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Background: Copper/zinc superoxide dismutase (SOD1) genetic mutants are associated with familial amyotrophic lateral

sclerosis (ALS). Mutant proteins form abnormal aggregates.

Results: We used imaging of live cells to observe SOD1 proteins harboring mutations associated with ALS.
Conclusion: SOD1 mutations impair its dimerization, leading to subsequent aggregation.
Significance: Analysis of the SOD1 quaternary structure in living human cells correlates with previous biochemical data.

More than 100 copper/zinc superoxide dismutase 1 (SOD1)
genetic mutations have been characterized. These mutations lead
to the death of motor neurons in ALS. In its native form, the SOD1
protein is expressed as a homodimer in the cytosol. In vitro studies
have shown that SOD1 mutations impair the dimerization kinetics
of the protein, and iz vivo studies have shown that SOD1 forms
aggregates in patients with familial forms of ALS. In this study, we
analyzed WT SODI1 and 9 mutant (mt) forms of the protein by
non-invasive fluorescence techniques. Using microscopic tech-
niques such as fluorescence resonance energy transfer, fluores-
cence complementation, image-based quantification, and flu-
orescence correlation spectroscopy, we studied SODI1
dimerization, oligomerization, and aggregation. Our results
indicate that SOD1 mutations lead to an impairment in SOD1
dimerization and, subsequently, affect protein aggregation. We
also show that SOD1 WT and mt proteins can dimerize. How-
ever, aggregates are predominantly composed of SOD1 mt
proteins.

ALS is a progressive neurodegenerative disorder caused by
the degeneration of motor neurons. Most cases of ALS are spo-
radic, but ~10% are familial (fALS).® One-quarter of fALS cases
are inherited because of mutations in the sodI gene, which
encodes an enzyme responsible for scavenging free radicals (1).
The fALS disorder is primarily a heterozygous genetic condi-
tion. More than 140 point mutations have been found in the
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SOD1 peptide sequence. Differences in the SodI gene muta-
tions are associated with variability in the onset and duration of
the disease (2). A notable exception is A4V, the mutation that is
frequently observed in fALS pedigrees. This mutation is consis-
tently associated with a highly penetrant, early onset, rapidly
progressing form of the disease (3). It is widely accepted that the
pathology of ALS does not arise from a loss of SOD1 activity (4)
but, rather, from a dominant gain of function effect. Although a
variety of reasons for this toxicity have been proposed, the
structural instability of the SOD1 mt (5) and the presence of
SOD1-containing aggregates in neurons (6) as well as in animal
models (7) strongly suggest that the observed “aggresomes” are
composed of misfolded SOD1 proteins (8) and may play a
causal role in the disease.

In vitro studies have shown that the SOD1 mutation carried
in fALS patients results in an altered tertiary structure that
impairs SOD1 dimer formation (9). Some mutations involve a
conformational change that induces protein aggregation as a
result of the formation of intermolecular disulfide bonds
between the cysteine residues at positions 6 and 111 (10). SOD1
protein ubiquitination is catalyzed by the Dorfin (11) or E6-AP
(12) ubiquitin ligases and promotes degradation of specific
SOD1 aggregates. It is likely that SOD1 aggregation and ubiq-
uitination are connected because any change in the SOD1 qua-
ternary structure modifies the SOD1-SOD1 interface, thereby
affecting the kinetics of dimer formation. It should be noted
that in vitro study conditions, such as protein concentration
and environment, are very different from those that occur in
vivo. Therefore, in this study, we set out to assess the effects of
the SOD1 fALS pathological mutations on dimerization, oligo-
merization, and aggregation within the cellular context using
non-invasive methods. We applied several imaging approaches
to study SOD1 dimer formation, namely fluorescence lifetime
imaging microscopy (FLIM), fluorescence correlation spectros-
copy (FCS), and bimolecular fluorescence complementation
(BiFC) (13). We analyzed nine fALS mutations to study SOD1
dimerization. We further showed the formation of aggregates,
the colocalization of WT and mt SOD1 proteins, and their cel-
lular diffusion properties. Our results clearly define the effects
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of SOD1 mutations on SOD1 protein dimerization and aggre-
gation in the cellular context.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—Human superoxide dismutase 1 (sod1)
c¢DNA (Origene, Abingdon, UK, catalog no. SC111022) was
cloned into the mammalian expression vectors pEYFP-C1/N1
and pECFP-C1/N1 (Clontech, BD Biosciences). We used an
improved form of CFP that contained an aspartic acid substi-
tuted for a histidine residue at position 148, resulting in
increased fluorescence lifetime and quantum yield. This mod-
ification improved the fluorescence energy transfer when com-
bined with YFP. The sod1 mutations A4V, G37R, H46R, G85R,
D90A, G93A, GI93C, 1104F, and I113T were generated using
PCR-based site-directed mutagenesis (QuikChange® Multi
site-directed mutagenesis kit, Stratagene).

