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ABSTRACT: More than 100 distinct mutations in the gene
CuZnSOD encoding human copper—zinc superoxide dismu-
tase (CuZnSOD) have been associated with familial
amyotrophic lateral sclerosis (fALS), a fatal neuronal disease.
Many studies of different mutant proteins have found effects
on protein stability, catalytic activity, and metal binding, but
without a common pattern. Notably, these studies were often
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performed under conditions far from physiological. Here, we have used experimental conditions of pH 7 and 37 °C and at an
ionic strength of 0.2 M to mimic physiological conditions as close as possible in a sample of pure protein. Thus, by using NMR
spectroscopy, we have analyzed amide hydrogen exchange of the fALS-associated I113T CuZnSOD variant in its fully metalated
state, both at 25 and 37 °C, where "N relaxation data, as expected, reveals that CuZnSOD I113T exists as a dimer under these
conditions. The local dynamics at 82% of all residues have been analyzed in detail. When compared to the wild-type protein, it
was found that 1113T CuZnSOD is particularly destabilized locally at the ion binding sites of loop 4, the zinc binding loop, which
results in frequent exposure of the aggregation prone outer S-strands I and VI of the -barrel, possibly enabling fibril or aggregate
formation. A similar study (Museth, A. K, et al. (2009) Biochemistry, 48, 8817—8829) of amide hydrogen exchange at pH 7 and
25 °C on the G93A variant also revealed a selective destabilization of the zinc binding loop. Thus, a possible scenario in ALS is
that elevated local dynamics at the metal binding region can result in toxic species from formation of new interactions at local f-

strands.

myotrophic lateral sclerosis (ALS) is a neurodegenerative

disease that is characterized, as other diseases like
Alzheimer’s, Parkinson’s, and Huntington’s, by mid-to-late-life
onset, selective neuronal death, and the formation of protein
deposits in affected neuronal tissues." The median age onset for
ALS is at 46 years (range of 24—72 years), and the median
duration of disease of 3 years (range of 0.3—20 years).” The
affected neurologic tissues are the motor cortex, brain stem, and
spinal cord.® Although most cases of ALS are sporadic, there is
a genetic link, and familial ALS (fALS) has been found in
roughly 10% of all reported cases of the disease. Approximately
one in five cases has been directly attributed to autosomal
dominant mutations in the CuZnSOD gene, which encodes the
intracellular copper—zinc superoxide dismutase (CuZn-
SOD).*"® More than 100 distinct CuZnSOD mutations have
been identified in fALS patients.” Interestingly, mutations are
found throughout the gene and have been identified at more
than one-third of the 153 amino acid positions in the wild-type
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CuZnSOD protein; yet, in most instances, these mutations do
not significantly lower the CuZnSOD activity of the resulting
enzyme,® and how these mutations affect CuZnSOD and
trigger disease is currently not known. However, transgenic
mice expressing fALS mutant G93A developed progressive
motor neuron disease, although high CuZnSOD activity was
maintained.” Thus, CuZnSOD activity does not seem to be
relevant for the development of disease, especially since
transgenic mice with no endogenous CuZnSOD were found
not to develop motor neuron disease.'’ One model for how the
neurodegenerating toxicity in ALS arises is the formation of
toxic aggregates.'''* Possibly structural destabilization, metal
depletion, reduction of disulfide bonds, and/or change in the
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dynamic properties of CuZnSOD mutants may play a role in
the formation of toxic aggregates and in the pathology of
FALS 1421

Human CuZnSOD is a homodimeric protein with a total
mass of 32 kDa, containing one copper and one zinc ion per
subunit. The copper ion mediates the disproportionation of a
superoxide anion to hydrogen peroxide and dioxygen (20, +
2H" - O, + H,0,) in a reduction—oxidation cycle between
Cu(I) and Cu(I).** CuZnSOD is a crucial protein for the
defense against superoxide anion radicals.”> Therefore,
CuZnSOD is expressed abundantly and makes up 1-2% of
the total protein content in the cell. The determination of the
high-resolution structure revealed that CuZnSOD adopts a
Greek key f-barrel with one intramolecular disulfide bridge in
each subunit.**”® This contributes to the high stability of the
protein against thermal denaturation, detergents, and proteol-
ysis.”” Previous studies were hampered by expression systems
that made only low-level metalation possible and led to serious
problems in the production of active CuZnSOD variants. On
the basis of the discovery of the network of copper-trafficking
genes required for the incorporation of copper into proteins in
*%2% this problem was overcome by using a system for
coexpression of CuZnSOD and the copper chaperone from
yeast (yCCS), resulting in CuZnSOD variants with full copper
ion content, which is a prerequisite condition for this study.”® A
possible reason for the need of a Cu-chaperone is that the Cu**
ion has three side chain ligands situated in the rigid S-strands
IV and VII and therefore efficient insertion might require
chaperone-guided interactions at an early, more dynamical
phase of the folding process.

