
Structural and kinetic analysis of protein-aggregate
strains in vivo using binary epitope mapping
Johan Bergha, Per Zetterströma, Peter M. Andersenb, Thomas Brännströma, Karin S. Graffmoa, P. Andreas Jonssona,
Lisa Langc, Jens Danielssonc, Mikael Olivebergc, and Stefan L. Marklunda,1

Departments of aMedical Biosciences and bPharmacology and Clinical Neuroscience, Umeå University, SE-90186 Umeå, Sweden; and cDepartment of
Biochemistry and Biophysics, Arrhenius Laboratory for Natural Sciences, Stockholm University, SE-10691 Stockholm, Sweden

Edited by Christopher M. Dobson, University of Cambridge, Cambridge, United Kingdom, and approved February 27, 2015 (received for review October
7, 2014)

Despite considerable progress in uncovering the molecular details
of protein aggregation in vitro, the cause and mechanism of
protein-aggregation disease remain poorly understood. One rea-
son is that the amount of pathological aggregates in neural
tissue is exceedingly low, precluding examination by conventional
approaches. We present here a method for determination of the
structure and quantity of aggregates in small tissue samples,
circumventing the above problem. The method is based on binary
epitope mapping using anti-peptide antibodies. We assessed the
usefulness and versatility of the method in mice modeling the
neurodegenerative disease amyotrophic lateral sclerosis, which
accumulate intracellular aggregates of superoxide dismutase-1.
Two strains of aggregates were identified with different structural
architectures, molecular properties, and growth kinetics. Both were
different from superoxide dismutase-1 aggregates generated in vitro
under a variety of conditions. The strains, which seem kinetically
under fragmentation control, are associated with different disease
progressions, complying with and adding detail to the growing
evidence that seeding, infectivity, and strain dependence are uni-
fying principles of neurodegenerative disease.
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The mechanistic intricacies of protein aggregation in vitro and
in neurodegenerative disease are now being puzzled together

using new generations of structural approaches and careful
quantitative treatment of kinetic data (1–5). Adding to this de-
velopment, we use here an antibody-based method that allows
direct structural and quantitative analysis of the minute amounts
of aggregates present in neural tissue. The strength and versa-
tility of the method is exemplified for a transgenic-mouse model
of the neurodegenerative disease amyotrophic lateral sclerosis
(ALS), which is associated with intracellular aggregation of the
radical scavenger superoxide dismutase-1 (SOD1) (Fig. 1). ALS
is characterized by adult-onset degeneration of motor neurons,
which begins focally and then spreads contiguously through the
neural tissue (6). A conspicuous cause of ALS is a large number of
structurally diverse mutations in SOD1 (7) (alsod.iop.kcl.ac.uk/),
whose common denominator seems to be decreased structural
stability and reduced repulsive charge (8). However, pathological
aggregation of SOD1 need not always be triggered by mutation;
it occurs also in ALS patients lacking SOD1 mutations (9–11).
Consistently, it is also found that mice that are bred to express
wild-type human SOD1 (hSOD1wt) at a high rate develop a fatal
ALS-like disease, with accumulation of large amounts of hSOD1
aggregates in remaining motor neurons (12). This suggests that
mutant and wild-type hSOD1 might confer disease by the same
mechanism: Human SOD1 seems to be an oversaturated protein
with an intrinsic propensity to aggregate (13), and this tendency
can be critically augmented by mutation. Consistently, mutant
and wild-type hSOD1 show indistinguishable fibrillation behav-
ior in vitro with kinetics determined by structural stability and
net charge (14, 15). The in vitro fibrillation occurs moreover by

the recruitment of globally unfolded hSOD1 monomers, following
exponential time courses controlled by fibril fragmentation (15).
An outstanding feature of hSOD1 aggregation, however, is

