HP2 hydrophobic interaction column replaced the diethylami-
noethyl column.45 15N-Labeled SOD1 was prepared by growing
Escherichia coli in M9 minimal media with 15NH4Cl as the sole
nitrogen source.

NMR Sample Preparation. Purified 15N-labeled pWT and
mutant SOD1 was exchanged into buffer (20 mM hydroxyethyl
piperazine N′-2-ethanesulfonic acid (HEPES), pH 7.8) by
ultrafiltration (Ultracel 3K, Millipore) to a final concentration
of∼30mg/mL. The copper was reduced to Cu1+ by addition of 5
mM sodium isoascorbate to avoid paramagnetic line broadening
by Cu2+.

NMR Spectroscopy. 1H−15N HSQC spectra were acquired
at temperatures ranging from 297 K (24 °C) to 348 K (75 °C).
For each variant the NMR thermal titration was completed in
duplicate, using ∼5 and 10 °C increments. The final set of
temperature coefficients for each variant is the average of the two
independent experiments. All NMR experiments were per-
formed on a Bruker Avance 600 MHz spectrometer, with the
exception of V148I for which one temperature-dependence
experiment was completed on a Bruker Avance 500 MHz
spectrometer. Proton chemical shifts were referenced to internal
water. A correction for the temperature-dependence of water was
applied.47 Temperature was confirmed using the chemical shift
separation of water referenced to 4,4-dimethyl-4-silapentane-1-
sulfonic acid, as water has a known linear temperature-
dependence,47 and using a thermocouple. NMR data were
processed using the Bruker XWIN-NMR 3.5 software and
analyzed using computer aided resonance assignment
(CARA).48 Sequence specific resonance assignments were
determined previously for pWT SOD1 and the mutants G93A
and E100G at 25 °C, pH 7.8.49 Resonance assignments for V148I
were made using a 15N-edited NOESY-HSQC experiment at 24
°C, pH 7.8. NOE cross peaks were used to assign the peaks that
shifted upon mutation and confirm the assignment of those that
did not.

Amide Chemical Shift versus Temperature Calcula-
tions. For each residue, the δNH and δN were plotted as a
function of temperature (in K) and fit to a straight line by linear
regression. The slope of this line represents the temperature
coefficient (Δδ/ΔT).7 Experimental uncertainties in ΔδNH/ΔT
were determined using a δNH uncertainty of 0.005 ppm. The
1H−15N HSQC crosspeaks for ∼20 amides in the holo SOD1
variants lose intensity and are no longer observable at increased
temperatures; for consistency, temperature coefficients were
calculated and compared only for residues with observable
signals over the full temperature range (∼24−75 °C). Deviations
from linearity (residuals) were calculated by subtracting the
observed chemical shifts from the straight line.6 Residuals (y)
were plotted versus temperature (x) and fit to a quadratic
equation (y = ax2 + bx + c). The quadratic coefficient, a, provides
a measure of the magnitude of curvature. All protons for which
the quadratic coefficient differed from zero at p < 0.01 (using a
δNH uncertainty of 0.005 ppm) were considered to have curved
temperature-dependences.

Differential Scanning Calorimetry (DSC). DSC experi-
ments were performed as described36 using a MicroCal LLC VP-
DSC (MicroCal Inc., Northampton, MA). All samples contained
0.2 to ∼2 mg mL−1 holo SOD1 in 20 mM HEPES, pH 7.8. The
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scan rate was 1 °C min−1. DSC data were fit to a two-state
transition between folded dimer and unfolded monomers, N2 ↔
2U, as described previously.36,50,51

■ RESULTS

Differential Scanning Calorimetry shows Global
Stability Is Moderately Decreased for Holo G93A and
E100G and Slightly Increased for Holo V148I. The global
stability of all the SOD1s studied here was measured by DSC for
comparison with NMR data. The temperature where half of the
protein is unfolded (Tm), the van’t Hoff enthalpy of unfolding
(ΔHvH) and the ratio of ΔHvH and the calorimetric enthalpy of
unfolding (ΔHcal) are given in Table 1. Since theTm for a dimer is
concentration dependent,51 the Tm’s were also calculated for 30
mg mL−1 protein (the approximate concentration of an NMR
sample; Table 2) using the parameters obtained for the DSC
measurements at lower protein concentration (Table 1; Figure

S1). Relative to pWT, the melting temperatures (Tm’s) for holo
E100G and G93A are decreased by ∼4−5 °C but increased by
∼1 °C for V148I and remain >91 °C for all variants (Table 2). In
contrast, apo2SH pWT has a much lower Tm of 47.6 °C.37

Chemical shifts were measured for ∼24−75 °C for holo variants
and previously for 10−30 °C for reduced apo;16 the highest
temperatures are well below the global unfolding transitions for
the proteins (Figure S1).7,36,37 Thus, changes in chemical shift
with temperature are determined by local rather than global
unfolding.

Temperature Coefficients of Holo pWT SOD1 Indicate
HighGlobal Protein Stability, andDisruption of Structure
with Temperature First at its Less Stable Periphery. For
holo pWT SOD1, the average of all measured ΔδNH/ΔT is −3.2
ppb/K (Table 2), which is a notably low (less negative) value
compared to other proteins.5 On the other hand, the range of
temperature coefficients is comparable to those of other stable
globular proteins (typically, ∼ −11 to 1 ppb/K).12 The low
average value for holo pWT is consistent with the presence of
extensive intramolecular hydrogen bonds throughout the
protein, which are generally associated with ΔδNH/ΔT values
less negative than −4.6 ppb/K.12,13 The results are therefore in
agreement with X-ray crystallography and NMR structural data,
as well as thermodynamic data, indicating holo SOD1 is highly
structured and stable.16,34−36,44,52