Previous biophysical studies of ALS-associated CuZnSOD
variants have been performed under varying conditions and
show that different variants differ in characteristics such as
melting temperature, Cu and Zn binding affinity, and net
charge. Therefore, it has been suggested that CuZnSOD
variants are likely to aggregate for different reasons.’" Thus,
structural changes attributed to the different mutations can be
small and delicate and may escape detection upon analysis by
X-ray crystallography and conventional biophysical methods.
Also, earlier biophysical studies of the ALS-associated
CuZnSOD variants have commonly been performed using
pseudo-wild-type protein or variants with additional point
mutations, and the environmental conditions have mostly been
far from physiological.

In this study, we aim to gain understanding of the intrinsic
dynamical and structural properties of the ALS-associated
CuZnSOD variant 1113T.>** In Drosophila, it has been shown
that flies with the I113T mutation have a significantly shorter
lifetime than those with wild-type SOD.>® Most importantly, we
attempt to employ conditions that are as close as possible to the
natural physiological conditions of the cell but that still allow
measurements by high-resolution NMR methods to be made.
Thus, we used 37 °C and pH 7 and an ionic strength of 0.2 M
for all measurements, but we also repeated the measurements at
25 °C in order to compare and relate them to earlier studies.
The results were then analyzed and compared with results from
earlier similar studies, by us and others, of the wild-type protein
and the G93A variant.">***> Taken together, these studies
show that the metal binding region can be selectively
destabilized by amino acid substitutions at remote positions.
Several earlier studies on the structure of zinc-deficient SOD
variants have also shown that increased flexibility at the zinc
binding loop can induce nonnative interactions between
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subunits.”>~% Thus, a possible scenario in ALS is that elevated
local dynamics at the metal binding region can result in toxic
species from formation of new interactions at local S-strands.

B EXPERIMENTAL PROCEDURES

Expression and Purification of "N Human Intra-
cellular CuZnSOD Mutant 1113T. For this purpose, the
pSOD1 plasmid with an additional insert of the gene encoding
the yeast copper chaperone yCCS* was used and introduced
into Escherichia coli strain BI21(DE3). The use of this construct
results in full copper incorporation in CuZnSOD.*® The 1113T
mutation was constructed by use of the QuikChange kit from
Agilent Technologies. The cells were grown at room temper-
ature to an ODyy, of 0.5—0.6 in minimal medium [Na,HPO, (6
g/L), KH,PO, (3 g/L), NaCl (0.5 g/L), glucose (10 g/L),
FeSO, (0.01 mM), K,SO, (0.28 mM), CaCl, (0.5 mM), MgCl,
(1 mM), micrometernutrients excl. CoCl, (1 mL/L), vitamin
mixture (1 mL/L), and “NH,CI (0.5 g/L)] containing 100
mg/L ampicillin. At the time of induction, 0.5 mM IPTG and
CuSO, and ZnSO, were added to final concentrations of 0.1
and 1 mM, respectively. During the following S h, additional
CuSO, at a concentration of 0.1 mM was added once an hour.
Two hours before cells were harvested, additional CuSO, was
added to a final concentration of 1 mM to ensure full and
correct incorporation of copper ions. The cells were harvested
by centrifugation (3600 rpm), resuspended in 20 mM
potassium phosphate buffer (pH 7.0) containing DNase and
RNase, and lysed by ultrasonication (Misonix). After
centrifugation (14 900g for 45 min), ammonium sulfate (390
g/L supernatant) was added to the supernatant and stirred on
ice for 2 h before further centrifugation (14 900g for 45 min).
The supernatant was applied on a 50 mL phenyl sepharose 6
FF column (Amersham Biosciences) equilibrated with 2 M
(NH,),S0,, 150 mM NaCl, and 50 mM KP; (pH 7.0). The
protein solution was washed with 150 mL before being eluted
with 150 mM NaCl and 50 mM KP; (pH 7.0) and a linear
gradient from 2 to 0 M (NH,),SO, in 300 mL. The protein
eluted at 60%. The protein was further purified by gel filtration
(Superdex 75, GE healthcare) using a buffer containing 20 mM
KPi and 100 mM K,SO,, pH 7.0. Samples for H/D exchange
experiments were further lyophilized.