The mutant sodl derivatives studied in this work were
selected by the following criteria. A4V (short survival, 1.4 = 0.9
years) is located at the dimerization interface and is the most
frequent mutation in the United States (3). G37R (long survival)
is a gain-of-charge substitution in a 3 strand (14). H46R is
located in a 3 strand, causes loss of copper binding in the active
site of SOD1, and is the most frequent mutation in Japan (long
survival, 17.2 = 7.2 years) (15, 16). G85R (medium survival,
6.0 = 4.5 years) is a gain-of-charge mutation in a B strand (2).
D90A (sensory prodromal for months to years; only homozy-
gous; long survival, 14.2 = 7.0 years) is a loss-of-charge substi-
tution located at the protein surface (17). G93A (short survival,
2.3 = 1.5 years) and G93C (long survival) are modifications at a
surface-exposed B strand. G93A has been studied extensively
because it was the first SOD1 fALS mouse model (18). [104F is
a mutation to an aromatic amino acid in an « helix (long sur-
vival, 13 = 1 years) (1), and 1113T (which can progress rapidly,
3.6 * 2.6 years) is a mutation located at the dimerization inter-
face (3). For the BiFC assay, the YFP (1-238) sequences encod-
ing amino acid residues 1-172 (YN172) and 155-238 (YC155)
were fused in-frame upstream and downstream of the coding
sodl sequence, respectively, with a flexible linker sequence
(GGGGSGGQG). All constructs were confirmed by sequencing.

Cell Culture—HEK 293 cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum, 100 units/ml penicillin, and 0.1 mg/ml streptomycin.
Transient transfections with mammalian expression plasmids
encoding for the fusion proteins were performed using
FuGENE 6 transfection reagent (Roche Applied Science). The
cells were cultivated with 10 ug/ml ALLN (Calbiochem) for
aggregate quantification.

FLIM—We used FLIM to quantify SOD1 dimerization. The
FLIM data were obtained with a Leica TCS SP2 microscope
equipped with a FLIM SPC830 module from Becker and Hickl.
The fluorescence lifetime profile of HEK 293 cells expressing
the CFP proteins was quantified using time-correlated single
photon counting. The FRET efficiency was calculated from the
lifetime of CFP in the absence and presence of acceptor mole-
cules. The decay profile of CFP was fitted to a single exponential
curve according to the monoexponential property of the
H148D variant form of CFP (19). Samples coexpressing SOD1
WT and mutant forms tagged with CFP or YFP, respectively,
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were excited by a pulsed diode laser operated at a repetition rate
of 40 MHz at 405 nm. The emitted light was collected through
an emission filter set to selectively transmit between 470 and
500 nm. For the statistical analysis, at least 60 cell images were
collected for the SOD1 WT and mutant constructs. Impor-
tantly, we avoided cell aggregates during this analysis so that we
could exclusively quantify SOD1 dimerization. To monitor the
fluorescence intensity of the CFP and YFP, we used fixed set-
tings, including laser intensity, photo multiplicator level, and
pinhole size. For the statistical analysis, over 30 images were
collected for each donor-acceptor combination. The images
were analyzed as described previously (20). The correlation
between FRET measurements and the ratio of YFP/CFP inten-
sity is reported for each sample of cells analyzed. Because of the
experimental setting, the FLIM mean value (in nanoseconds)
does not accurately reflect the magnitude of the interaction.
The linear regression and variance of the slope was calculated.
Because some of the mutant analysis was rejected on the basis of
significance (R square <0.3), the values are used to estimate the
interaction by comparison with the wild type. Values near 0.00
reflect the absence of interaction and SOD1 dimerization.

