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At least 119 mutations in the gene encoding copper/zinc
superoxide dismutase (SOD1) cause amyotrophic lateral scle-
rosis by an unidentified toxic gain of function. We compared
the dynamic properties of 13 as-isolated, partially metallated,
SOD1 variant enzymes using hydrogen-deuterium exchange.
We identified a shared property of these familial amyotrophic
lateral sclerosis-related SOD1 variants, namely structural and
dynamic change affecting the electrostatic loop (loop VII) of
SOD1. Furthermore, SOD1 variants that have severely compro-
mised metal binding affinities demonstrated additional struc-
tural and dynamic changes to the zinc-binding loop (loop IV) of
SOD1. Although the biological consequences of increased loop
VII mobility are not fully understood, this common property is
consistent with the hypotheses that SOD1 mutations exert tox-
icity via aggregation or aberrant association with other cellular
constituents.

At least 119 mutations in the gene encoding copper/zinc
superoxide dismutase cause fALS® by introducing an unknown
toxic gain of function. Numerous hypotheses have been pro-
posed to explain mechanisms of SOD1 variant toxicity
(reviewed in Refs. 2 and 3). Proposed hypotheses to define the
structural or functional alterations shared by SOD1 variants
include: 1) decreased stability of apo (metal-deficient) or met-
allated SOD1 (4), 2) increased hydrophobicity (5), 3) increased
self-aggregation propensity (6), 4) increased susceptibility to
post-translational modification, 5) decreased metal affinity (7),
6) destabilization of the SOD1 native dimer, and 7) aberrant
copper-mediated chemistry (8). The literature, as a whole, sup-
ports the notion that the aforementioned hypotheses are in fact
related, because SOD1 metal content, native disulfide bond sta-
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tus, hydrophobicity, and stability are interrelated (2) and may
thereby affect the specificity of copper-mediated chemistry (9)
and aggregation propensity.

Proposed hypotheses to explain the biological consequences
of SOD1 toxicity include: 1) impairment of axonal transport
(10), 2) excitotoxicity (11), 3) impairment of proteasome (12) or
chaperone activity (13), and 4) mitochondrial (14, 15) or endo-
plasmic reticulum-Golgi dysfunction (15). The relationship of
mutation-associated structural changes of SOD1 with these
downstream effects is not well established. SOD1 aggregation
has been implicated as a contributor to mitochondrial (15, 16),
endoplasmic reticulum-Golgi (15, 17, 18), proteasome (19), and
chaperone (13) dysfunction and thus bridges the conceptual
gap between mutation-related changes to the physicochemical
properties of SOD1 and the varied cellular consequences of
SOD1 mutations. Indeed, the only property shared by all fALS
SOD1 variants thus far studied is an increased propensity to
form proteinaceous aggregates of SOD1, as evidenced in fALS
patients (20, 21), 21 rodent lines of 13 different SOD1 muta-
tions (22), and at least 13 fALS mutations in cell culture models.
Moreover, proteinaceous SODI1-containing inclusions were
also found in a subset of sporadic amyotrophic lateral sclerosis
patients (20). The sequence of events leading to in vivo aggre-
gation or other abnormal associations involving SOD1 variants,
however, is not understood.

Amide hydrogen-deuterium (H/D) exchange reactions cou-
pled with proteolysis and liquid chromatography-mass spec-
trometry (MS) is an increasingly popular method to study pro-
tein dynamics. Upon mixing with deuterated buffer, an amide
hydrogen of a protein exchanges with a deuterium in the bulk
solvent at a rate depending on the dynamic properties of the site
(23). The location of deuteriums can be determined by proteo-
lytic digestion followed by mass analysis. Although x-ray crys-
tallography can give a high resolution structure of a protein, it is
usually a snapshot of the energy minimum structure. The H/D
exchange results can describe the dynamic properties of a pro-
tein, although the resolution is limited by the size of peptic
fragments (typically 5-20 residues long). The dynamic infor-
mation of a protein determined by H/D exchange can comple-
ment x-ray crystallographic and NMR data to provide a fuller
description of the properties of a protein.

The objective of this study was to use H/D exchange mass
spectrometry to correlate the effects of 13 fALS-causing vari-
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ants upon SOD1 structure and dynamics. We have chosen vari-
ants ranging from fully active to completely inactive including
SOD1 A4V, L38V, G41S, H46R, G72Y, D76S, G85R, D9I0A,
G93A, D124V, D125H, E133del, and S134N. Herein we report a
structural/dynamic change to the SOD1 electrostatic loop
(loop VII) that is common to every fALS variant of the 13 we
studied. Moreover, we suggest that this common structural
change may contribute to abnormal intermolecular interac-
tions involving SOD1.