NMR Spectroscopy of CuZnSOD I1113T. All NMR
measurements were carried out on a Varian Inova 600 MHz
spectrometer equipped with a cryogenic probe head and a
Varian Inova 800 MHz spectrometer equipped with a triple
resonance room-temperature probe. All spectra were processed
using NMRPipe.*® Backbone assignments based on previous
assignments'> of wild-type CuZnSOD were confirmed by
recording HNCA and CBCA(CO)NH?Y’ spectra that were
analyzed by CARA (http://caranmr.ch). Peak volumes of all
other experiments were fitted using the program PINT.*®

Measurements and Analysis of >N Relaxation Data.
Measurements of R;, R;,, and the "H—'5N heteronuclear NOE
were performed at a static magnetic field corresponding to a
proton Larmor frequency of 600 MHz at 25 and 37 °C using
standard pulse sequences.**® For the R, experiments,
relaxation delays of 10%, 20, 50, 140, 180%, 240, 330, 410,
490, 560, 640, 650, 780, 910, 1000, 1130, and 1280* ms were
employed at both temperatures. Duplicate data points for
estimation of uncertainties in peak volumes were recorded for
the relaxation delays and are indicated with an asterisk. The R,,
experiments were recorded with spinlock fields of 1736 and
1678 Hz at 25 and 37 °C, respectively. Relaxation delays of 4%,
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Figure 1. Representative plots for H/D exchange profiles for backbone amide protons for I113T at 37 °C. Residue alanine 145 shows no exchange
during the time span measured (8 days). The other plots show residues with different H/D exchange rates (increasing from residue G73 over Q153

to C146).

6, 8, 10, 12, 16, 23, 26, 28, 36, 39, 42%*, 46, and 50* ms were
used in both cases. The heteronuclear NOE was calculated as
the ratio of experiments including or excluding a 5 s period of
proton saturation achieved by application of closely spaced
120° pulses. The total recovery delay was 12 s for both versions
of the experiment.

Carr—Purcell-Meiboom—Gill (CPMG*"*?) relaxation dis-
persion experiments at 25 °C were recorded at the same static
field using a previously published pulse sequence.*’ Effective
fields, defined as vepyg = 1/ (4TCP), where 27, is the interval
between successive refocusing pulses of 50%, 100*, 150, 200,
300, 400, 500*, 600, 700, 800%*, 900, and 1000* Hz. Intensities
were converted to effective transverse relaxation rates by the
relation R, = In(Iy)/I(vcppmg)/T, where I(vcpyg) is the
intensity for different values of vcpy, I is the intensity
obtained when the CPMG block is omitted, and T is the
duration of the constant time relaxation delay (20 ms in this
case). R, was calculated from R,, and R, as R, = R,,/sin* 6 —
R,/tan® 6, tan 6 = 1y4/Q, where v is the spinlock field strength
and € is the offset from the spinlock carrier frequency. The
software TENSOR2** was used to estimate the diffusion tensor
from the R,/R, ratio. Residues with NOE < 0.65 were omitted
from the analysis. The data was fitted to isotropic and
anisotropic models, and F-tests were used to establish the
appropriate model. The CPMG data was fitted to the Bloch—
McConnell equations.*’ F-tests at a significance level of p <
0.01 were used to select between models including or excluding
two-site chemical exchange.

Measurements of Rapid Amide Proton Exchange with
Bulk Solvent. To measure exchange rates of rapidly
exchanging (1.0 s™') backbone amide protons with solvent
water at 25 and 37 °C, a 2D heteronuclear water exchange filter
sequence (WEX II-FHSQC) was used.* As mixing times, 10,
30%*, 50, 70, 80, 90*, 100, 110, 130, 150, and 170 ms were used.
For the spin—echo WEX II-FHSQC, an echo time of 40 and 60
ms was used with mixing times of 10, 30, 40, 80, 110, 130, and
170 ms. The saturation factor was calculated to 0.54 and 0.64 at
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echo times 40 and 60 ms, respectively.** The measurements
were performed at a Varian Inova 800 MHz spectrometer.