Fluorescence Complementation (BiFC)—We established BiFC-
stable cell lines expressing constructs encoding WT and
mutant forms of SOD1 that were fused to complementary
fluorescent protein fragments. These were established by
two successive rounds of transfection. First, SOD1 WT and
mutant DNA sequences fused to the complementary fluores-
cent protein fragment were introduced together. As a control
for the expression level, we established a cell line constitutively
expressing the mCherry protein. Prior to imaging, the trans-
fected cells were incubated at 37 °C for 24 h and then switched
to 30 °C for 0—24 h to promote fluorophore maturation. For
detection of the BiFC constructs, we used confocal excitation of
488 and 532 nm wavelengths. Emission at 535 nm was detected
using a camera. A X20/0.7 NA water immersion lens was used
for these experiments.

Imaging Quantification—To quantify the fluorescence and
texture of our images, we used Image Mining, a custom-made
image processing and analysis application with an extendable
“plug-in” infrastructure (21). The cells were segmented using a
sequence of processing steps (22) described previously. Then,
on the basis of the cellular segmentation (total intensity), the
fluorescence intensity was measured and averaged.

FCS Instrumentation—FCS measurements were performed
at room temperature with an FCS extension attached to a Leica
TCS SP2 AOBS confocal laser-scanning microscope (Leica
Microsystems, Manheim, Germany). For YFP excitation, we
used the 514-nm line of the argon laser. The excitation beam
was focused onto the sample through an HCX PL Apo CS 63 X
1.2 water immersion objective. The fluorescence was collected
by the same objective, separated from the excitation light by a
dichroic mirror, and sent onto the avalanche photodiode. The
pinhole size was set as 1 airy unit, depending on the objective
type for all measurements. The YFP emission was collected
selectively through a 535- to 585-nm bandpass filter. Images of
single cells expressing each cDNA were taken prior to the actual
FCS measurement. The laser beam was then focused at a
selected spot within the cytoplasm, and FCS measurements
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were taken for 100 s. The autocorrelation curves were acquired,
processed, and evaluated using the Leica/ISS FCS software.

FCS Data Analysis—The autocorrelation function, G(7), for
the FCS experiment was calculated from the photon counts
using Equation 1,

< SF(t) - 8F(t + 7) >
o= < F(t) >2

(Eq. 1)

where, F(f) represents the detected photon counts at time ¢,
which is the lag time. The angle brackets represent the time
average. The normal three-dimensional diffusion could be fit-
ted using Equation 2,

1 T\ , T
G(T):1+N(1+1TD> '<1+S ?D> (Eq.2)
where N is the average number of fluorescent particles in the
observation volume defined by the radius, r,, and length, 2z,,
and S is the structure parameter representing the ratio (r,/z,).
The diffusion time of YFP expressed in the HEK 293 cell as a
standard sample and the characteristic diffusion time were
determined to be ~500 us, which is ~10 times slower than in
solution.

RESULTS

Analysis of SOD1 Complexes Using YFP/CFP FRET and FLIM—
To analyze SOD1 dimerization properties in live cells, we devel-
oped a FRET strategy by fusing SOD1 proteins to the N or C
termini of CFP and YFP, coexpressed them, and used FLIM to
quantify interactions between SOD1 protein monomers. Our
approach allowed us to discriminate between the CFP fluores-
cence and the FRET signal (Fig. 14). The SOD1 dimer proteins,
including the WT and/or G93A mutant form, are depicted in
Fig. 1B.

To confirm that the WT SOD1-expressing cells used for the
FRET analysis did not contain SOD1 aggregates in their cytosol,
we analyzed cells expressing only the C-terminal SOD1-CFP
fusion as a negative control (Fig. 1B, Control). The results (Fig.
1B, bottom panel), presented as lifetime (nanoseconds), show
that the strongest FRET signal was obtained in cells expressing
the N-terminal/C-terminal SOD1 fusion protein (Fig. 1B, (3)).
We observed a FRET signal with the WT SOD1 protein but not
with the G93A mutant and the negative control. Fig. 1C shows
that the WT protein (left panel) has a shorter lifetime distribu-
tion in the cell than the G93A mt protein (right panel). We also
observed that the lifetime signature of the SOD1 protein-pro-
tein interaction was distributed homogenously in all cells with-
out visible aggregation, suggesting that the SOD1 WT protein
had formed dimers.