a pronounced malleability, leading to different aggregate struc-
tures upon point mutation and altered experimental conditions
(14, 16). Like proteins in general, hSOD1 contains several
“sticky” sequence regions, allowing a large number of competing
aggregation pathways (17, 18). The pressing question is, then,
what role these generic features of the protein-aggregation
process play in disease at the organism level. To find out, we use
here the antibody assay for systematic analysis of hSOD1 ag-
gregation and neurodegeneration in ALS model mice. The
results reveal two strains of coexisting and structurally distinct
hSOD1 aggregates, whose relative abundance correlates with
disease progression. Moreover, we find that the strain associated
with the most rapid disease progression is also the most fragile,
and that the aggregation kinetics on the whole comply with
fragmentation-controlled growth as observed in vitro. Despite
this basic resemblance to in vitro fibrillation behavior, the hSOD1
aggregates emerging in mice and in vitro are structurally dissimilar,
revealing a key role of the CNS in shaping—or selecting for—the
pathological aggregate structures at play in disease at the or-
ganism level.

Results
Fingerprinting of Aggregate Structures by Their Exposed Disordered
Sequence Epitopes. Atomic-level characterization of protein
aggregates normally requires much more material than found in
the matchstick-sized spinal cord of a mouse. To overcome this
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problem, we opted here for an alternative, sequenced-based strategy
with the binary readout “disordered” or “structured.” The principle
is simple and uses antibodies raised to short peptides covering the
whole sequence of the monomeric aggregate precursor. In this study,
we generated eight polyclonal rabbit antibodies covering 90% of the
SOD1 sequence (Fig. 1D). Because the configurational space of
each peptide is very large (i.e., >> n3), where n is the number
of amino acids, their “randomly” induced antibody-binding
epitopes are unlikely to match any part of the uniquely de-
fined native hSOD1 structure (19). As proof of principle, none
of the antibodies generated captured native hSOD1 in solution,
irrespective of concealment or exposure of the target segment in the
folded structure (Fig. 2F and Fig. S1). Native hSOD1 is very rigid
and cannot adapt to the antigen-binding sites of the peptide anti-
bodies (20). In sharp contrast, all of the antibodies recognized the
flexible globally unfolded hSOD1 (Fig. 2E).
Now, upon exposure of the antibodies to hSOD1 aggregates

from spinal cord of a terminally ill mouse expressing G93A
mutant hSOD1 (hSOD1G93A), captured on a filter in a dot-blot
apparatus, a distinct pattern emerges: the binary fingerprint of
the pathological aggregate structure (Fig. 2G). “Recognition”
shows the hSOD1G93A sequence regions not involved in ordered
aggregate structure (i.e., flexible segments that are free to adapt
to the antigen-binding sites), whereas “no signal” shows the se-
quence regions that are either directly engaged in ordered ag-
gregate structure or otherwise hidden (Fig. 2 A–D).
To ensure that soluble disordered hSOD1 species present in vivo

react with the antibodies, a 25,000 × g supernatant of a hSOD1G93A

spinal-cord homogenate, predicted to contain high levels of glob-
ally unfolded monomers, was incubated with antibodies immobi-
lized on Sepharose beads (21, 22). In contrast to our findings with
hSOD1G93A aggregates, all of the antibodies reacted with this
material (Fig. S2A). They also all reacted with hSOD1 when such
a supernatant was dot-blotted onto a cellulose nitrate membrane
(Fig. S2B). On this basis, we conclude that the simplistic epitope
assay is a versatile tool for “course-grained” structural analysis of
low-level proteinaceous aggregates present in vivo.
The sensitivity of the assay is very high. The benchmarking

57–72 antibody gives 10-fold higher sensitivity when hSOD1 is
analyzed in filter-captured aggregates compared with hSOD1
restricted on a Western blot membrane (Fig. 2H).

Malleability of the hSOD1 Aggregation Process. Systematic analysis
of hSOD1 aggregate structures was done in four well-character-
ized ALS mouse lines expressing hSOD1 variants with widely
different molecular properties: hSOD1G93A (23), hSOD1G85R (24),
hSOD1D90A (25), and hSOD1wt (12). The transgenes are, more-
over, expressed at different rates, so the levels of disordered
hSOD1 species in spinal cords vary considerably. They are highest
in the short-lived hSOD1G93A model and lowest in the hSOD1D90A

and hSOD1wt mice (21, 22, 26).
To facilitate data comparison, a spinal-cord homogenate from