Sample Preparation, Measurements, and Data Anal-
ysis of H/D Exchange. The lyophilized protein, sodium
isoascorbate, and a D,0O buffer (99% D,0) containing 0.02 M
potassium phosphate and 0.07 M K,SO,, (pH 7.0) were placed
overnight in a glovebox under a nitrogen atmosphere to
produce and maintain an anaerobic environment. The following
day, the lyophilized protein sample was dissolved in 625 uL of
D, 0 buffer, of which 600 L was transferred to the NMR tube.
To reduce the Cu(II) ions to Cu(I), sodium iso-ascorbate was
dissolved in D,O buffer to a concentration 100 times greater
than that of the protein (dimer), and 25 pL was added to the
NMR tube, resulting in a 4-fold excess of the iso-ascorbate over
protein. To observe H/D exchange, '"H—""N HSQC spectra
were recorded consecutively over 3.5 and 8.4 days at 25 and 37
°C, respectively, using Varian Inova spectrometers (25 °C at
600 MHz and 37 °C at 800 MHz). The dead time before the
first data point was recorded was 38 min (8 min for preparing
the sample, tune the probe-head, shimming the magnet, and
optimization of the 90° 'H pulse; each spectrum ran for 30
min). All experiments at 800 MHz (37 °C) were acquired with
1536 data points in the direct dimension and 85 in the indirect
dimension with eight scans and spectral widths of 12 001 ("H)
and 2600 ("*N) Hz. The parameters were scaled appropriately
for the measurements at 600 MHz (25 °C). The amide
hydrogen exchange rate, k., at each residue was determined by
fitting the measured time-dependent cross-peak volume to
single-exponential decays, using the program PINT.*® The
corresponding AG values for the local unfolding were
calculated as described in Bai et al.*’ Further details about
the data evaluation can be obtained from Museth et al.**

B RESULTS
Global Dynamics Assessed by N Relaxation NMR.

Relaxation experiments were used to investigate whether the
molecule tumbles as a dimer or monomer in solution under
near-physiological experimental conditions and if any higher
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Figure 2. Schematic drawing of one CuZnSOD subunit showing the exchange pattern for the I113T variant at 37 °C. Amino acids for which the H/
D exchange is too slow to be detected during the experimental time (¢,/, longer than 13 days) are colored blue. Amide protons with quantifiable (¢,
17 min to 13 days) exchange rates in the H/D exchange experiment are colored green. Amide protons, which were detected in the water exchange
experiment and exchange with ¢, between 1 s and 17 min, are colored orange, and amide protons that exchange with ¢, , between 10 ms and 1 s are
colored red. Amino acids that are not assigned (prolines included) due to overlap and weak or missing peaks are colored white. Copper and zinc
binding sites are labeled with Cu and Zn, respectively. The black numbered arrows illustrate the eight f-sheets, and the gray arrows between the
amino acids indicate hydrogen bonds in the secondary structure, as determined from the crystal structure (PDB accession no. 2C9V) pointing from

H to O.

order aggregates were present. A robust estimation of the
correlation time for rotational diffusion of a protein is obtained
from the R,/R, ratio of residues in well-structured regions that
do not experience chemical exchange broadening.*® If the
protein structure is also known, then all principal components
of the diffusion tensor can be extracted for any rotational
model. We used the program TENSOR2* together with a
crystal structure of superoxide dismutase (PDB ID: 2C9V) to
fit the data at the two temperatures. To exclude residues in
unstructured regions, only those with NOE > 0.65 were
considered. Results from CPMG experiments showed that no
residues had to be excluded from the analysis because of
millisecond dynamics. At both temperatures, the data were
significantly better modeled by axially symmetric (prolate)
rather than by isotropic rotation. A fully asymmetric model did
not improve the fit significantly. Given the “cigar” shape of the
superoxide dismutase dimer, this is the expected result. The
three correlation times (7, = 6D, 7, = D + 5D, and 73 = 4D
+ 2D, ) for tumbling were 7, = 20.8 ns, 7, = 19.2 ns, and 73 =
15.6 ns at 25 °C and 7; = 149 ns, 7, = 13.9 ns, and 7; = 11.5 ns
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at 37 °C. These results indicate dynamics that are close to, but
slightly faster than, previously published results on two other
CuZnSOD variants studied at 25 °C.">** Our results agree with
the molecular tumbling time expected from calculation of the
hydrodynamic properties*” using the crystal structure of the
wild-type CuZnSOD dimer (PDB ID: 2C9V), indicating that
the 1113T variant is indeed a stable dimer in solution and does
not rapidly form higher order aggregates. Further support for
this notion is that the experimental results were virtually
identical when the experiments were repeated on the same
sample that had been stored for 6 months at 4 °C. It is
important to note that no residues exhibited conformational
exchange in the millisecond time range.