We subsequently performed single-cell lifetime fluorescence
quantification versus YEP/CEP fluorescence intensity for SOD1
WT and G93A mutant forms (Fig. 24). The SOD1 WT protein
showed a clear decrease in its fluorescence lifetime according to
the relative concentration of the SOD1-YFP acceptor, indicat-
ing SOD1 interaction. In contrast, we detected no change in the
lifetime of the SOD1 93A mutant compared with the SOD1-
YFP acceptor. This absence of FRET indicated that the SOD1
93A mutant failed to dimerize. We then analyzed nine SOD1
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mutant proteins clinically associated with fALS by lifetime fluo-
rescence quantification intensity (Fig. 2B). The mutations were
chosen for their variable clinical and biochemical effects and for
their positions in the SOD1 high-resolution, three-dimensional
crystal structure. The A4V mutant amino acid residue, which is
located at the dimerization interface and is known to reduce
SOD1 dimerization by steric effects, showed a FRET pattern
similar to that observed for the G93A mutant. A second muta-
tion at the dimerization interface, I113T, does not have a strong
steric effect and showed a moderate distribution and lower
FRET than the WT SODI1 protein. Finally, the H46R mutant,
which mediates copper binding at the active site in the core
protein, showed an intermediate distribution between the WT
and the G93A mutant control. Other mutations we analyzed
showed a pattern similar to that of the control G93A mutant,
indicating a SOD1 interaction defect.

SOD1 Dimerization Defect in Homodimer and Heterodimer
Complexes—To study SOD1 dimerization in live cells, we per-
formed BiFC, a useful tool for analyzing molecular interactions
at the cellular level. It entails fusing two fragments of a fluores-
cent protein, each of which cannot fluoresce independently, to
proteins to be tested for interactions. When the proteins of
interest interact, a functional fluorochrome is reassembled that
is detected by restoration of a fluorescent signal. To test for
SOD1 dimerization, we fused SOD1 polypeptides with the yel-
low fluorescence protein fragments YN172 (A) and YC155 (B).
The YN172 and YC155 fragments were fused to the WT and
G93A mutant SOD1 proteins at the C terminus (SOD1-A or
SOD1-B) and N terminus (A-SOD1 or B-SOD1). Because the
SODL1 protein forms homodimers, we tested several variations of
homodimers, including SOD1-A/SOD1-A, SOD1-B/SODI1-B,
and SOD1-A/SOD1-B. However, only the A/B combination
homodimer restored YFP fluorescence (Fig. 34).

We then expressed the four possible combinations (Fig. 3B,
top panel) and measured the restored fluorescence comple-
mentation that occurred upon SOD1 dimerization (Fig. 3B, bot-
tom panel). No fluorescence was detected for combinations 2
and 4 in Fig. 3B or for the negative control expressing only
YN172 and YC155 (Fig. 3B, Control). However, we found that
combinations 1 and 3 in Fig. 3B yielded high fluorescence sig-
nals. For both combinations, there was a reduction in the fluo-
rescence intensity for the G93A mutant compared with the WT
protein. As depicted in Fig. 3C, the confocal images of the WT
and G93A mt combination (1) indicated a homogeneous distri-
bution of the proteins and no alterations in cellular morphol-
ogy. We did not observe SOD1 aggregates in cells expressing a
combination (1). However, some aggregations were detected in
cells expressing a combination (3) (data not shown). Hence, we
chose to use a combination (1) to study SOD1 protein
dimerization.

Because fALS disease is caused by heterozygotic mutations at
the sod1 locus, we next used BiFC to analyze a combination of
WT and mutant SOD1 proteins. As shown in Fig. 44, we exam-
ined three different SOD1 BiFC conditions, including WT and
mutant homodimers and WT/mutant heterodimers. The BiFC
approach allows us to measure WT/mutant heterodimer for-
mation independently of homodimers, although all forms are
present in cells of fALS patients. The dimers formed between
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FIGURE 1. FRET and fluorescence lifetime analysis of SOD1 proteins in living cells. A, SOD1 protein dimerization and FRET analysis. Shown is a schematic
of SOD1 dimerization and fluorescence of YFP and CFP fusion proteins. B, analysis of three combinations (7, 2, and 3) of YFP- and CFP-tagged WT and G93A
mutant SOD1 fluorescent pairs (n = 5). C, FLIM visualization of the degree of donor fluorophore lifetime shortening on a pseudocolor scale. The color-coded
FLIM images show the WT and G93A mutant. The average fluorescence lifetimes of the WT and G93A mutant SOD1 homodimers are 2.59 ns and 2.90 ns,
respectively. The fluorescence lifetime distribution of the CFP- and YFP-tagged SOD1 proteins is shown.