Clear differences in local structural stability are apparent from
the analysis of ΔδNH/ΔT. The average δNH temperature
coefficients for secondary structural elements (ΔδNH/ΔTavg;
Table 2) show that the N-terminal β-sheet is more flexible than
the C-terminal β-sheet, with ΔδNH/ΔTavg values of −3.4 ppb/K
and −2.8 ppb/K, respectively. Previous studies of rapid (ps−ns)
backbone dynamics by 15N-relaxation measurements52 and
estimates by RCI16,53 at 25 °C, as well as molecular dynamics
simulations,54 found that all 8 β-strands in holo pWT exhibit
comparable, very limited dynamics. In contrast, ΔδNH/ΔT
measurements reveal marked differences in local structural
stability (Figure 1). Among the β-barrel strands, β6 has the
highest propensity to become disordered with temperature, with
a ΔδNH/ΔTavg of −4.7 ppb/K, followed by β1 and β8 (Table 2).
All three are edge strands in the structure (Figure 1), highlighting
an inherently lower structural stability in these regions. The β7
strand appears most structured, with ΔδNH/ΔTavg of −1.8 ppb/
K; it is located in the center of the protein protected by the long
loops 4 and 7. We note that these long loops, although lacking
data for some amide protons, have similarΔδNH/ΔTavg values to
the β-strands (Table 2), indicating they are highly structured in
the holo state.
At an individual residue level, ΔδNH/ΔT values reveal regions

of lower stability at the edge of the structure and higher stability
in the core (Figure 1B). Less structured residues with large
negative ΔδNH/ΔT values (<−5.5 ppb/K) tend to occur at the
ends of β-strands, in loops, near the dimer interface and in the
edge strands, β5 (C-terminal portion) and β6. More structured
residues (ΔδNH/ΔT >−2.5 ppb/K) are concentrated in the core
of the protein. When comparing ΔδNH/ΔT values to amide
exchange rates for holo pWT measured under the same buffer
and pH conditions,49 no significant correlation is apparent for
SOD1. This may be expected as amide exchange rates are
strongly influenced by intramolecular hydrogen bonding and
surface exposure, factors which have less of an impact on ΔδNH/
ΔT values.5,18

Temperature Coefficients Reveal Large Changes,
Including Unexpected Increases as well as Extensive

Table 1. DSC Fitted Parameters for SOD1s

SOD1a
[protein]
(mg mL−1) Tm (°C)

ΔHvH
(kcal mol−1) ΔHvH/ΔHcal

holo pWTb 6.30 94.2 ± 0.3 238.7 ± 20.2 0.85
holo pWTb 1.87 93.2 ± 0.3 276.9 ± 20.5 1.02
holo pWTb 1.00 92.5 ± 0.5 269.0 ± 30.5 1.05
holo pWTb 1.00 93.2 ± 0.0 272.6 ± 4.0 0.90
holo pWTb 1.00 93.1 ± 0.2 268.8 ± 10.6 1.01
holo pWTb 0.50 91.6 ± 0.5 230.6 ± 24.3 1.04
holo pWTb 0.50 92.4 ± 0.4 256.5 ± 22.8 1.10
holo pWTb 0.20 91.6 ± 0.2 265.5 ± 15.1 1.15
mean ± SDd 1.02 ± 0.10
apo2SH pWTc 2.30 47.2 ± 0.1 59.8 ± 1.7 1.34
apo2SH pWTc 0.93 47.7 ± 0.3 62.7 ± 3.2 1.22
apo2SH pWTc 0.55 48.8 ± 0.0 60.6 ± 0.7 1.01
apo2SH pWTc 0.53 47.5 ± 0.0 60.2 ± 0.6 1.00
apo2SH pWTc 0.48 47.8 ± 0.6 62.5 ± 5.4 1.05
apo2SH pWTc 0.42 47.4 ± 0.3 63.2 ± 2.8 1.21
apo2SH pWTc 0.25 47.0 ± 0.5 60.4 ± 1.1 0.96
apo2SH pWTc 0.11 47.3 ± 0.1 63.5 ± 1.7 1.33
mean ± SDd 1.14 ± 0.15
holo G93Ab 1.00 88.5 ± 0.0 244.9 ± 8.0 1.22
holo G93Ab 1.00 88.4 ± 0.3 234.6 ± 12.0 1.04
holo G93Ab 0.50 87.4 ± 0.1 194.3 ± 4.5 0.87
holo G93Ab 0.20 86.6 ± 0.4 207.8 ± 17.7 0.90
mean ± SDd 1.01 ± 0.16
holo E100G 2.00 88.2 ± 0.3 255.2 ± 27.9 0.87
holo E100G 1.00 86.9 ± 0.1 227.4 ± 55.8 0.86
holo E100G 0.50 86.5 ± 0.2 224.2 ± 25.3 0.83
holo E100G 0.20 85.4 ± 0.1 210.5 ± 43.9 0.85
mean ± SDd 0.85 ± 0.02
holo V148I 2.11 93.2 ± 0.0 262.0 ± 2.4 0.78
holo V148I 1.00 92.5 ± 0.0 254.5 ± 1.8 0.77
holo V148I 0.51 91.9 ± 0.0 251.6 ± 2.8 0.81
holo V148I 0.19 92.1 ± 0.1 216.4 ± 4.5 0.62
Mean ± SDd 0.75 ± 0.09

aData for holo SOD1s were fit as described previously36 to a dimer
two-state model. bValues for holo pWT and G93A are from ref 36.
cValues for apo2SH pWT are from fits to a monomer 2-state model.37

Error estimates for fitted Tm values are from the fitting program
(Origin 5.0) and error estimates for ΔHvH are propagated according to
standard procedures99 from fitted errors in Δh, the specific enthalpy of
unfolding, and β, ΔHvH/ΔHcal × molecular weight of the SOD1
homodimer.36 dSD, standard deviation.
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Decreases, in Local Structural Stability for apo2SH

Compared to Holo pWT SOD1. We compared ΔδNH/ΔT
for dimeric holo pWT to monomeric apo2SH pWT to assess
changes in structural stability associated with maturation, i.e., due
to subunit association, metal binding, and disulfide bond
formation. The average ΔδNH/ΔT for the marginally stable
pWT apo2SH is −4.6 ppb/K,16 considerably more negative than
the value of −3.2 ppb/K for the much more stable holo protein
(Table 2). Also, the range of ΔδNH/ΔT for apo2SH is markedly
greater than for holo, spanning 26.9 ppb/K versus 13.4 ppb/K,
respectively (Table 2). Thus, the average ΔδNH/ΔT values are
consistent with the global protein stability.
At the level of local stability for secondary structural elements

(Table 2) and individual residues (Figure 2), ΔδNH/ΔT values
reveal wide-ranging differences between holo and apo2SH. The
ΔδNH/ΔTavg values indicate a similar extent of structuring for the
N-terminal β-sheet in both holo and apo2SH (−3.4 ppb/K and
−3.5 ppb/K, respectively; Table 2). The C-terminal β-sheet, on
the other hand, has markedly higher propensity to become
disordered in apo2SH compared to holo (−2.8 ppb/K and −4.2
ppb/K, respectively). Considering that the C-terminal β-sheet
contains four out of the seven metal binding residues and the
disulfide bond (Figure 1A), it is structurally reasonable that this
sheet is more disordered in immature SOD1.