H/D and Water Exchange in the 1113T Variant at 37
°C. In order to assess the halflives (f,,,) for amide proton
exchange in the interval between 10 ms and 1s, the exchange of
amide protons with H,O was measured by using magnetization
transfer techniques.46 For longer halflives, hydrogen—deute-
rium exchange between amide protons and D,0O was measured
with the usual setup of repetitive "H—""N HSQC experiments
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Figure 3. Schematic of one CuZnSOD subunit showing the differences in exchange patterns at 25 °C for the I113T variant compared to wild-type
CuZnSOD (referring to ref 34). Amino acids that are destabilized in I113T (AGyy — AGyyy3r > 1.5 keal/mol) are colored red. Amide protons that
are stabilized in I113T (AGyr — AGy 370 < 1.5 keal/mol) are colored blue. Amino acids for which the H/D exchange rate was similar in wild-type
CuZnSOD and I113T are colored gray. Amino acids that are not assigned (prolines included) due to overlap and weak or missing peaks are colored
white. Copper and zinc binding sites are labeled with Cu and Zn, respectively. The black numbered arrows illustrate the eight f-sheets, and the gray
arrows between the amino acids indicate hydrogen bonds in the secondary structure, as determined from the crystal structure (PDB accession no.

2C9V) pointing from H to O.

for several days (Figure 1). For the latter, the sample
preparation took 8 min, including setup of the NMR
experiment. In addition, each experiment took 30 min.
Therefore, a conservative estimate of the dead time is 38
min. Thus, from the obtained exchange rates, the amino acid
residues can be divided into four categories: (a) Residues with
t,/, between 10 ms and 1 s are obtained as well-determined
values (15 residues). (b) However, due to the dead time of the
H/D exchange experiment, 48 residues exhibiting exchange
with t,/, in the range between 1 s and 17 min cannot be reliably
evaluated to give well-determined values. (c) The H/D
exchange experiment yielded well-determined values for 30
residues having t,,, between 17 min and 13 days, ie., the
intensity decay was observable, and exponential fitting was
possible. (d) For 32 residues, the intensities did not decay at all
during the experiment and therefore these residues have ¢,
longer than 13 days. All values are listed in Supporting
Information Table S1 and visualized schematically in Figure 2.
Amide protons having fast exchange with t,,, between 10 ms
and 1 s are almost exclusively found in loops and highly surface-
exposed regions. Most notably, at least 22 residues out of 34 in
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the metal binding loop have rapid amide proton exchange with
t,/, between 10 ms and 17 min, i.e., most of the metal binding
loop is highly dynamical in I113T under these near
physiological conditions at 37 °C.

H/D and Water Exchange in the 1113T Variant at 25
°C. The amide proton exchange properties of the I113T variant
were also determined at 25 °C for two reasons: first, to
investigate whether there are any regions in I113T where the
amide proton exchange rates increase abnormally between 25
and 37 °C, i.e, to find putative regions with highly temperature-
sensitive dynamics. Second, the experiment at 25 °C makes it
possible to compare these results with those from similar
experiments that have been conducted on the wild-type protein
and on the G93A variant at 25 °C. Here, the length of the H/D
exchange experiment was reduced to 3.5 days, and time points
were taken only every 1.5 h. Nevertheless, reliable values were
obtained for the same residues as at 37 °C (see Supporting
Information Table S2 and Figure S1).

When the results for I113T at the two temperatures are
compared, one can note that for the majority of the residues the
exchange rates increase by approximately 1 order of magnitude
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upon raising the temperature to 37 °C. Interestingly, two
regions in the protein stand out as exceptional because they
each contain clusters of three neighboring amino acid residues
in which the exchange rates increase by more than 3 orders of
magnitude upon increasing the temperature from 25 to 37 °C.
These regions are the f-strand I (residues Ala4, Cys6, and
Lys9) and three residues in the metal binding loop (residues
GlyS1, AsnS3, and Thr54). Notably, the neighboring residues
His48, Glu49, Phe50, AlaSS, and GlyS6 all have high exchange
rates at both temperatures. Taken together, these results show
that the residues 48—51 and 53—56 are highly dynamical at 37
°C and indicate that the dynamics at these residues might affect
the dynamics at f-strand L

Differences and Similarities between the Wild-Type
Protein and the ALS-Associated Variants G93A and
1113T. A schematic comparison of exchange rates between
wild-type CuZnSOD and the I113T variant at 25 °C is shown
in Figure 3. As in the wild-type protein, the interactions among
P-strands 1, I, III, IV, V, VII, and VIII are very stable also in
G93A and I113T, and the amide protons exchange very slowly.
The stable hydrogen-bond network among f-strand I, f-strand
VIII, and the C-terminal part, as reported for the wild-type
protein and the G93A mutant, is also stable in the mutant
I113T. For example, the interaction between Val$ and Gly150
seems to be intact still, as shown by the half-life of 7 days for
ValS and Glyl50. The first part of loop 7, called the
electrostatic loop, is rather stable in 1113T with intact hydrogen
bonding (121—142, 122—140, 124—86 side chain, 125—138,
and 126—124). The remaining part and the following a-helix
are in very fast exchange. Thus, loop 7 and the helical part have
very similar properties as those of the wild-type protein. The
local breathing dynamics for the hydrogen-bonded Vall7 in -
strand II to Ser34 in fB-strand III is slightly stabilized in 1113T,
as in the G93A mutant,** when compared to that in the wild-
type protein. Notably, the I113T mutation results in a
stabilization at six positions (14, 17, 26, 36, 37, and 100) in
or close to the connected f-strands II, III, and VI when
compared to the wild-type protein.