WT and G93A mutant SOD1 monomers showed an interme-
diate fluorescence signal. The measured values indicate
homodimers comprised of WT and mt SOD1 proteins (Fig. 4B).
We then quantified the YFP fluorescence signal for all of the
mutant SOD1 homodimers (mutant SOD1-A/mutant SOD1-B)
and mutant/WT SOD1 heterodimers (WT SODI1-A/mutant
SOD1-B). We found that all mutations tested in this study, with
the exception of D90A, resulted in the reduction of SOD1
dimerization. As observed previously for the G93A mutant,
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most of the SOD1 WT/mutant dimers showed intermediate
signals compared with the WT and mutant dimers. Interest-
ingly, among the studied mutations located at the dimerization
interface, the WT SOD1 subunit was able to form dimers with
the 1113T, but not with the A4V, mutant.

Association of SODI1 fALS Mutations with Protein Aggregation—
The fALS-associated mutation of SOD1 has been shown to pro-
mote protein aggregates that are then degraded by the ubiquiti-
nation and proteasome pathways. To analyze the formation of
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FIGURE 2. FRET analysis of WT and SOD1 mutant proteins. A, comparison of WT and G93A mutant by FRET analysis (number of cells analyzed, n = 60;
arbitrary unit, a.u.). B, structure of the human SOD1 dimer showing the positions of the fALS mutations. C, analysis of the nine selected fALS-associated mutants

(number of cells analyzed, n = 60).

SOD1 cellular aggregates, we generated stable cell lines
expressing the G93A mutant and WT SOD1 proteins fused to
CFP and YFP, respectively, and selected for further study a cell
line that equally expressed the mutant and WT SODI fluores-
cently tagged constructs. The SOD1 G93A mutant protein,
detected in the CFP channel, was distributed as a single fluores-
cence spot in each cell (Fig. 54, left panel). In contrast, the WT
SOD1 protein, detected in the YFP channel, was distributed
homogeneously (Fig. 5A, right panel). Fluorescence quantifica-
tion of a single cell containing the SOD1 G93A mutant further
confirmed that the SOD1 mutant protein is the predominant
form present in the aggregates (Fig. 5B).

To confirm that the WT protein did not generate aggregates,
we prevented the SOD1 degradation by using a proteasome
inhibitor (ALLN). The WT and G93A mutant spots were quan-
tified under increasing ALLN concentrations (Fig. 5C), as
reported in previous SOD1 aggregation studies (11, 12). As
expected, the number of fluorescent spots for the G93A mt
increased as the ALLN concentration increased. However,
detection of the spot was negligible for the WT SODI. At the
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highest concentration of ALLN, the WT spot detection did not
reach the baseline spot formation of the G93A mt.

To study the process of aggregation, we performed time-
lapse microscopy on a cell line stably expressing the G93A
mutant. The cell line was maintained at 37 °C in a humidified
atmosphere with 5% CO,, and epi-fluorescence microscopy
images were acquired every 5 min for a period of 18 h. As seen
in Fig. 6A, the aggregates appeared simultaneously at multiple
sites of the cells and grew over a period of minutes before fusing
together, thereby generating larger aggregates, and converging
into a single spot. The aggregates did not form at specific sites
within the cell.

We next analyzed the aggregation of the nine mutant fALS-
related SOD1 proteins. Cells were transiently transfected in
the presence and absence of ALLN, visualized after 48 h, and
then protein aggregation was quantified (Fig. 6B). Under
these experimental conditions, we observed aggregates in cells
expressing all the tested mutant proteins except for 11137,
D90A, and H46R. In the presence of the ALLN proteasome
inhibitor, we detected an increase in the number of cells with
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FIGURE 3. BiFC analysis of SOD1 dimerization in living cells. A, schematic
of the BiFC protein fragments (YN172 and YC155) and fusion proteins. B, anal-
ysis of four combinations (7, 2, 3, and 4) of SOD1 WT and G93A mutant pro-
teins (n = 3). C ter, C terminus; N ter, N terminus. C, BiFC confocal image of
control, WT, and G93A mutant cells observed using combination 1.

cellular aggregates for all SOD1 mutant proteins except for
H46R.