Analysis of ΔδNH/ΔTavg by secondary structural elements
(Table 2) reveals that in apo2SH, β-strands 4 and 7 show
decreased structural stability. There are two residues that exhibit
particularly high disorder in these strands, F45 (β4) and H120
(β7), which lie very close to or participate in the Cu-binding site,
respectively. In contrast to holo pWT, in apo2SH pWT the long
active site loops, 4 and 7, haveΔδNH/ΔTavg values more negative
than the least stable β-strand (Table 2). It should be noted,
though, that there are few resonance assignments in apo2SH pWT
for loop 4 surrounding the Zn2+-binding site, due to disorder in
this region.16

Unexpectedly, residue-specific changes in ΔδNH/ΔT for
apo2SH pWT relative to holo pWT reveal widespread increases
in structuring as well as decreases (Figure 2). For comparison
purposes, we focus on the 41 residues with differences from pWT
in ΔδNH/ΔT (ΔΔδNH/ΔT) greater than ±1 ppb/K. As may be
expected, the largest decreases in structuring in apo2SH (red and
orange in Figure 2) are observed closest to the sites of
maturation, i.e., near the metal binding sites and disulfide
bond, including in β4, the active site loops (4 and 7) and β8.
Surprisingly, moving away from these regions toward the
periphery of the structure, the protein tends to become more
structured (blue and navy in Figure 2), i.e., in β6. Further, some
residues in the dimer interface region (G114, T116, A145, and

Table 2. Amide Proton Temperature Coefficient (ΔδNH/ΔT) and Global Stability Data for SOD1 Variants

ΔδNH/ΔT (ppb/K)

overall holo pWT apo2SH pWT holo G93A holo E100G holo V148I

averagea −3.24 (95) −4.61 (117) −3.43 (101) −3.37 (93) −3.02 (92)
standard deviation 2.16 3.05 2.48 2.31 2.03
average ΔΔδNH/ΔTa,b n/a 0.82 (78) 0.09 (87) 0.16 (83) −0.14 (81)
minimum −11.7 −21.5 −14.0 −12.0 −9.0

Average δNH Temperature Coefficient (ΔδNH/ΔTavg) by Structural Feature (ppb/K)
a

N-terminal β-sheet −3.44 (26) −3.54 (30) −3.28 (23) −3.3 (20) −3.34 (22)
C-terminal β-sheet −2.83 (26) −4.18 (25) −2.98 (26) −2.96 (27) −2.66 (22)
β1 −3.66 (6) −4.57 (6) −4.03 (4) −3.92 (4) −4.48 (3)
loop 1 −5.47 (2) −5.48 (4) na na na
β2 −2.64 (6) −2.42 (8) −2.13 (7) −2.52 (6) −1.97 (6)
loop 2 na −4.85 (4) na na na
β3 −2.76 (7) −2.24 (8) −2.93 (5) −2.81 (6) −2.46 (6)
loop 3 −4.02 (2) −10.39 (3) −10.07 (2) −4.22 (2) −3.98 (2)
β4 −3.08 (7) −5.54 (7) −2.91 (8) −2.95 (8) −2.57 (6)
loop 4 (50−62) −3.27 (7) −5.74 (10) −3.37 (8) −3.77 (6) −2.05 (8)
loop 4 (63−82) −3.66 (11) −5.54 (4) −4.08 (12) −4.24 (12) −3.99 (13)
β5 −3.05 (7) −4.85 (4) −3.47 (6) −3.54 (6) −3.29 (6)
loop 5 −2.76 (3) −3.17 (4) −4.24 (4) −2.77 (3) −3.15 (4)
β6 −4.69 (7) −4.95 (8) −4.05 (7) −3.96 (4) −4.47 (7)
loop 6 −2.61 (7) −4.36 (12) −2.61 (7) −2.86 (7) −2.7 (8)
β7 −1.78 (5) −3.18 (5) −1.95 (4) −1.9 (6) −1.71 (5)
loop 7 −3.09 (11) −5.57 (19) −2.79 (15) −2.7 (11) −2.14 (9)
β8 −3.39 (7) −3.13 (9) −3.61 (8) −3.46 (7) −3.08 (5)

Global Stability
Tm (°C)c 96.3 47.6d 92.5 91.1 97.0
ΔTm (°C) n/a −48.7 −3.8 −5.2 +0.7
maximum 1.7 5.4 1.7 1.6 1.9

aThe number of residues included in each average is given in brackets. Average values for structural features for which there is data for ≤1 residue are
indicated by na (not applicable). The number of amides analyzed for holo variants is lower than for apo2SH pWT due to loss of signals at the much
higher temperatures used (24−75 °C for holo versus 10−30 °C for apo2SH; see Experimental Procedures). bΔΔδNH/ΔT values are calculated by
subtracting ΔδNH/ΔT for apo2SH pWT or mutant SOD1 from ΔδNH/ΔT for holo pWT and therefore includes only residues for which direct
comparisons to holo pWT can be made. cTm (temperature where half of the protein is unfolded) was calculated from fitted DSC parameters for a
protein concentration of NMR samples of 30 mg mL−1 (Table 1, Figure S1). dTm for apo2SH pWT is the average value measured for 0.1−2.3 mg/mL
protein.100 Since apo2SH is monomeric the Tm does not vary with protein concentration.51
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G150) are more structured in monomeric apo2SH than in holo.
These changes suggest the β-barrel is well folded in monomeric
apo2SH SOD1; such structure may be critical to protect against
aggregation. The results suggest that maturation to the holo
dimer creates strain in the interface which propagates to the
periphery of the structure; this may be significant for under-
standing propagating effects of mutations in holo SOD1,
considered below.
Temperature Coefficients Reveal Mutations Cause

Changes in Structure that Correlate with Global Stability
via Distinct Local and Propagating Effects. The effects of
G93A, E100G, and V148I on the structure of holo SOD1 were
analyzed using changes in backbone chemical shifts (calculated as
the weighted average difference in δNH and δN between mutant

and pWT, Δδ15N1H; Figure 3) and ΔδNH/ΔT (Table 2, Figure
4). Remarkably, these two measures give very similar indications
of the regions where perturbations occur uponmutation. Overall,
the changes in backbone chemical shifts and ΔδNH/ΔT are
moderate in magnitude, with residues exhibiting the largest
changes clustered near the sites of the mutations and smaller
changes propagating through the structure (Figures 3 and 4).
Notably, the average ΔΔδNH/ΔT values roughly match the

changes in global stability for all the SOD1 variants studied
(Table 2). For reference, a positiveΔΔδNH/ΔT indicates a larger
(more negative) ΔδNH/ΔT for the mutant relative to pWT
indicating reduced structural stability, and vice versa (Figure 4).
Thus, V148I, which has the highest Tm, has a relatively small
negative average ΔΔδNH/ΔT value, while the destabilized