a terminal hSOD1G93A mouse was frozen in multiple aliquots and
designated as standard. It was present in a dilution series on all
filters and stained with the 57–72 antibody. In what follows, the
staining intensities of all eight antibodies of the individual mouse
samples have been normalized against this hSOD1G93A standard.
The results show that the aggregates of terminally ill hSOD1G93A,
hSOD1G85R, and hSOD1wt mice are all very similar, despite pro-
nounced differences in expression levels and structural properties
of the causative protein variants (Fig. 3A and Table S1). We de-
note this aggregate structure strain A. In contrast, aggregates in
hSOD1D90A mice are usually distinctly different and denoted
strain B. The sequence regions comprising β-strands 5–7, which
are well hidden from the antibodies in the strain-A structure, are
now exposed. By strain, we refer here to any distinct topological
arrangement of the fibrillar structure that remains robust to
point mutation.

To test for the possibility that the patterns resulted from binding
competition with other proteins, spinal cord homogenates con-
taining strains A and B were before filter capture harshly treated
with sonication in the presence of guanidinium chloride (GdmCl)
or urea to dislodge any protein adhering to their surface. No
effects were seen on the antibody-binding characteristics of the
aggregate strains (Fig. S3A).
In most assays of terminal mice, brain was analyzed in parallel

with spinal cord (Fig. 2G). Aggregates were found in all cases,
and the strain patterns resembled those in spinal cord. Even so,
the amounts were smaller in brain: on average 4, 4, and 40% of
those found in hSOD1G93A, hSOD1G85R, and hSOD1wt spinal
cords, respectively. For hSOD1D90A mice, see Fig. 5C and Fig. S4
A and B. No aggregates were found in liver, kidney, heart, and
skeletal muscle. No (co)aggregation of murine SOD1 was detected
in spinal cords (Fig. S5A).
The strain A and B patterns arising in vivo seem to contrast

with the somewhat variable aggregate structures formed by the
hSOD1 variants in vitro (14, 16). One explanation would be that
the CNS modulates the hSOD1 aggregation process by fun-
neling toward uniform aggregate structures distinct from those
that spontaneously form under simplified conditions in vitro.
As an independent control of such malleability, we produced
hSOD1 fibrils under a variety of conditions in vitro and mapped
out their structures with the epitope assay (Fig. 3B). To mimic
the conditions of the CNS homogenate analyses, the prepara-
tions were added to brain homogenates from SOD1 knockout
mice. The addition to the brain homogenate, however, had only
a negligible effect on the staining characteristics (Fig. S3B). The
results show that the in vitro fibrils, despite some variability, are
generally more similar to each other than to the aggregates
formed in vivo (Fig. 3A). Even so, a shared feature of the in vivo
aggregates and in vitro fibrils is the structural engagement of the
N-terminal β-strands 1–3 (Fig. 1D), which is fully consistent with
earlier peptide work and computational predictions of high ag-
gregation propensities for these sequence regions (17, 18).
Finally, we confirmed the type A and B epitopes by model-free

principal component analysis (PCA) (SI Materials and Methods).
Antibody-binding data from all mice and also the in vitro-generated
fibrils were used to identify the principal vectors corresponding to
the most abundant aggregate epitopes. This analysis identified that
more than 96% of the data can be fully explained by two strains of
in vivo aggregates (A and B), which in turn differed from the in vitro
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Fig. 1. Human SOD1 and its involvement in the motor-neuron disease
ALS. (A) Structure of the native hSOD1 homodimer showing the positions
of β-strands 1–8 and loops IV and VII of the active site (PDB ID code 1HL5).
(B) The pathology of transgenic mice expressing hSOD1 variants is mainly
confined to the spinal cord, giving disease characteristics similar to those of
human ALS. (C) Immunohistochemistry of spinal ventral horn in hSOD1G85R

mouse using the 57–72 antibody showing typical accumulation of hSOD1
deposits in a motor neuron. (D) The amino acid sequence of the wild-type
hSOD1 subunit, showing the positions of native secondary structure and the
peptides used for generation of the antibodies used in this study.
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fibrils. The structural variability within each in vivo subpopulation is
small; in contrast, the aggregates generated in vitro show a higher
degree of structural variation. Despite this variability, the observed
orthogonality of the PCA vectors shows that the in vitro aggregates
are not mixed populations of strain A and B structure, but represent
structurally distinct species (Fig. 3C, SI Materials and Methods, and
Table S2).