Cellular Diffusion of Fluorescent SOD1 G93A Mutant Com-
pared with Wild-type Protein—Although we showed that the
fALS-related SOD1 mt proteins displayed a loss in their ability
to homodimerize and an increase in aggregation, we also
wanted to examine the intermediate multimeric state of SOD1.
To study the assembly of mutant forms of SOD1, we employed
a microscopic technique called FCS that is capable of mea-
suring the mobility of a single molecule by tracking its fluores-
cent signature in one targeted locus of living cells. We used FCS
to measure, in living cells, the correlation time () of fluores-
cently tagged proteins, which is related to the diffusion coeffi-
cient and the molecular weight of the protein complex. We
analyzed two cell lines expressing either the WT and or G93A
mutant protein fused to YFP. For the G93A mutant, we com-
pared cells with or without aggregates (Fig. 7). We observed
that the WT protein, but not G93A mutant, could be distin-
guished from the native YFP (Fig. 7, Control). However, the
diffusion time for the G93A mutant in cell with no visible aggre-
gates was reduced compared with that of the WT protein,
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FIGURE 4. BiFC analysis of SOD1 mutant and WT-mutant heterodimers. A,
schematic of the BiIFC WT and mutant combinations. B, BiFC analysis of the WT
and G93A mutant homodimers and the WT/G93A mutant heterodimer (n =
3). C, histogram representation of the results obtained for the WT, mutant,
and WT/mutant dimers (n = 3).
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FIGURE 5. Fluorescence analysis of cells stably coexpressing fluorescent
WT and G93A mutant SOD1 proteins. A, image of the cell line stably
expressing WT (SOD1-Y WT) and G93A mutant (SOD1-C G93A) fused to YFP
and CFP, respectively. The arrows indicate the positions of aggregates. B,
analysis of YFP and CFP fluorescence in a cell with SOD1 aggregates. C, effect
of ALLN proteasome inhibitor concentration on the number of fluorescent
spots detected in WT or G93A mutant SOD1-expressing cells (n = 5).

which is due to the size difference between the SOD1 WT and
mutant proteins that are in dimeric and monomeric states,
respectively. The cells expressing the G93A mutant contained
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living cells. Top panels, typical analyzed cells. The arrows indicate the posi-
tion of fluorescence diffusion detection. Bottom panels, plots of the quantifi-
cation of the diffusion times for several cells.

aggregates with high diffusion time values and variance
between cells that likely represent SOD1 at various degrees of
oligomerization.
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DISCUSSION

Among the SOD1 mutations analyzed, we studied mutations
that directly affect the dimerization interface (A4V and 1113T)
and mutations spread across the 8 sheet secondary structures
(G37R, H46R, G85R, DI0A, GI93A, GI3C, and 1104F). Using
FRET and BiFC, we found that SOD1 dimerization in living
cells was consistently reduced for most of these mutant pro-
teins. It should be noted that these techniques required modi-
fication of the SOD1 protein by tagging it with fluorescent pro-
teins or fragments for the FRET and BiFC techniques,
respectively.

The combination of our results with structural data suggests
that defective dimerization of the SOD1 mutants is due to
altered tertiary structures. FRET analysis of the mutant pro-
teins showed that, for H46R and I113T, homodimerization was
disrupted but remained more discrete. The His-46 amino acid
is involved in the copper-zinc binding site. Interestingly, the
H46R mutation showed a moderate effect on dimerization by
FRET. One could conclude that the H46R phenotype is due to
the loss of the copper-zinc binding site and a moderate defect in
dimer formation. These quantitative results obtained for typi-
cal mutations corroborate the clinical data currently available.
In fact, the A4V mutant, which drastically affected SOD1
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are experimental results from Refs. 5, 9. ND, not determined. B, molecular model of the cellular distributions of WT and fALS mutant SOD1.

dimerization, has been shown to have a dramatic effect on
patients and is associated with rapid disease progression. As
expected, on the basis of the data showing moderate effects on
dimerization, the H46R and I1113T mutations are associated with
longer disease onset than that associated with the A4V mutation.
In addition, the other mutations associated with intermediate dis-
ease onset analyzed in this study show dimerization defects that
correlate with the clinical observations.