Figure 1.Amide proton temperature coefficients (ΔδNH/ΔT) for holo pWT SOD1 at pH 7.8. (A)ΔδNH/ΔT averaged by secondary structural elements
(Table 2; ΔδNH/ΔTavg) and mapped onto the 3D ribbon structure of holo pWT (PDB 1SOS).44 Bound Cu (turquoise) and Zn (black) are shown as
spheres. Side chains of metal binding ligands (H46, H48, H63, and H120 for Cu, and H63, H71, H80, D83 for Zn) are shown in stick representation,
colored yellow. Cys57 and Cys 146, which form the intramolecular disulfide bond, are shown in orange space-filling representation. Structural elements
are colored by a red to blue gradient, with red representing the least stable structural element (loop 1) and blue the most stable (β7). Gray represents
regions for which there is only one data point and an average could not be calculated. (B)ΔδNH/ΔT for individual residues mapped onto the 3D ribbon
structure of holo pWT. The color scheme is given in the legend. Gray indicates residues for which no data are available. Ribbon diagrams were generated
using MOLMOL101 and PDB file 1SOS.44 (C) Bar chart of ΔδNH/ΔT. Horizontal bars indicate β-strands. Vertical bars in β-strands are colored
according to the color scheme in panel A.
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mutants E100G and G93A have small positive values, and apo2SH

pWT has a large positive value. For the mutants, the ΔδNH/ΔT
values for individual residues are for the most part very similar to
pWT (Table S1), but also exhibit distinct patterns of differences
(Figure 4). Because of the relatively small changes, we consider
here ΔΔδNH/ΔT values greater than ±0.25 ppb/K which are
above the calculated experimental uncertainty in ΔδNH/ΔT.
Mutation-specific differences are described further below.
G93 is located in the solvent-exposed region known as the β-

barrel plug (Figures 3D and 4A) and more specifically is a
conserved residue in a tight turn that is a hotspot for ALS
mutations (http://alsod.iop.kcl.ac.uk/).38 The β-barrel plug,
made up of loop 5 (which contains G93) and the adjacent loop 3,
has been identified as a key stabilizing element in SOD1.33,55

Both backbone chemical shifts and ΔΔδNH/ΔT values show
residues with the most pronounced changes are clustered in the
plug region (Figures 3A,D and 4A,D). Notably, in some cases
(e.g., V14, G16, L38, D92, V94, and A95; Figure 4D) the
magnitude of the change is similar to those observed in the much
less stable apo2SH pWT compared to holo pWT (Figure 2). The
ΔδNH/ΔTavg values of loops 3 and 5 are considerably more
negative in G93A relative to holo pWT, suggesting that the
mutation significantly reduces the structural stability of the β-
barrel plug. Unexpectedly and interestingly, despite the decrease
in global stability (Tables 1 and 2), almost half of the residues (7)
with relatively larger differences in G93A appear to be more
structured (colored blue or navy in Figure 4A, D). Overall, G93A
exhibits changes that are relatively large in magnitude compared

Figure 2. Changes in ΔδNH/ΔT for apo2SH pWT relative to holo pWT SOD1. (A) ΔδNH/ΔT values for apo2SH pWT mapped onto the 3D ribbon
structure of holo pWT. The color scheme given in the legend is the same as in Figure 1B. Gray indicates residues for which no data are available. (B)
Differences in ΔδNH/ΔT between holo pWT and apo2SH pWT mapped onto the 3D ribbon structure of holo pWT (ΔΔδNH/ΔT = ΔδNH/ΔT {holo
pWT}−ΔδNH/ΔT {apo2SH pWT}). A negative (positive) value indicating an amide proton with a lower (higher) propensity to become disordered with
temperature in apo SOD12SH compared to holo pWT is colored blue or navy (orange or red). Values for the color scheme are given in the legend. Light
gray indicates residues for which no direct comparisons can bemade due to lack of data. (C) Bar chart ofΔΔδNH/ΔT. Horizontal bars indicate β-strands.
Relatively large values of ΔΔδNH/ΔT (greater than ±1.0 ppb/K given by gray dotted lines) are colored as in (B) except that residues with changes
smaller than ±1.0 ppb/K are colored black.
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to those of the other mutants, propagated extensively through
the structure, and indicate both increases and decreases in
structural stability.
E100 is located in the charged edge strand β6 (Figures 3E and

4B); mutation from E to G decreases the net negative charge of
the protein and disrupts a conserved salt bridge between E100
and K30 in β3. The largest ΔδNH/ΔT changes for E100G are
highly localized near the site of mutation and are otherwise very
small in magnitude (Figure 4B,E). Similarly, localized and minor
changes in this mutant are also observed by backbone chemical
shift changes (Figure 3B,E). In contrast to G93A, in E100G the
ΔΔδNH/ΔT values are generally smaller, widely distributed in
the protein, and are all positive (Figure 4B,E). These changes
may reflect broadly propagated increased disorder relating to
significantly decreased global stability (Tables 1 and 2).
Relatively larger increases in ΔΔδNH/ΔT (i.e., more negative
ΔδNH/ΔT values relative to pWT) near the site of mutation
suggest a loss of stability near K30 at the end of β3 (V29 and
V31) and β2 (N19 and E21). In addition, the E100G mutation
may slightly increase the disorder at position 100, which appears
to propagate into the following loop 6. Thus, E100G exhibits
significant but limited perturbations at the site of the mutation
and small relatively uniform decreases in structural stability
throughout the structure.