Coupling Between Aggregate Structure and Disease Progression in D90A
Mice. Closer examination of hSOD1 aggregation in hSOD1D90A

mice revealed the most remarkable manifestation of aggregation
malleability. The model shows a broad distribution of lifespans
(Fig. 4B and SI Materials and Methods) (25). We analyzed mice
that became terminally ill throughout that interval, ranging from
328 to 543 d. The epitope-mapping patterns of most mice
seemed to be of strain-B type (Fig. 4A and Fig. S4 A and B). The
most persistent 543-d-old mouse, however, showed typical strain-A
structure (Fig. 4A), following the pattern of the other mouse
models (Fig. 3A). The expression of hSOD1D90A in this seem-
ingly deviant mouse was found not to differ from that in younger
mice developing strain-B aggregates (Fig. S5B).
The identification of this mouse prompted a more systematic

analysis of the epitope-mapping patterns in hSOD1D90A mice. As
tentative measures of strain-A and -B levels, we used the staining
intensities of the 57–72 and 111–127 antibodies (cf. Figs. 3C and
4A), respectively, and plotted these against the lifespans of the
individual terminal mice. The plot indicates a strict correlation
between aggregate structure and survival time (Fig. 4 B and C
and Fig. S4 A and B): Mice with intermediate lifespans (400–500 d)
show mixed aggregate structures, which progressively adjust to-
ward cleaner strain-A and -B structures at either end of the
lifespan distribution. It is thus apparent that the two strains co-
exist in hSOD1D90A mice—and the shorter the lifespan, the more
the strain B aggregates predominate. Notably, in mice still not
symptomatic within the age span of terminal disease, the strain A
aggregate levels follow the trajectory of strain-A aggregation in
terminally ill mice, whereas the levels of strain B are very low.

This takes us to the question of onset versus progression. To
explore this, we plotted the disease duration (i.e., the time between
onset of symptoms and death) against lifespan for hSOD1D90A

mice. Again, a distinct trend emerges, indicating an acceleration of
end-stage disease progression for the early-onset mice. No such
trend was seen in the other transgenic model examined (Fig. S6).
On this basis, we conclude that the anomalous strain-B aggregates
are not only linked to earlier onset but also to faster progression
from first symptoms.

Aggregate Fragility Suggests a Link to Simplistic in Vitro Fibrillation
Behavior. In several other protein-disease models, there is evi-
dence for a positive correlation between aggregate “fragility” (i.e.,
how easily they break apart under mechanical stress and neuro-
invasiveness/toxicity) (27–30). A corresponding relationship be-
tween aggregate fragility and growth has also been predicted
theoretically (4):

vmax =
ð2½protein�k+ k−Þ1=2

e
: [1]

Here, vmax is the maximum growth rate, [protein] is the concen-
tration of monomers, e is Euler´s number, and k+ and k− are the
rate constants for aggregate elongation and fragmentation, re-
spectively. In this limit of fragmentation control, the aggregation
kinetics shows exponential growth with a concentration depen-
dence of δlog vmax=δ log½protein�= 0:5 (4). Fibrillation of hSOD1
in vitro is found to obey precisely this simplistic behavior (15), as
do several other precursors of protein-aggregation disease (4). In
further agreement with Eq. 1, we have observed that the lifespan
of ALS mice is correlated with the hSOD1 expression levels (26).
Now, we take this analysis one step further by examining the

coupling to aggregate fragility. Following standard protocols
from the prion field (27), we added spinal-cord homogenates
from terminally ill hSOD1D90A mice to PBS containing various
concentrations of the ionic chaotrope GdmCl and induced me-
chanical shear by sonication. After dilution, the fragmentation of
the strain-A and -B aggregates was quantified by filter capture,