EXPERIMENTAL PROCEDURES

Materials—Because fALS can be caused by changes as simple
as the addition of a methyl group (G93A), we chose to study
SOD1 from a eukaryotic preparation, assuring N-terminal
acetylation. Wild type (WT) SOD1 purified from human eryth-
rocytes was purchased from Sigma and was fully metallated as
indicated by native gel electrophoresis and MS of the intact
protein. Metal content of the Sigma protein was analyzed by
measuring the intact protein mass by performing electrospray
ionization-MS out of pure, high pressure liquid chromatogra-
phy (HPLC) grade water as described previously (24), affording
the ratio of metallated versus apo SOD1. Differences in ioniza-
tion efficiency of the apo versus metallated SOD1, as well as
lower limits for the detection of apo SOD1 were accounted for
by converting the metallated SOD1 to apo SOD1 using 0.1%
formic acid. By this method, greater than 98% of Sigma SOD1
was judged to contain one copper and one zinc/monomer.

All proteins other than Sigma SOD1 were purified as previ-
ously described (25). Protein concentration was determined
spectroscopically as well as using the modified Bradford assay
(26) (Coomassie Plus™ protein assay reagent; Pierce). Metal
content was determined using inductively coupled plasma-MS
as previously described (25, 27). Using a Fourier transform ion
cyclotron resonance mass spectrometer (apex qe-94; Bruker
Daltonics Inc., Billerica, MA), all of the proteins were checked
for post-translational modifications via MS of the intact protein
as described in Ref. 24. WT SOD1 (Sigma) was judged to consist
of less than 12% non-native post-translationally modified
SOD1, and the most modified fALS-SOD1 variant consisted of
less than 30% non-native post-translationally modified pro-
teins. The most prevalent post-translational modifications
were +16, +22, and +32 Da, corresponding to SOD1 with one
oxygen, one sodium (a common adduct of proteins analyzed by
electrospray MS), and two oxygen atoms, respectively. The sites
of modification were not determined, although previous stud-
ies showed SOD residues Trp>? (24) and Cys''* (28) to be mod-
ified by oxygen in vivo.

H/D Exchange Experiments of WT SODI1 and fALS-SODI
Variants—More detailed general procedures of H/D exchange
experiments are described elsewhere (29). To 3 ul of 1.0 mg/ml
SOD1 (in 20 mm potassium phosphate buffer, 150 mm potas-
sium chloride, pH 7.2) was added 17 ul of phosphate-buffered
saline (in D,O, pD 7.2), to initiate the exchange reactions, so
that H/D exchange took place at 10 um SOD1 near the in vivo
concentration (30, 31). The samples were incubated at 4 °C for
a predetermined time of 15, 50, 150, and 500 s. The reaction
mixture was quenched by the addition of 30 ul of cold 2 m
guanidine hydrochloride, 1 M tris(2-carboxyethyl)phosphine,

30966 JOURNAL OF BIOLOGICAL CHEMISTRY

pH 1.4. The quenched solution was digested by passing the
sample over an immobilized pepsin column at a flow rate of 200
wl/min. The digested peptic fragments were temporarily col-
lected on a reverse phase column (4-ul bed volume), separated
by C18 HPLC (Magic C18; Michrom BioResources, Inc.,
Auburn, CA) with a linear gradient of 13-30% buffer B (buffer
A, water with 0.05% trifluoroacetic acid, buffer B, 95% aceto-
nitrile, and 5% buffer A) in 23 min and detected by a
Finnegan LCQ mass spectrometer (Thermo Fisher Scien-
tific, San Jose, CA).

Optimization of Digestion/Separation Conditions for SODI1—
Prior to the H/D exchange experiments, the acidic quenching
buffer (the types and concentrations of both denaturant and
acid, as well as pH), the flow rate over the pepsin column, and
HPLC gradient were optimized to give the best sequence cov-
erage and resolution. Because SOD1 is among the most stable
mesotrophic proteins (SOD1 melts at 95 °C and is stable and
active in 8 M guanidine HCI or 2% SDS), nonstandard condi-
tions (more acidic quenching and higher capillary tempera-
tures) are required to achieve 100% sequence coverage. These
conditions increased back-exchange from our average deute-
rium recovery of ~70% to around 57% but are within the range
of literature reported values, which vary between 30 and 90%.

During the digestion/separation optimization, to quickly
identify pepsin-generated peptides for each digestion/separa-
tion condition employed, spectral data were acquired in data-
dependent MS/MS mode with dynamic exclusion. The
SEQUEST (32) software program (Thermo Fisher Scientific)
was used to identify the sequence of the dynamically selected
parent peptide ions. This tentative peptide identification was
verified by visual confirmation of the parent ion charge state
presumed by the SEQUEST program for each peptide. This set
of peptides was then further examined to determine whether
the quality of the measured isotopic envelope of peptides was
sufficient to allow accurate measurement of the geometric cen-
troid of isotopic envelopes on deuterated samples. We observed
qualitatively different digestion patterns for variants L38V and
S134N, because residues 23-37 were not observed in L38V
digests, and residues 119-132 were not observed in S134N
digests. The change in L38V and S134N digestion is attributed
to the substitution of an amino acid at pepsin cleavage site res-
idues 37 and 38 and near pepsin cleavage site residues 132133,
respectively. In both cases, longer peptides (residues 23-53 for
L38V and residues 119 —-144 for S134N) were observed, allow-
ing coverage of these regions.