V148 is located in β8 and its hydrophobic side chain points
away from the monomer surface and is partially buried in the
dimer interface (Figures 3F and 4C); mutation to I results in two
larger hydrophobic residues in close proximity in the interface.
Among the mutants studied here, V148I exhibits the largest
number of amide protons with perturbed chemical shifts,
although these are again relatively small in magnitude (Figure
3C,F). Similarly, V148I displays the largest number of residues
(19) with perturbed ΔδNH/ΔT (Figure 4C,F). This is likely due
to the central location of residue 148 in the dimer interface, a
region shown to have high connectivity with distal areas of the
protein structure.56 The large majority of theΔΔδNH/ΔT values
in V148I are negative, indicating increased local structural
stability, consistent with the small increase in global stability of
V148I relative to pWT (Tables 1 and 2). Negative ΔΔδNH/ΔT
values are observed throughout the protein, including in the
dimer interface; the largest (though still small) positive values are
observed for the amide protons of G114 and L117, which
participate in hydrogen bonds with the carbonyl oxygens of I149
and G147, respectively, the residues flanking the mutation
(Figure 4C,F). Despite these very limited observed increases in
disorder surrounding the site of mutation, overall the V148I
mutation appears to result in a moderate and propagating
increase in structural stability.

Figure 3. Backbone chemical shift changes in ALS mutant holo SOD1s relative to pWT. (A) G93A (B) E100G and (C) V148I at pH 7.8, 24 °C.
Chemical shift changes,Δδ15N1H, are calculated as ({(Δ1H)2 + (Δ15N/5)2)}/2)1/2 and shown as vertical black bars (with the exception of the mutation
cite which is colored cyan or given as an asterisk if no data are available). Values for the sites of mutation are off scale in (A) for residue 93 at 1.1 ppm and
in (B) for residue 100 at 1.6 ppm. Chemical shift changes caused by mutations (D) G93A, (E) E100G, and (F) V148I are also mapped onto the 3D
ribbon structure of pWT SOD1. The WT residue for mutations is shown in cyan in stick representation. Residues are colored to aid in visualization
according to the relative magnitude ofΔδ15N1H values: dark gray for values <0.03; pink for 0.03−0.07; deep pink for 0.07−0.1; red for >0.1. Light gray
indicates residues where no data are available.
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Curved Temperature-Dependences of δNH Show Many
Residues in Holo SOD1s Populate Alternative States that
are Perturbed in Common and Distinct Ways upon
Mutation. The population of alternative states was charac-
terized by fitting the curvature in δNH temperature-dependences
to a quadratic equation using calculated residual chemical shift
values (see Experimental Procedures).6,20 The quadratic
coefficient (a) as well asΔδNH/ΔT values for the SOD1 variants
studied are given in Table S1 (see Supporting Information).
Representative nonlinearities are illustrated in Figure 5A,
simulated for varying free-energy differences between the ground
and alternative states (see Supporting Information).20 The
curvature observed experimentally for holo pWT SOD1 (Figure
5B) is comparable to that for the simulated data. In agreement
with previous studies,20 we find a correlation between the sign of
curvature (i.e., concave or convex) and the value of δNH relative
to random coil. This trend indicates that in most cases the
alternative state is closer to random coil than the ground state
and so is likely to be less structured.
From this analysis, 28 residues (∼18%) in pWT exhibit

curvature. These residues are spread throughout the polypeptide
chain, in both β-strands and loops (Table 3). No significant
correlation was observed between themagnitude of the quadratic

coefficient (a) and ΔδNH/ΔT values for holo pWT (data not
shown). It has been proposed that formation of alternative states
involves local structural rearrangement with altered hydrogen
bonding compared to the ground state.20 On the basis of the
crystal structure for pWT (2.5 Å; PDB 1SOS),44 using distance
and angle constraints of 2.4 Å and 35°, respectively,57 ∼59% of
amide protons participate in an intramolecular hydrogen bond. A
substantially larger proportion of the residues populating an
alternative state are hydrogen bonded in the ground state
(∼86%) supporting that the alternative state may commonly be
accessed through changes in hydrogen bonding.
Twelve common residues display curved temperature-depend-

ences in holo pWT and all three mutants (Table 3; green in
Figure 6A). Many of these residues are located at the junction of
secondary structural elements, suggesting that a common
dynamical feature of SOD1 involves disruption of native β-
strand structure. There is also a cluster of residues in edge strands
β5 and β6, near the β-barrel plug region, suggesting a common
alternative state in all four holo proteins. These residues (A89,
A95, and V97; Figure 6A) participate in hydrogen bonds that link
the edge strands to the main β-sheet structure. The curvature
here suggests a common alternative state where the edge strands
are pulling away from the main structure near the β-barrel plug.

Figure 4.Changes inΔδNH/ΔT for holo SOD1mutants relative to pWT. Differences inΔδNH/ΔT (ΔΔδNH/ΔT) are calculated as (ΔδNH/ΔT {pWT}
−ΔδNH/ΔT {mutant}). A negative (positive) value ofΔΔδNH/ΔT indicating an amide proton with a lower (higher) propensity to become disordered
with temperature in the mutant relative to holo pWT is colored blue or navy (orange or red). Differences in the temperature coefficients between pWT
and the ALS mutants (A) G93A, (B) E100G, and (C) V148I are colored in the 3D ribbon structure of pWT SOD1 according to values given in the
legend. Light gray indicates residues for which no direct comparisons can bemade due to lack of data. Bar charts ofΔΔδNH/ΔT values are shown for (D)
G93A, (E) E100G, and (F) V148I. Horizontal bars indicate β-strands. Differences inΔδNH/ΔT bigger than±0.25 ppb/K (gray dotted lines) are colored
as in (A−C) except that residues with changes smaller than ±0.25 ppb/K are colored black. D92 with a value of 5.91 is off scale in (D).
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The curvature observed also for L38 in pWT, E100G, and V148I
further supports opening of the β-barrel plug in these variants. In
crystal structures of pWT SOD144,58 the amide proton of L38
participates in a hydrogen bond with G93 that links loops 3 and
5; however, the curvature results suggest these variants can
populate an alternative conformation where that hydrogen bond
is likely lost. The lack of curvature at L38 in G93A does not mean
that this alternative state is not populated. Rather, a shift in
ΔδNH/ΔT for L38 from −4.3 ppb/K in pWT to −6.1 ppb/K in
G93A suggests this hydrogen bond is permanently broken in this
mutant. Taken together, these results indicate a common
structural fluctuation of all four holo SOD1 variants involves
opening of the β-barrel plug which may expose the hydrophobic
interior of the protein.