Among the nine mutations tested, we found one mutant
form that displayed a discrepancy between the FRET and BiFC
techniques. The mutation D90A significantly decreased the
SOD1 dimer formation measured by FRET but not by BiFC.
One possible explanation for this discrepancy is that the fusion
protein used in the BiFC analysis modified the complex associ-
ation/dissociation dynamics of dimerization, leading to an irre-
versibly dimerized state. Hence, the D90A mutation may affect
only dissociation of the monomers, which cannot be examined
by the BiFC approach.

SASBMB
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Because fALS is a genetic disease that is usually caused by
heterozygous mutations, we performed a quantitative analysis
of SOD1 WT/mutant heterodimers. The BiFC technique was
selected to quantify SOD1 WT/mutant formation because the
FRET technique cannot quantitatively distinguish SOD1
WT/mutant from SOD1 mutant/mutant dimers. As reported
previously and as shown using high resolution x-ray crystallog-
raphy of SOD1, the mutations A4V and I113T affect the
dimerization interface (23, 24). The strong dimerization
impairment observed by BiFC for the A4V mutant compared
with 1113T further validates our experimental conditions.
Interestingly, the A4V mutation prevented the formation of any
SOD1 dimers, whereas the 1113T mutation prevented forma-
tion of mutant homodimers but allowed formation of WT/mu-
tant heterodimers.

In addition to studying the properties of SOD1 protein
dimerization, we also quantified the aggregation of SOD1 WT
and mutant YFP fusion proteins in living cells. Under our
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experimental conditions, cellular aggregates were observed for
almost all of the studied mutations. Key information available
to date (clinical, biochemical, FRET, BiFC, and aggregation
data) relating to WT and mutant SOD1 proteins are summa-
rized in Fig. 8A. Interestingly, we found that the H46R and
1113T mutations, which showed a mild effect on dimer forma-
tion by FRET analysis, did not produce aggregates when
expressed in cells. The D90A mutation, which is associated
with mild and late disease onset, did not produce aggregation in
our experiments. The A4V mutation had the most drastic
dimerization defect and also showed the strongest SOD1 aggre-
gation activity.

By studying SOD1 aggregation using time-lapse microscopy,
we found that SOD1 aggregation formation occurs in a rela-
tively short period of time (on the order of a few minutes) and
that multiple aggregates form in parallel from various subcyto-
solic locations. In cells containing aggregates, the diffusion
properties of the G93A mutant protein indicated that SOD1
proteins freely diffusing in the cytosol were multimers contain-
ing more than two SOD1 monomers. Interestingly, cells
expressing the G93A mutant that do not show aggregates con-
tained SOD1 as monomers or dimers. These results suggest
that the monomer is the major form of SOD1 associated with
fALS prior to the formation of aggregates. The triggering event
leading from oligomerization to aggregation remains to be elu-
cidated and will require a greater understanding of the cellular
homeostasis of mutant and WT forms of SOD1. Interestingly,
the proteasome inhibitor ALLN had a strong impact on SOD1
aggregation, suggesting that SOD1 aggregates are subject to
proteasomal degradation.

On the basis of our results, we propose the model shown in
Fig. 8B. In this model, the SOD1 WT proteins exist primarily as
dimers, whereas SOD1 mutant proteins are mostly monomeric.
However, we found that the dimer/monomer ratio is variable
and dependent upon the mutation site. Oligomer formation
involves covalent disulfide bonds (C6-C111) between SOD1
monomers (25) that are much more stable (and appear to be
irreversible in a cellular context) than the dimerization interac-
tion. We observed that only the SOD1 mutants we studied led
to the formation of aggregates, and this process seems to be
initiated by SOD1 monomers. The aggregates were composed
only of mutant SOD1, and the cellular ubiquitination and pro-
teasome protein degradation machinery was insufficient to pre-
vent the formation of aggregates in our cellular models.
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