Calculation of Deuteration Level—To determine the deu-
teration level of each peptic fragment, control samples of non-
deuterated (run without deuterated buffers) and fully deuter-
ated (incubated in 85 mM tris(2-carboxyethyl)phosphine in 85%
D,O for5hat60 °C) SOD1 were also analyzed. The centroids of
probe peptide isotopic envelopes were measured using an in-
house-developed program in collaboration with Sierra Analyt-
ics (Mateo, CA). The corrections for back-exchange were made
employing methods described previously (33),

m(P) — m(N)

m(F) = m(N) X 100

Deuteration level (%) = (Eq. 1)
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FIGURE 1. Pepsin digest coverage map of SOD1. Top panel, bold lines indicate the peptide fragment ions
identified. Note the redundant coverage (two or more peptide ions/amino acid) of the entire SOD1 primary
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where &, is the rate of “opening,” k,
is the rate of “closing,” and k_j, is the
“intrinsic” or chemical exchange
rate as discussed above. In this
scheme, the observable exchange
rate is given by Equation 4.

= Kop' + :
% Deuteration & k0p kCh/(kd kCh) (Eq.4)
>10%
>30%
>50%
>70%
>90%

For most proteins at or below neu-
tral pH, amide H/D exchange
occurs by EX2 mechanism (35),
where k_, => k_,, and Equation 4
becomes Equation 5.

sequence. Bottom panel, H/D exchange of WT copper/zinc SOD1 at 4 °C (in triplicate). From top, the results

shown were measured in March, April, and January. Each block contains four time points 15, 50, 150, and 500 s. k

ex — kop'kch/kcl = Kop'kch (EQ- 5)

The deuteration level at each time point of each peptide is color-coded as a heat map (shown to the right).

m(P) — m(N)

m X MaxD

Deuterium incorporation (#) =
(Eq.2)

where m(P), m(N), and m(F) are the centroid values of par-
tially deuterated (on-exchange) peptide, nondeuterated pep-
tide, and fully deuterated peptide, respectively. MaxD is the
maximum deuterium incorporation calculated by subtract-
ing the number of prolines in the third or later amino acid
and two from the number of amino acids in the peptide of
interest (assuming the first two amino acids cannot retain
deuteriums (34)). For SOD1, the deuterium recovery of a
fully deuterated sample ((m(F) — m(N))/MaxD) was on aver-
age 57%.

The first two amino acids of a peptide lose deuteriums; there-
fore no information can be gathered from these residues.
Therefore, for example, peptide 7-20 can provide the H/D
exchange behaviors of segments 9-20. This causes the gaps
seen in Table 1 as well as in Figs. 1 and 3. The exceptions are
peptides 1-6 and 1-8. These two peptides provide the infor-
mation on segments 1- 6 and 1- 8, respectively, because there is
no loss of deuteriums in these peptides because of N-terminal
acetylation of the protein.

H/D Exchange Theoretical Considerations Experiments
at 4 °C versus 37 °C—Our H/D exchange mass spectro-
metry experiments took place at 4 °C, whereas the human
physiological temperature is 37 °C, and the temperatures for
many of the spectroscopic methods performed by other
groups (see discussion) vary from below 0 °C to 37 °C. For-
malisms to relate the observed rates of amide H/D exchange
to thermodynamic stabilization of proteins have been devel-
oped (23). Amide hydrogens of proteins in the native, folded
state are proposed to exchange according to the following
equation,
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Effects of Temperature on Intrin-
sic Amide Hydrogen Exchange
Rates—Assuming that the protein dynamics do not change
upon increasing temperature (K, ,, constant), k., will be pro-
portional to k,
ken(T) = Ae™™F (Eq.6)
where Ea = 17.4 kcal/mol for base catalyzed amide hydrogen
exchange reactions (34, 36). This means
k(310 K) = 28.5k,(277 K) (Eq.7)
For example, measuring 15, 50, 150, and 500 s at 4 °C is the
equivalent of measuring 0.53, 1.8, 5.3, and 18 s at 37 °C. In pre-
liminary experiments we compared the H/D exchange mass
spectrometry of SOD1 at 4 °C and at 25 °C and observed no
indication of differences in stability at these two temperatures.
The deuterium buildup curves at two temperatures overlaid
well after using the formula above to normalize the intrinsic
exchange.