Overall, the holo mutants have a similar pattern of residues
with curved temperature-dependences to pWT, but with notable
differences (Table 3). For example, the two destabilized mutants,
G93A and E100G, show a larger proportion of residues accessing
alternative conformations, with 44 and 37 residues correspond-
ing to ∼29% and 24%, respectively. On the other hand, the
slightly more stable V148I displays an almost identical number of
residues with curved δNH temperature-dependences to pWT at
29 (∼19%). Interestingly, all the mutants exhibit a larger
proportion of residues accessing an alternative state in edge
strand β6 and crossover loop 6 (Table 3; Figure 6). This suggests
that the common conformational heterogeneity at the β5-β6
edge near the β-barrel plug described above for all four holo
SOD1 variants extends further into β6 and even the following
loop (6) in the mutants.

15N Temperature Coefficients. In an effort to discern the
still poorly understood contributing factors to 15N temperature
coefficients,18,59 these were also analyzed for holo pWT. We find
no correlation between the sign or magnitude of ΔδN/ΔT and
amino acid or secondary structural feature (i.e., β-strand, α-helix
or loop) (data not shown). There is a very weak correlation
between ΔδNH/ΔT and ΔδN/ΔT (Figure S2), as has been
observed also by others.18 When only the magnitude of the 15N
temperature coefficient is considered, and not the sign, there is
no longer a correlation suggesting that the sign may be of
structural significance. Thus, further investigations are still
needed to determine if and how ΔδN/ΔT may be used to
obtain information on protein structure and dynamics.

■ DISCUSSION
Utility of Temperature Dependence of δNH for

Characterizing Protein Structural Stability and Confor-
mational Heterogeneity. The in-depth analyses of multiple
forms of SOD1 conducted here show that the temperature-
dependence of backbone amide chemical shifts is a rich source of
information on both local and global protein structural stability,
as well as conformational heterogeneity. To date, δNH temper-
ature-dependences have been used mainly for assessing intra-
molecular hydrogen bonds, which are considered to be formed
based on a simple cutoff criterion of ΔδNH/ΔT > −4.6 ppb/
K.12,13 However, recent studies of GB1 have shown that ΔδNH/
ΔT values are governed more generally by temperature-
dependent loss of structure.18 Similarly, a significant proportion
(∼30% for pWT44) of the SOD1 amide protons monitored do
not form intramolecular hydrogen bonds yet they display a range
of stabilities comparable to that for hydrogen bonded amides, as
has also been noted for other proteins.5,12 Therefore, measuring
amide proton temperature coefficients is a useful and general
method to characterize the local structural stability of proteins,
beyond defining just intramolecular hydrogen bonding. Follow-
ing previous convention,5,18 here we refer to a “smaller” ΔδNH/
ΔT value when the absolute value is smaller (less negative) and a
“larger”ΔδNH/ΔT value when the absolute value is larger (more
negative), with a smaller (larger) ΔδNH/ΔT value indicative of
increased (decreased) structural stability.
The analyses for different forms of SOD1s (apo2SH, holo and

mutants) show thatΔδNH/ΔT values provide sensitive probes of
the extent of local structure formation which collectively reflect
overall protein stability (Table 2). In addition, complementary
information on local structural opening can be obtained by
analyzing the curvature of the δNH temperature-dependence. A
curved temperature-dependence can result when an amide
proton is populating an alternative conformation and the relative

Figure 5. Curved δNH temperature-dependence of amide protons
accessing an alternative state. (A) Simulation of the dependence of
residual δNH versus temperature on the difference in free energy between
the ground (1) and alternative (2) states for representative values of δ1°
= 8.5 ppm, g1 =−2 ppb/K and δ2° = 8.0 ppm, g2 =−7 ppb/K, where δ1°
and δ2° are the initial chemical shifts and g1 and g2 are the temperature
coefficients of the ground and alternative states, respectively.20 ΔS =
17.2 cal/(mol K)102 and ΔH = 6.1, 7.1, 8.1, 9.1, and 10.1 kcal/mol
corresponding to ΔG = 1, 2, 3, 4, and 5 kcal/mol, respectively. The
observed chemical shift values (δobs) were calculated as described in the
Supporting Information and fit using linear regression to a straight line.
The residual chemical shift is the deviation from linearity (δlinfit − δobs).
(B) Plots of residual δNH with temperature for representative residues in
holo pWT SOD1. Residual values were fit to a quadratic equation, from
which the quadratic coefficient (a) was determined. The fitted curve is
shown as a solid black line. Residues for which the quadratic coefficient
differs from zero at p < 0.01 (with a 1H chemical shift error of 0.005
ppm) are classified as curved (see Experimental Procedures). Plots are
labeled by residue number in the top left corner. An asterisk indicates
residues characterized as having a curved temperature-dependence. The
vertical axis has a total range of 0.04 ppm. The horizontal axis
corresponds to the temperature range 297−346 K (24−73 °C).

Biochemistry Article

DOI: 10.1021/acs.biochem.5b01133
Biochemistry 2016, 55, 1346−1361

1354

http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b01133/suppl_file/bi5b01133_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b01133/suppl_file/bi5b01133_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.5b01133


populations of the two states are changing with temperature.6,20

Thus, in contrast to ΔδNH/ΔT which is weighted heavily by and
so reports on the major population (ground state) for an amide
proton, curvature can report on a minor population (alternative
state). It should be noted that a lack of curvature does not prove

the absence of an alternative state for a particular amide proton.
Rather, if the energy difference between the two states is too large
(Figure 5A), or the ground and alternative state have very similar
δNH orΔδNH/ΔT, or the amide proton is in exchange with a large
number of alternative conformations, a net linear temperature-

Table 3. Residues with Curved δNH Temperature Dependences in Holo SOD1 Variantsa

aResidue numbers are given for every second residue. Residues marked with ● are curved at p < 0.01. Residues marked with ○ are “not curved”.
Where no data are available, the residue is left blank. Residue numbers for those found in β-strands are underlined.
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dependence may be observed.6 Therefore, the number of
residues identified as accessing an alternative state likely
represents a minimum. Nevertheless, the curvature measure-
ments for holo SOD1 variants here provide evidence for
widespread and varying conformational heterogeneity even in
these very stable proteins (Table 3, Figure 6).
In the following discussion, we consider first how the δNH

temperature-dependence data relate to other studies of folding
and dynamics for SOD1, followed by implications for SOD1
misfolding in ALS and general aspects of protein folding and
dynamics.
Structural Fluctuations in Holo pWT SOD1. The analyses

of the temperature-dependence of δNH’s provide evidence for
considerable variation in local structural stability and conforma-
tional heterogeneity in holo pWT SOD1. Under conditions
favoring the folded state, the observable temperature-induced
changes include fraying at the ends of β-strands, local unfolding
at the β5-β6 edge and loss of structural integrity near the dimer
interface, indicating that holo pWT SOD1 loses structure with
temperature first at the periphery of the protein (Figure 1).