The most pronounced destabilizing effects of the I113T and
G93A mutations are found in the metal binding loop and at
positions neighboring this loop. In 1113T, the copper ligand
His48 is destabilized by at least 2.9 kcal/mol, and Glu49 and
Phe50 are destabilized by more than 9 and 8 kcal/mol,
respectively. In the G93A variant, Glu49 and Phe50 are
destabilized by 2.8 and 2.7 kcal/mol. The last part of the MTB-
loop encloses two of the four zinc ligands. While the ligand
His71 exchanges rather slowly as in the wild-type protein,
His80 exchanges much faster and is destabilized by 3.7 kcal/
mol in G93A and at least 7.5 kcal/mol in I113T. Also, residue
Asp76, which exchanges very slowly in the wild-type protein, is
destabilized in the G93A and 1113T variants of this study (by
1.3 and 4 kcal/mol, respectively). The residue Gly82 is
destabilized by at least 4 kcal/mol in I113T. The observed
low stability in major parts of the metal binding loop seems to
be coupled to neighboring parts in the structure, ie., Alal52,
which has a hydrogen bond to Lys3 in f-strand I, is destabilized
by more than 2.8 kcal/mol in the I1113T variant.

B DISCUSSION

In this study, we set out to investigate a possible common
theme of destabilization in various CuZnSOD variants. From
earlier studies by Lindberg et al,” it is known that the fully
metal-loaded wtSOD and G93A variants have a high global
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stability with a midpoint (MP) for GuHCl-induced unfolding
of 3.9 and 3.4 M, respectively. In the present study, we have, by
using their experimental conditions, found that the I113T
variant also has a very high global stability (MP = 3.9 M).

Prior to detailed residuewise analysis of exchange properties,
the structural integrity of the I113T variant and its dimerization
properties had to be verified. To this end, we used “N
relaxation NMR experiments to estimate whether this variant
tumbles as a dimer, monomer, or higher order complex in
solution. The results clearly show a similar behavior between
wild-type and G93A CuZnSOD, i.e,, that they are stable dimers.
Therefore, the hydrogen exchange experiment can be compared
among these three variants. Notably, no residues exhibit
conformational exchange on the millisecond time scale,
confirming its very high conformational stability.”*** Variant
I113T studied here also shows a highly stable core, since 32
residues exhibit no observable exchange at 37 °C and pH 7.
Although residue 113 is close to its counterpart in the other
subunit, no real contacts are established in the structure of wild-
type protein. However, Thr113 and neighboring residues do
not produce any observable signals in NMR experiments. This
lack of signals was also observed in a previous study of the wild-
type protein and G93A, where almost all signals from residues
in loop 6 are broadened beyond detection.>” It has been shown
that the major structural effect of the I113T mutation is loss of
the close hydrophobic contact between the methyl group of
Tle113 and the Cp of Ala4.>® This is manifested in our study by
the fast exchange of Ala4. However, we do not observe an
immediate effect on dimerization.

A common theme, concerning variants I113T and G93A,
however, is the destabilization of the remotely positioned
MTB-loop. Metal ligands and surrounding residues in the
I113T variant are even more destabilized than was observed in
the G93A variant.’* As a consequence of the destabilization
caused by the I113T mutation, essentially the entire metal
binding loop (MTB) has low stability. This is depicted by the
observed fast exchange rates in four long stretches of the loop:
residues 48—51 (HEFG), $3—-56 (NTAG), 61—70
(GPHENPLSRK), and 77—-82 (EERHVG). For the N- and
C-terminal parts of this loop, the destabilization is large in the
G93A variant (the destabilization for Glu49, PheS0, Asp76, and
His80 is >2.8, 2.7, >2.7, and >4.8 kcal/mol, respectively) and
very large in the I113T variant (the destabilization for Glu49,
PheS0, Asp76, His80, and Gly82 is >9.2, 8.2, >4.0, >8.5, and
>4.1 kcal/mol, respectively). The center of the MTB-loop is
fixed in position by the disulfide bridge between CysS7 and
Cys146 of p-strand VIIL The flanking residues, in general, have
rather low stability, but the terminal residues and metal binding
residues are extremely destabilized in G93A and I113T. In the
G93A variant, the metal binding (MTB) loop is also the most
destabilized part of CuZnSOD. The lower stability and higher
mobility of these residues possibly lead to local unfolding of the
loop, which would expose aggregation-prone surfaces. The
destabilization of the loop may partly be cooperative because
several of the residues in the loop are destabilized from differing
high stabilities to rather similar and low stabilities. Thus, it is
possible that the destabilization of the metal binding loop is a
key factor and a frequent theme of how toxicity develops in
ALS-related CuZnSOD mutants. It is striking that two
mutations quite distant from each other in sequence and
structure (28.5 A from NH to NH) have a very similar effect on
a third region that is also rather remote from the mutation sites
(10 and 14.2 A from Thr113 to PheSO and His80, respectively,
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MTB-loop moves