RESULTS

Pepsin Digestion of SODI—Prior to H/D exchange experi-
ments, the digestion and separation conditions for SOD1 were
optimized to generate a set of peptic fragments that cover the
entire protein sequence using WT SOD1. The best results were
obtained when two parts of diluted SOD1 were quenched with
three parts of 2 M guanidine hydrochloride, 1 M tris(2-carboxy-
ethyl)phosphine, pH 1.4, and digested with an immobilized
pepsin column (104 ul, the flow rate over the pepsin column at
200 wl/min) at 1 °C. The separation of digested fragments by
reverse phase HPLC and detection by MS generated 58 pep-
tides covering the entire amino acid sequence of SOD1 (Fig. 1).
Twenty of the identified peptides, still spanning the entire
SOD1 sequence, were of high quality (high signal/noise) and
were used for this H/D exchange analysis (Table 1).
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TABLE 1

Average deuteration level in each segment of WT SOD1 and average increase in deuteration level in each segment of SOD1 variants at 4 °C

and pH 7.2

The deuteration levels at four time points, 15, 50, 150, and 500 s, were averaged for each segment. Three different measurements were performed on three different days for
WT SODI1. The two N-terminal amino acids of peptides were not analyzed because of the loss of deuteriums during the analysis. For example, peptide 7-20 gives the
information on segment 9 —20 (see “Experimental Procedures”). Charge is the charge state of the corresponding peptide monitored. Charge 0 indicates that the deuteration
level of segments is calculated by subtraction. For example, the number of deuteriums attached in segment 38 —53 was obtained by the subtraction of the number of
deuteriums in segment 23-37 from that in segment 23-53. Average deuteration levels between 10 and 30% versus WT SODI are highlighted in yellow, those >30% are

highlighted in red.

Sequence | WT-like Impaired metal binding

start _end charge  Structural element | Cu/Zn WT _WTFCu A4V _G93A G41S L38V_D76Y D90A G728 EI133d SI34N GS85R DI24V_ DI25H H46R
1 6 1 Bl 35%£1% 2%  15% 1% 0% 1% 0% 0% 0% 0% 0% 2% 1% 0% 4%
1 8 1 Bl 26%+1% 0% 10% 0% 1% 0% 0% 0%  -1% 0% 0% 2% 0% 0% 1%
9 20 1 p2 36%+0% 0% 4% 3% -1% 6% -1% 1% 0% 0% -1% 1% 0% -1% 0%
11 20 1 p2 28% 1% 2% 4% 5% 1% 6% 2% 1% 2% 1% 7% 2% 5% 1% -
23 37 2 B3 27%+2% 1% 7% 1% 1% - 0% 1% 1% -1% 2% 3% 2% 4% 5%
23 53 3 B3- p4 29%+0% 1% 4% 0% 1% 2% 0% 1% 0% -1% 0% 10% 1% 2% -
38 53 0 p4 31%+2% 0% 1% 0% 2% - 0% 3% 2% 2% 2% 17% 0% 0% 0%
56 96 3 Zn loop-B5 2%+1% 2% 6% 10% 0% 3% 3% 4% -6% 1% 11%  35% 18% 15% -
56 98 3 Zn loop-B5 45% 1% 0% 2% 5% 0% 0% 4% 1% 8% -1% 8% 22% 14% 10% -
98 103 1 po 45%+3% 1% 0% 2% 1% 0% 1% 1% 0% 2% 4% 9% 3% 2% -
99 103 1 po 48% + 1% 1% 2% 0% 0% 1% 2% 0% 2% 0% 4% 12% 6% 4% 10%
103 106 1 po T%+1% 0% 7% -1% 2% 1% 0% 1% 0% 1% 16%  15% 7% 1%

104 106 1 p6 8%+2% 2% 8% 1% 3% 2% 0% -1% 1% 2% 7% 6% 3% 0%

106 116 2 loop 29%+0% 0% 6% 1% -1% 2% 1% 2% 0% 1% 2% 6% 1% 1% 2%
109 116 1 loop 19%=3% 2% 7% 2% 1% 0% 2% 0% 3% 0% 3% 4% -1% 4% -
119 132 2 p7 34% 1% 1% 1% 0% 2% 3%  20% 0% 9% 11% - 31% -
119 144 2 B7-electrostatic loop  46% +3% 3% 5% 4% % 12%  25% 6% 12% 10% i 21% -
133 144 0 electrostatic loop ~ 60% +5% 5%  10% 9%  13% 22% 12%  15%  10% - 11% 10% -
147 153 1 B8 13% £2% 1% 15% 0% 0% 2% 0% 1% -1% -1% 0% 1% 1% 1% 8%
149 153 1 B8 14% +3% 2% - -1% 1%  -1% 0% 1% 2% 1% 1% 0% 6% -2% -

G85R SOD1

electrostatic
loop

dimer
interface

FIGURE 2. WT (left panel) versus fALS mutant G85R (right panel) superoxide dismutase showing percent-
age deuteration levels. Percentage deuteration levels following 15 s of exchange were threaded onto a
human copper/zinc-SOD crystal structure, Protein Data Bank code 1SPD (1). The region comprising the dimeric
interfaces is the vertical blue area in the center of the structure. Red indicates the regions which exchange fast
(therefore dynamic), and blue indicates the regions which exchange slowly (therefore rigid). The data demon-
strate that the region corresponding to the dimer interface (labeled in structure) affords the greatest protec-
tion from amide H/D exchange, whereas the electrostatic loop (labeled in structure) affords the least

protection.