Further, under equilibrium conditions at least 18% of residues
show evidence for population of low-energy alternative states
(Table 3, Figure 6A), which may be important for enzymatic
activity.4 Thus, despite its extremely high global thermodynamic
stability, holo SOD1 exhibits significant mobility, highlighting
how global stability is not always a reliable predictor of protein
flexibility and motion, as is also apparent from studies of other
proteins characterized by the temperature-dependence of
δNHs.

6,17,20,22 Similarly, a lack of correlation between global
protein stability and dynamics has also been observed using other
methods.60−62

Distinct Local Changes Determine Global Stability
Changes upon Maturation and Mutation. The overall
picture that emerges from the measurements of δNH with
temperature for SOD1s is that while the average changes related
to maturation state or mutation are correlated with changes in
global protein stability, unique differences are observed at high
resolution. The different global stabilities of the different SOD1s
are mirrored in the average and spread of ΔδNH/ΔT values
(Table 2). Also, the overall effects of mutations on the near-

Figure 6. Ribbon structure highlighting structural fluctuations in holo pWT SOD1 and mutants revealed from curved δNH temperature-dependences.
(A) Residues accessing an alternative state in all four holo variants (pWT, G93A, E100G, and V148I) are colored green. The curvature at A89, A95, and
V97 in all four variants suggests a common alternative state where the edge strands (β5-β6) may be pulling away from the main structure near the β-
barrel plug (residue numbers are given on the ribbon). Additional residues accessing an alternative state in pWT are colored orange. Residues colored
orange may also access an alternative state in some but not all of the mutants. Residues accessing an alternative state in mutants (B) G93A, (C) E100G,
and (D) V148I compared to pWT are given by a different color scheme. Blue indicates residues where access to an alternative state is observed in pWT
but not the mutant. Purple indicates residues where access to an alternative state is observed in both mutant and pWT. Red indicates residues where
access to an alternative state is observed in the mutant but not pWT. Dark gray indicates residues that do not exhibit curvature in mutant or pWT. Light
gray indicates residues where no direct comparison can be made due to limited data. The destabilized mutants, G93A and E100G, display a larger
number of residues accessing alternative states compared to the slightly stabilized V148I which has a comparable number to pWT. All of the mutants
have a larger proportion of residues accessing an alternative state in β6 and loop 6. The total number of residues identified to be accessing an alternative
state in holo pWT, G93A, E100G and V148I is 28 (18%), 44 (29%), 37 (24%), and 19 (19%), respectively.
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native state dynamics of SOD1 measured by curvature correlate
with global stability, with the destabilized mutants (G93A and
E100G) displaying a larger proportion of residues accessing low
free-energy alternative states (>24%) and the slightly stabilized
mutant (V148I) displaying a nearly identical proportion to pWT
(19%; Table 3). The underlying molecular basis for the global
stability changes is revealed by temperature-dependence analyses
for individual amide protons for the different SOD1s, considered
further below.
apo2SH pWT. The average value ofΔδNH/ΔT for apo2SH pWT

is notably large (more negative) compared to those for other
more stable proteins.5 Compared to holo pWT, ΔδNH/ΔT
measurements reveal that structural stability is greatly reduced in
apo2SH, particularly in the C-terminal β-sheet and the long loops
4 and 7 (Table 2, Figure 2), regions important for metal binding
and dimerization. Increased mobility in all three of these regions
has also been observed by 15N relaxation measurements of the
apo monomer52 and estimates by RCI of apo2SH,16 as well as
computational modeling of the apo monomer.54,63,64 These
various NMR and modeling findings are also consistent with the
low extent of structure measured directly by crystallography and
NMR for apo2SH (or the apo cysteine free variant65) compared to
holo pWT16,52 and by the difference in global stabilities
determined by calorimetry and chemical denaturation.36,37,66 A
relatively low change in heat capacity for unfolding (ΔCp) also
indicates the immature monomeric apo2SH is expanded
compared to more mature forms of the protein.51 Thus, the
ΔδNH/ΔT results for apo2SH pWT are consistent with many
other results and provide valuable complementary information
on structural stability at high resolution for the immature form of
the protein, which has been challenging to define using
traditional methods owing to its highly dynamic properties.
Holo Mutants. For the holo SOD1mutants,ΔδNH/ΔT values

differ markedly in comparison to pWT. For G93A, altered local
structural stabilities are the most pronounced, with large changes
near the site of mutation in the β-barrel plug, and smaller changes
propagating quite extensively through the protein (Figure 4A,D).
A similar pattern is observed by backbone chemical shift changes
(Figure 3A,D), and overall the proportion of residues exhibiting
conformational heterogeneity is increased in the mutant (Figure
6B, Table 3). Previous amide exchange and backbone relaxation
studies of G93A also highlight increased disorder in the β-barrel
plug.49,67,68 The location of the mutation in a loop at the protein
surface, and the lower structural stability of the adjacent β5 and
β6 strands at the periphery of the structure (Figure 1) likely allow
changes, in stability, structure, and dynamics, to be transmitted
through the protein.
E100G exhibits very different variation of δNH with temper-

ature than G93A (Figures 4B,E and 6C), despite having similar
global stability (Tables 1 and 2). The small magnitudes of
changes in backbone chemical shifts (Figure 3B,E), ΔΔδNH/ΔT
(Figure 4B,E) and amide exchange rates49 show little evidence
for perturbation of structure in E100G, even though its global
stability is slightly lower than G93A, i.e., significantly decreased
(Table 2). Conformational changes may be limited by the
location of this mutation at the opposite (C-terminal) end of the
β6 strand relative to G93, in a region that appears to be well
anchored to the rest of the barrel. Nevertheless, overall the
conformational heterogeneity in E100G is increased (Figure 6C,
Table 3), and small but extensive positive ΔΔδNH/ΔT values
indicate destabilization is propagated throughout most of the
protein (Figure 4E). This suggests that the inability of the protein

structure to relax locally near the mutation site results in more
subtle, long-range decreases in stability.
For V148I, another distinct pattern of changes inΔδNH/ΔT is