MTB-loop C-term moves
-V fully exposed
D90 loop flexible

B-Vand B-vI
free to interact

MTB-loop moves,
exposes V148, 3-VIII, B-1
D11 is flexible (hinge)
B-I free to interact

Figure 4. (A) Ilustration of the first effect that opening the N-terminal part of the metal binding loop (MTB-loop, green) might have. On the left,
the dimer of CuZnSOD is shown in gray. The zoomed-in region at the MTB-loop shows that, when it moves away, part of #-strand VIII is exposed,
which destabilizes V148 and A152, where amide hydrogens show rather fast exchange. The extremely destabilized loop between f-strand I and II
(e.g, D11) would make accessibility of f-strand I (purple) possible and could lead to new interactions. (B) The second effect of the destabilized
MTB-loop (green) results from moving of its C-terminal region, exposing f-strand V. The additional destabilization of the loop (e.g, D90)
connecting the already distant f-strand V and f-strand VI (purple) enables further moving of these strands and provides more interaction surface for

possible aggregation.

and 283 and 282 A from Ala93 to PheS0 and His80,
respectively).

We are well-aware of a prevalent hypothesis that ALS may be
caused by aggregation of metal-depleted and monomeric apo-
enzymes having low stability.'®72%3%5%57% Many of these
studies have shown that the apo-enzymes are prone to form
aggregates. However, to our knowledge, very little is known
about the prevalence of monomeric apo-enzymes in cells with
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normal content of metals and Cu-chaperones. Several studies
on other ALS-associated variants and engineered variants with
lowered zinc binding affinities have indicated that the metal
binding region is a hot spot for non-native self-association.>~%°
Therefore, we argue that alternative mechanisms for
aggregation must be investigated as presented in the present

study.
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As shown previously for the G93A variant, CuZnSOD
protein is not destabilized by the I113T mutation as a single
cooperative unit, as is common for small globular proteins.
Instead, on top of local destabilization at the mutation site, a
common region distinct from the mutation site is affected.
Apparently, the region around 1113 is cooperatively coupled to
the rather distant metal binding region and the long zinc
binding loop 4. The mechanism for this coupling is not evident
from the experimental results. It should also be noted that the
Cu’" ion has three side chain ligands situated in the f-strands
IV and VI, indicating that it can be stably coordinated even if
the bond to the ligand His63 in the metal binding loop is
broken upon its dynamical movements.

The gain of toxicity has been linked to aggregation or fibril
formation of CuZnSOD."' "' With the findings on G93A**
and on I113T, presented here, we can now propose a model for
how this aggregation may take place considering the slow time
scales involved. The observed destabilization of the MTB-loop
can have two major effects: (i) The N-terminal part of the
MTB-loop (residues 48—51 and possibly 53—56) moves away,
leading to exposure of a major part of f-strand I (Figure 4).
The additional low stability of loop 1 (connecting strands I and
11, including D11) allows f-strand I to move slightly. Thus, this
side of the f-barrel now becomes solvent accessible, and f-
strand I could accommodate new interactions with another
protein moiety. fB-strand I is close to the dimer interface, but it
can nevertheless expose enough surface to induce oligomeriza-
tion by interaction with a second SOD molecule (Figure 4).
This suggestion is also supported by recent results from an all-
atom Monte Carlo study of CuZnSOD by Bille et al.,, which
indicated that B-strand I upon exposure has a high propensity
to aggregate by forming a new intermolecular parallel f-
structure.”” In addition, analysis of the SOD sequence by the
PASTA and Aggrescan algorithms both indicate that f-strand I
has a high propensity to aggregate by formation of a extended
p-sheet. (ii) Similarly, residues 61—70 (GPHFNPLSRK) and
C-terminal residues 77—82 (EERHVG) of the MTB-loop can
move and expose f-strand V and VI, allowing them to be free
to interact with another CuZnSOD molecule (Figure 4). This
could also result in aggregation via propagation of f-sheet
formation. Of note, Bille et al.>* found that f-strand VI also has
a high propensity for aggregation by formation of novel f-
strand interactions.