As shown in Fig. 1 and Table 1, multiple peptides were often
observed for the same region. There are benefits to having pep-
tides from the same regions: 1) a pair of analogous peptides
behaving similarly can increase the confidence level of H/D
exchange behaviors of the region and 2) a pair of analogous
peptides enables the sublocalization of deuteriums. For exam-
ple, the subtraction of the number of deuteriums in segment
23-37 from that in segment 23-53 provide the number of deu-
teriums attached in segment 38 —53.

H/D Exchange of WT copper/zinc SOD1—H/D exchange per-
turbations of WT SOD1 were determined at 4 °C at pH 7.2
(Figs. 1 and 2, supplemental Fig. S1, and Table 1). A concentra-
tion of 10 um SOD1 was used throughout the H/D exchange
experiments to mimic the in vivo concentration of SOD1 (30,
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31). The average deuteration level at
each segment was obtained using
the deuteration levels at 15, 50, 150,
and 500s. The H/D exchange exper-
iments of both fully metallated and
partially metallated copper/zinc
WT SOD1 were repeated on three
different days, and the standard
deviation was typically 2% or less
with the exception of the segment
containing  residues = 133-144,
whose standard deviation was 5%,
suggesting that variation in electro-
static loop structure and dynamics
is an intrinsic property of SOD1.

None of the segments showed
complete deuteration even after
500 s of exchange time, consistent
with WT SOD1 being a well folded
protein with no disordered regions.
The most deuterated segment was
residues 133—144 at the electrostatic loop, the structural ele-
ment that is most distal from the SOD1 dimer interface. Other
highly deuterated segments were residues 56-96, which
includes the zinc loop, and residues 99 —103, which are residues
in the B5 strand. In general, the deuteration levels near the
dimer interface are relatively low, and those at the edges distal
to the dimer interface are relatively high (Fig. 2).

H/D Exchange of SOD1 Variants—Previous studies (25) have
characterized SOD1 variants in two classes, those with substan-
tial metal binding and superoxide dismutase activities, termed
WT-like variants, and those with minimal metal binding and
superoxide dismutase activity, termed metal-binding site vari-
ants. The H/D exchange perturbations of 13 fALS-related vari-

% Deuteration
>10%
>30%
>50%
>70%
>90%

interface
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FIGURE 3. Changes to the structure/dynamics of the electrostaticloop are
a shared property of fALS SOD1 mutants. Deuterium incorporations rela-
tive to copper/zinc-WT SOD1 (Fig. 2 illustrates absolute rates) at times (from
top to bottom in the matrix) 15, 50, 150, and 500 s were compared for 13 fALS
SOD1 variants, copper-deficient SOD1, and a duplicate copper/zinc SOD1
control. WT-like variants (upper eight rows) and metal-binding variants (lower
five rows) are separated by a larger space. Note that each mutant was found to
increase the dynamics of the electrostatic loop. This region of shared pertur-
bation was colored orange and threaded onto the secondary structure (mid-
dle panel), where the thickness of orange is proportional to the number of
mutants affected in a particular region, and onto human copper/zinc-SOD
crystal structure (bottom panel; Protein Data Bank code 1SPD) (1) with
mutated residues labeled. Note that the dimer interface is predominantly the
N terminus, residues 49-54, 113-115, and 148-153 and is shown as black
bars. In triplicate experiments, no difference greater than 5% was observed
between WT SOD1 controls.

ants including eight WT-like and five metal-binding variants, as
well as native (fully metallated) copper/zinc SOD1 and copper-
deficient WT SOD]I, are illustrated in Fig. 3. Each protein was
analyzed at four different time points (15, 50, 150, and 500 s),
and the differences shown are relative to fully metallated WT
SOD1 purified from human erythrocytes (Table 1, Fig. 3, and
supplemental Fig. S2). Based upon the maximum standard
deviations among the three independent WT SOD1 deutera-
tion levels of 5% (see above), our cut-off for significant differ-
ence among variants was set at a conservative 10%. As a result of
this conservative cut-off, we decreased sensitivity to eliminate
false positive results.