observed; there are small increases in structural stability for many
amide protons throughout the protein with very limited
decreases immediately adjacent to the mutation (Figure 4C,F)
and an altered pattern but no net increases in residues exhibiting
conformational heterogeneity (Figure 6D, Table 3). Previous
studies of disulfide reduced and oxidized apo forms of V148I
have shown that this mutation increases monomer stability and
modestly weakens the dimer interface.37,69,70 Also, stability
measurements have shown that metal binding increases the
affinity of the SOD1 dimer interface.35,36,54 It is not clear from
the available data whether the dimer interface is weakened in
holo V148I but, based on the widespread increases in structural
stability through the protein, the increased global stability likely
arises at least in part from increased monomer stability.
Interestingly, all three mutants display increased conforma-

tional heterogeneity relative to pWT in β6 and crossover loop 6,
which runs from the outside edge of the protein into the dimer
interface (Figure 6). Increased flexibility in β6 compared to pWT
has also been observed in G37R and G93A by computational
simulations and backbone relaxation experiments, respec-
tively.64,68 We have recently found using isothermal titration
that in the apo form of SOD1many mutations, including ones far
from the dimer interface, weaken the interface stability.69

Computational studies suggest that this occurs for the majority
of ALS-associated mutations in SOD171 and may be related to
changes in long-range dynamics coupling the dimer interface to
the rest of the protein which are disrupted upon mutation.56

Similarly, recent analyses of protein structures and simulations
have provided evidence for the transfer of structural information
across β-sheets via correlated backbone motions.72 The
increased dynamics in loop 6 revealed by the curvature analysis
may represent a common path by which mutations can exert an
effect on the dimer interface. Taken together, the temperature-
dependences of δNH analyses are a valuable complement to other
studies and help define experimentally at high resolution the
paths by which changes in local stability and dynamics are
communicated through SOD1.

Implications for ALS − Variable Extent of “Rescue” of
Mutants to WT-like Properties by Metalation. Overall, the
consequences of mutation observed here for the holo form of
SOD1 suggest that metal binding can maintain various SOD1
mutants in a stable, WT-like state, with complex changes in
stability and dynamics that vary extensively with mutation.
Measurements of global thermodynamic stability have shown
that the effects of mutations are usually larger in apo than in holo
SOD1s.35−37,73−76 Other investigations of SOD1 dynamics by
NMR have shown that the extent to which metal binding
promotes structure formation varies with mutation. For example,
metal binding was reported to almost completely restore the ps−
ns dynamics of G37R to that of WT and the tendency of the
mutant to self-associate in solution was indistinguishable from
pWT. In contrast, G93A exhibits localized increases in backbone
mobility compared toWT, and S134N has even larger changes in
dynamics and increased self-association.68,77,78

Despite extensive research, the mechanisms of SOD1
aggregation and the forms of the protein from which aggregation
arises remain unclear. Though holo SOD1 is highly abundant in
cells,79 it is generally thought not to aggregate due to its very high
stability.41,46,51 On the other hand, over time under physiolog-
ically relevant conditions holo SOD1, even in the absence of
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mutation, can undergo changes in metalation and/or dimeriza-
tion resulting in low levels of aggregation.80 Other studies have
suggested immature monomeric SOD1 may play a key role in
disease by readily initiating aggregation and recruiting more
mature forms to aggregate.81,82 The present studies reveal
conformational heterogeneity surrounding the Zn2+-binding site
in holo pWT and mutants (Figure 6) suggesting that Zn2+ loss
may be a common pathway giving rise to mismetalation, as also
suggested by kinetic experiments.66,83 The altered structural
stability and/or conformational dynamics in the mutants could
promote metal loss and misfolding, altered interactions with
other cellular components and/or lead to aberrant enzymatic
activity. However, since the present data do not provide any
structural information about the low lying conformers, we cannot
ascertain whether the detected structural fluctuations will be
directly related to aggregation prone states. Nevertheless, the
results herein are pertinent to addressing a key outstanding
challenge in the field of protein conformational disorders, which
is to determine how different molecular mechanisms of
aggregation for the same or different protein variants may be
identified and ultimately treated. The present findings support
the general hypothesis that while holo SOD1 usually does not
directly aggregate, changes in its stability and dynamics may
contribute to aggregation in ways that can vary considerably with
mutation.41

General Implications of Temperature-Dependence of
δNH Measurements for Defining Protein Energetics. A
particularly interesting result of the current studies is the
propagating increases as well as decreases in structural stability
measured by ΔδNH/ΔT that are clearly evident in apo2SH pWT
and holo G93A proteins compared to the more stable holo pWT
(Figure 2B,C; Figure 4A,D). Thus, comparisons of ΔδNH/ΔT
can provide a valuable high resolution tool for elucidating how
changes in local stability determine global changes. Modes of
structural relaxation and entropy-enthalpy compensation within
a protein are central to understanding changes in protein
energetics upon ligand binding and mutation, which remain
difficult to predict accurately.84−88

Recently, there has been intense research on quantifying the
contributions to protein−ligand binding energetics of protein
conformational entropy using 15N relaxation measurements,
which typically show concomitant increases as well as decreases
of mobility within the protein upon ligand binding.84−86 To date,
analogous changes in protein flexibility for changes in stability
caused by mutation have been little remarked upon.88,89

However, such effects have been observed,89,90 including in
15N relaxation measurements of holo G93A.68 In the case of
G93A, there is little correspondence at the level of individual
residues between changes in ps-ns time scale dynamics measured
by 15N relaxation and the results measured here; however, in
both types of measurements increases and decreases are
observed, in particular, close to the site of mutation, as well as
for more distant residues. In addition, there has been exciting
progress recently in modeling and predicting relationships
between chemical shifts and protein structure at high
resolution.91,92 This may be further developed to elucidate the
nature of changes in structure and energetics with temperature.
The results described herein indicate that the temperature-

dependences of δNH can be highly sensitive reporters of both
local structural stability and conformational heterogeneity;
another attractive feature is that they can be measured and
analyzed relatively easily. Interestingly, for both holo and
reduced apo SOD1 there is no clear correlation between

ΔδNH/ΔT (Table S1) and order parameters estimated from
chemical shifts16 using RCI,53 indicating regions in SOD1 that
lose structure with increasing temperature are not necessarily
those that are most flexible at equilibrium. Although temper-
ature-dependences of δNH have been little used to date for
investigating changes caused by ligand binding or mutations,
they may be particularly useful for testing and improving
computational modeling22,91−95 to elucidate differences in
related forms proteins, such as to understand the molecular
mechanisms underlying protein misfolding and aggregation in
disease.39,40,96−98
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