A combination of both of the described mechanisms can also
be imagined. Oligomerization via -sheet formation is typical of
amyloid diseases, such as Alzheimer’s, where a conformational
change of monomer species enables a tight packing of
extremely stable f-sheets.>>*

As no conformational change can be observed on faster
millisecond time scales, this rearrangement and oligo/
aggregate/fibril formation are an extremely slow process and
presumably even further slowed by protein degradation via the
ubiquitin system. This is in agreement with the late onset of
ALS in affected patients and also with other late-life diseases
such as Alzheimer’s and other amyloid diseases." In this
context, it should also be noted that the observed increased
dynamics at the metal binding loop strongly indicate that the
Zn ion exchanges faster in the studied mutants than in the wild-
type protein. Thus, the local structural integrity of these
mutants may be strongly sensitive to age-related alterations in
the environmental zinc concentration in the physiological
setting.
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The equilibrium concentrations of the open and closed
(native) conformations at the metal binding region of the
I113T variant can be estimated from K values for the [open]/
[closed] equilibrium determined by our measurements (see
Table S1 in Supporting Information). The cellular concen-
trations of CuZnSOD have been estimated to be between 1 and
2% of the total protein content in many cells. For our
calculations, we conservatively chose a total cellular CuZnSOD
concentration of 1000 nM, as determined by Beck et al.>> for
the cell-line U20S. Using results for PheS0 (which is similar to
many of the other residues in the MTB-loop) to represent the
equilibrium distribution between the open and closed
conformations at the metal binding loop, we can calculate the
concentrations (in nM) of each form. The K; value for the
[open]/[closed] equilibrium at PheS0 is 0.034. Thus, we can
calculate the concentrations (in nM) of the open and closed
conformations from [open]/(1000 — [open]) = 0.034, which
indicates that 33 nM CuZnSOD is in the open (aggregation
prone) conformation under these conditions.

A possible first step in an aggregation process would be
formation of tetrameric CuZnSOD from two dimeric
CuZnSOD molecules by formation of new intermolecular
interactions between the newly exposed f-strands. Assumin%
that a realistic binding constant for that interaction is 1 uM,?
this would yield a cellular concentration of 1 nM CuZnSOD
tetramer, a species that can rearrange and act as a seed for
further aggregation. It has been argued along similar lines that
oligomeric CuZnSOD is the toxic species, which has been
shown to be formed in the metal-free state via new f-strand
interactions and disulfide formation.>”*® Indeed, it was possible
to force CuZnSOD into fibrils under physiologically relevant
conditions; however, it was still in its demetalated state without
its stabilizing disulfide bridge.51 Here, we devise a model for
holo-SOD and reveal possible fibril formation nucleation sites.

We argue that a scenario of this type is more probable than a
scenario in which the CuZnSOD dimer dissociates into
monomeric apo-forms that subsequently unfold and form
aggregated species, which earlier has been proposed.® ' A
further argument for the suggested scenario is that we do not
observe formation of any unfolded species during the 8 days of
measurement under near physiological conditions.

B CONCLUSIONS

Our studies have now identified that increased dynamics at the
metal binding region is one putative origin for aggregation. We
have proposed a model for how CuZnSOD variants can gain
toxicity, independent of the location of mutation. This model is
based on observations made in this study and a closely related
study.>* Notably, this study is the first to mimic near
physiological conditions, including physiological temperature,
37 °C. Others have proposed that large initial alterations of the
CuZnSOD structure, such as breakage of the dimer interface
and subsequent global unfolding, are a prerequisite for
formation of toxic CuZnSOD aggregates.'® >***™°! In this
context, it is important to note that the global stabilities are
high and strikingly similar for WT and the investigated variants,
ie, the midpoints for GuHCI induced unfolding are 3.9, 3.5,
and 3.9 M, respectively. Thus, the results presented in this
study instead indicate that, under physiological conditions, the
formation of toxic aggregates can originate from a distinct and
local destabilization of the metal binding loop as a first step,
leading to initial formation of multimeric species originating
from essentially well-folded molecules.
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Figure S1: Schematic of one CuZnSOD subunit showing the
differences in exchange patterns for the I113T variant at 37 °C
compared to 25 °C. Tables S1 and S2: Experimentally
determined exchange values for I113T at 25 and 37 °C. This
material is available free of charge via the Internet at http://
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