All of the fALS SOD1 variants showed perturbations at resi-
dues 133-144 (electrostatic loop) in at least one time point, and
with the exception of G93A (which was 9%) the average differ-
ence in deuteration levels for all time points was greater than
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TABLE 2
Metal content in equivalents per dimer
Name Copper Zinc

Copper/zinc WT 2.0 2.0
Copper-deficient WT 0.46 1.16
A4V 0.22 = 0.11¢ 1.62 £ 0.23*
G93A 0.23 1.47
L38V 0.23 1.32
G41S 0.52 1.35
G72S 0.74 0.78
D76Y 0.22 0.85
E133del 0.31 1.26
D90A 0.25 1.43
G85R 0 0.014
D124V 0.01 0.026
D125H 0.09 0.36
S134N 0.15 0.33
H46R 0.05 0.1

“ Because of an oversight, metal content analysis of this A4V preparation was not
performed. Shown are the averages and standard deviations of the three prior A4V
preparations.

10% (Table 1). It is striking that the H/D exchange perturba-
tions of the disease-associated variants are similar despite the
fact that the mutation sites are distributed across the entire
primary structure (Fig. 3 and Table 1). Disruption of the dimer
interface elements was only observed for A4V and G85R.

WT-like Variants Perturbed Primarily the SOD1 Electrostatic
Loop—The H/D exchange patterns of eight WT-like variants,
A4V, L38V, G41S, G72S, D76Y, D90A, G93A, and E133del,
were determined (Fig. 3 and Table 1). Most of the WT-like
variants showed primarily perturbations at residues 133—-144
(electrostatic loop), and some also showed additional perturba-
tions at the adjacent residues 119 —132 (electrostatic loop). The
exception is A4V, which showed the most pronounced pertur-
bations at the N- and C-terminal residues, 1-8 (81) and 147-
153 (38), as well as minor perturbations in the electrostatic loop
residues 133-144, residues 21-37 (loop II) and 56 —96 (the zinc
loop and part of 85).

Metal-binding Variants Showed Perturbations in the Electro-
static Loop and Additional Perturbation in the Zinc Loop—The
H/D exchange patterns of five metal-binding variants, H46R,
G85R, D124V, D125H, and S134N, were determined (Fig. 3 and
Table 1). The segments containing residues 56 —96 (zinc loop),
119-132 (electrostatic loop), and 133-144 (electrostatic loop)
of these variants exchanged significantly faster than those of
WT SOD1 (Fig. 3 and Table 1). These three regions were not
observed in H46R. G85R showed extra perturbations at seg-
ments containing residues 38 —53 and 98 —103. Fig. 2 illustrates
the difference in the average deuteration levels for WT SOD1
and the fALS variant with the most perturbed structure/dy-
namics, G85R SOD1. The rates of H/D exchange for both the
electrostatic and zinc-binding loops were perturbed in all of the
metal-binding site variants tested, including G85R, S134N,
H46R, D124V, and D125H (Fig. 3). G85R, however, demon-
strated an additional increased exchange in loop 3 and B-strand
4 not observed in other variants (Fig. 3).

Copper Content Has Little Effect on SOD1 Dynamics—Metal
contents for all proteins studied are listed in Table 2. Copper-
deficient WT SOD1 and all 13 variants contained less than one
molecule of copper/dimer, whereas native WT SOD1 con-
tained about two coppers/dimer. There is little apparent corre-
lation between the copper content and the H/D exchange pat-
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FIGURE 4. Effect of metallation on structure/dynamics of SOD1. Shown is
the correlation between metal content and fALS SOD1 variant H/D exchange
perturbations with respect to wild type SOD1. a, copper content and H/D
exchange perturbations at electrostatic loop residues 119-132; b, correlation
between zinc content and H/D exchange perturbations at zinc loop residues
56-96; ¢, correlation between zinc content and H/D exchange perturbations
at electrostatic loop residues 119-132. R? value of linear fits are 0.25 (a), 0.75
(b), and 0.43 (c).

terns of WT SOD1 (Fig. 4a). The H/D exchange patterns of
copper-deficient WT SOD1 are indistinguishable from native
WT SOD1 despite carrying less than one quarter of the copper
of native WT SOD1. Moreover, whereas G93A contained
~10% of the copper of WT SOD1, the H/D exchange patterns
are very similar to those of native WT SOD1. Although D76Y
has the highest copper content among the variants, its H/D
exchange perturbations are among the largest observed in the
WT-like variants.
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Zinc Content Effects the H/D Exchange at Segment 119—132—
In general, the WT-like variants contained at least one zinc/
dimer, whereas metal-binding site variants had a very low
amount of bound zinc/dimer (0.4 zinc or less per dimer). Seg-
ments containing residues 5696 (zinc loop, 85, and loop V)
and 119-132 (electrostatic loop) are perturbed in all of the
metal-binding variants. There are moderate correlations
between zinc content and the H/D exchange perturbations at
these two segments among the variants; the higher the zinc
content, the smaller the H/D exchange perturbations are in
these two regions (Fig. 4, b and ¢).

Electrostatic Loop Structural Perturbation Is the Dominant
Structural Perturbation—To determine how electrostatic or
zinc loop perturbation were related to the sum of all SOD1
(global) structural perturbation, each was correlated (Fig. 5).
Zinc loop and electrostatic loop perturbations were highly cor-
related with global SOD1 perturbation, with R* = 0.80 and p <
0.0001, and R* = 0.84 and p < 0.0001, respectively. Zinc loop
perturbation generally represented ~15% of the total SOD1
perturbation, whereas electrostatic loop perturbation repre-
sented ~ 50% of the global SOD1 perturbation.

DISCUSSION

The present study identifies perturbation of electrostatic
loop residues 133—144 with respect to wild type SOD1 (includ-
ing copper-deficient WT SOD1) as a property common to 13
partially metallated, fALS-associated SOD1 variants. In addi-
tion to electrostatic loop disorder, zinc loop disorder was
observed in variants with severely compromised metal binding
affinity. Perturbation of the zinc and the electrostatic loops
appears to result from the combination of fALS-related muta-
tion and metal deficiency (see below). Perturbation of the SOD1
electrostatic loop is the first structural property common to a
large set of SOD1 variants and is expected to lead to a gain of
SOD1 intermolecular interaction (37).

This study used variants in the electrostatic loop (D124V,
D125H, and S134N); zinc loop (G72S and D76Y); B-strands 1, 4,
and 5 (A4V, H46R, G85R, respectively); and loop residues clus-
tered at the B-barrel plug (L38V, G41S, D90A, and G93A).
These included the most prevalent fALS-associated mutations.
Overall, our H/D exchange results (Fig. 3) do not lend support
to certain hypotheses of the common gain of fALS variant
structure and function, including that: 1) fALS SOD1 muta-
tions perturb the dimer interface (1, 38); 2) fALS mutations at
copper-binding histidine residues of SOD1 dramatically reduce
the strength of normal dimer interactions (39); and 3) local or
framework perturbations are the dominant structural pertur-
bation (40). For example, no differences in exchange rates at the
dimer interface were observed for eleven of 13 variants; only
A4V and G85R had perturbed dimer interfaces (Fig. 3), and only
seven of the 13 fALS-associated variants showed detectable
structural perturbation in the vicinity of the mutations (Fig. 3).
Although perturbation of the dimer interface was not observed
to be a general phenomenon, we did observe perturbation of the
A4V dimer interface, consistent with previous studies (38, 41,
42) (specifically residues Ile'°®, Tle'*!, and Ala®).

One caveat of our studies is that they can be confounded by
inter- and intramolecular interactions. For example, a struc-
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strands. Thus, whereas our results
may exclude certain properties as

being common to all SOD1 muta-
& tions, they do not exclude the possi-
bility that certain properties (e.g
dimer dissociation) occur in a dif-
ferent subset of SOD1 mutations.
Finally, our WT-like variants do not
have the same degree of metal occu-
pancy compared with purifications
from mouse or human tissues (24).

Structural Perturbation of the
SODI Electrostatic Loop—The elec-
trostatic loop showed the fastest
exchange in our data, consistent
with reports of disorder in previous
x-ray crystallography (43) and NMR
studies (44). Proteins characterized
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G37R SOD1 (50). For example, our
& H/D exchange results with G85R,
S134N, and H46R (Fig. 3) are con-
sistent with the x-ray crystallo-
graphic results, demonstrating that
the B-barrel elements of SOD1 were
relatively unperturbed, whereas the
electrostatic and zinc loops were
more affected (they were so disor-
dered as to not be observed in some
crystal structures) (37, 45—47). Dis-
order in the electrostatic loop is
associated with the increased inter-
molecular interactions responsible
for fibril formation (45). Moreover,
solution NMR studies of fully met-
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FIGURE 5. Correlation between loop structure/dynamics and overall SOD1 structure/dynamics. g, corre-
lation between fALS SOD1 variant H/D exchange perturbations for zinc loop (average of % deuteration
increase compared with WT for the peptide covering residues 56-96) versus sum of total exchange; b, corre-
lation between fALS SOD1 variant H/D exchange perturbations for electrostatic loop (sum of average of %
deuteration increase compared with WT for peptides covering residues 119-132, 119-144, and 133-144)
versus total exchange. For S134N, peptide 119-132 was not observed, and so deuteration of 119-144 was
taken as the value for residues 133-144 and 119-132. R and p values of linear fits are 0.80 and p < 0.0001 (a)

and 0.84 and p < 0.0001 (b).

tural change that first results in increased solvent accessibility
of a given residue (and thus increased H/D exchange) could give
rise to intermolecular interactions that decrease the solvent
accessibility of the same region. The relatively low protein 10
uM concentrations of SOD1 should, however, minimize such
intermolecular interactions. Another caveat of our study is that
our 13 variants do not contain a large number of mutations near
the dimer interface and occur in only three of the eight 3
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T allated S134N indicated that major
300 structural and dynamic changes
occurred only in the electrostatic
loop (37) and that these changes
result in non-native interactions
that lead to aggregation.

Comparison of many of our
H/D exchange results for partially
metallated A4V, which showed
changes in the SOD1 N and C ter-
mini, with the previously pub-
lished H/D exchange results for apo A4V (51) was not pos-
sible because of incomplete sequence coverage in the
previous report. We did not observe the change observed for
apo A4V at residues 50 —53 and did note changes in the elec-
trostatic loop not observed in the first report. We did not
observe any bimodal peak distribution indicative of EX1
kinetics, as was observed previously in amino acids 21-53 for
apo A4V. This indicates there are substantial differences
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between the structure/dynamics of apo and metallated A4V,
as previous studies of their relative stabilities would indicate
(27, 52). Both the previous H/D exchange study and the cur-
rent study did not detect changes in A4V residues 9-20.

Structural Perturbation Caused by Partial Metal Binding—
Our preferred explanation for perturbations in the electrostatic
loop is that they are the result of both variant-related structural
change and metal deficiency. We are unaware of any finding
that rules out decreased metal affinity as a common gain of
function associated with ALS mutations, and the loss of metals
universally leads to variants that are less stable than wild type
SOD1. Previous studies indicate that the loss of native post-
translational modifications, including copper, zinc, and the
intrasubunit disulfide, destabilize fALS-variant SOD1 struc-
tures to a greater extent than wild type SOD1 structure (2, 53).
Our metal analysis indicated that our WT-like samples contain
roughly one zinc/dimer and less than one copper/dimer, and
therefore all of the variants presented in Fig. 3 are indeed
copper-deficient.

A number of lines of evidence support a role for metal defi-
ciency in ALS, including: 1) five of the variants studied, G85R,
S134N, D14V, D125H, and H46R, the so called metal-binding
site variants, are metal-deficient in vivo (25, 54); 2) copper-
deficient SOD1 is of potential physiological relevance, consid-
ering that roughly 35% of human copper/zinc SOD1 is copper-
deficient in vivo (55-57); and 3) copper-deficient SOD1 can
cause fALS in mice (39, 58). Our results demonstrate that zinc
deficiency, more so than copper deficiency, is related to disor-
der in the electrostatic loop (Fig. 4). Our H/D exchange data
(Fig. 3) are also consistent with the existing hypothesis that
fALS variants may perturb copper-mediated chemistry (7, 59),
because the electrostatic loop contains copper ligands and nor-
mally prohibits access of small molecules to the active site. The
finding that proteins that do not bind active site copper still
cause ALS, however, argues against copper-mediated chemis-
try as a universal gain of toxic SOD1 function (39, 58, 60).

Studies of fALS SOD1 variants demonstrate an inverse cor-
relation between the global rate of H/D exchange and apo pro-
tein stability, i.e. less stable proteins had faster rates of exchange
(52). Some of the variants used here overlap with the variants
from this previous study, including S134N and D125H, which
were apo in both studies, and A4V and L38V, which were par-
tially metallated in the current study and apo in the previous
study. In the current study partially metallated A4V and L38V
demonstrated slow H/D exchange compared with other vari-
ants; conversely the apo forms of the same proteins demon-
strated the fastest rates of H/D exchange of any variants (52).
This illustrates the phenomenon pointed out by Valentine and
co-workers (52, 53) that the WT-like variants, which have rel-
atively stable metal-bound structures, become the least stable
variants upon the loss of metals. Thus, variants with low metal
binding affinity are usually metal-free, but as metal-free pro-
teins are relatively stable. Conversely, WT-like variants are
usually metallated, but as metal-free proteins are relatively
unstable.

In summary, we demonstrate that changes to the struc-
ture/dynamics of the SOD1 electrostatic loop are a common
property of 13 diverse, fALS-associated SOD1 mutations.
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Taken together with previous studies indicating that struc-
tural changes in the electrostatic loop lead to increased
intermolecular interactions and fibril formation (37, 45), our
results provide a mechanism for the aggregation of SOD1 from
a single, partially folded state as well as for gain-of-interaction
with other biomolecules. Gain-of-intermolecular-interactions,
including self-association (37) and fibril formation (45), inter-
action with dynein (61, 62), and interaction with mitochondria
(14, 16, 63, 64), are properties shared by all fALS mutations thus
far tested. Considering our recent result that aggregation pro-
pensity and loss of stability of SOD1 are synergistic risk factors
for fALS patient disease severity (65) and the observation that
the one shared property of fALS variants in vitro and in vivo is
their propensity to form aggregates, we propose that this find-
ing is of potential relevance to ALS etiology.
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