Fig. 2. Discrimination between “disordered” and “structured” sequence segments by the binary epitope-mapping assay. (A) Antibodies (x and y) were raised
against short, consecutive segments of the hSOD1 sequence (Fig. 1). (B) In the globally unfolded state of hSOD1, the individual sequence epitopes are flexible
and can adapt to the antigen-binding sites of the anti-peptide antibodies. (C) In the rigid folded hSOD1, the sequence epitopes adopt a fixed structure
incompatible with antibody binding. (D) In partially ordered hSOD1 aggregates, antibody x cannot bind to its sequence epitope because this is ordered/
hidden in the aggregate core, whereas antibody y can, because the epitope protrudes freely from the aggregate surface. (E) Western blot of hSOD1 captured
by immobilized anti-peptide antibodies incubated with unfolded/denatured hSOD1 in solution. All of the antibodies bind, showing full exposure of flexible
sequence segments in Fig. 1D. (F) Corresponding data for natively folded hSOD1, giving no binding because the sequence epitopes are now structured/
hidden. Two sequential incubations were carried out, the first to capture any traces of disordered hSOD1 present in the preparation. E and F reproduced from
ref. 9. (G) Aggregates in spinal cord and brain from a terminally ill hSOD1G93A mouse captured on a filter in a dot-blot apparatus and stained with the anti-
peptide antibodies, showing the binary fingerprint of disordered and structured/hidden sequence regions of the constituent hSOD1 monomers. (H) The
benchmarking 57–72 antibody detects hSOD1 in filter-captured aggregates with 10-fold higher sensitivity than hSOD1 restricted on a Western immunoblot
membrane (SI Materials and Methods). The figures indicate the degree of dilution of the spinal-cord tissue.
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essentially measuring the progressive reduction in aggregate size.
The result shows, strikingly, that the more “aggressive” strain B
breaks apart more rapidly than strain A (Fig. 4D). Assuming
that the midpoints for these fragmentation transitions are pro-
portional to k−, Eq. 1 predicts a ratio of vstrain Amax =vstrain  Bmax = 1:44,
which is in noticeable accord with the ratio of the hSOD1D90A

lifespans at either extreme of their broad distribution, that is,
543strain A=328strain  B = 1:66 (Fig. 4B and SI Materials and Meth-
ods). This overall consistency between in vivo data and in vitro
behavior indicates that aggregation of hSOD1 in ALS mice,
despite the complexity of the live tissue, is at some level tractable
by basic analytical tools.

In Vivo Aggregation Kinetics. The high sensitivity of the assay
allows wide dynamic range recording of in vivo aggregation ki-
netics for direct comparison with in vitro data and theory. Using
the 57–72 antibody, aggregates could be detected in hSOD1G93A

spinal cords from 14 d of age. This is far earlier than histo-
pathological evidence of injury, which appears at around 40 d (31).
These early aggregates then underwent an essentially exponential
buildup with a doubling time of around 14 d (Fig. 5A). Notably,
there is no indication of any lag period in the early phase or surge
in aggregation in the terminal phase. This simplistic in vivo ki-
netics closely resembles the exponential, fragmentation-assisted,
fibrillar growth observed for apo-hSOD1 monomers in vitro (Fig.
5B), where the apparent lag time directly correlates with the
growth rate, clearly indicating a single exponential mechanism for
the complete aggregation event (4, 15).
We extended the kinetic analysis to the hSOD1D90A model,

including terminal mice and also nonsymptomatic and younger
mice. As expected, the picture is here more complex with dif-
ferent kinetics for strains A and B. Detectable amounts of strain-A
aggregates first appear around 200 d and grow evenly and
exponentially, but much more slowly than in hSOD1G93A mice,
to finally slow down in the terminal regime at over 300 d (Fig. 5C).
In contrast, strain-B aggregates first appear at around 250 d and
are highly variable between different nonsymptomatic mice (Fig.
5C). Furthermore, there is a precipitous jump to the levels seen in
terminally ill mice. The data suggest that strain-B aggregation
initiates “stochastically” as a side reaction to the steadier buildup
of strain A. The strain-B aggregates then proliferate explosively,
which is consistent with their higher degree of fragility. If strain-B
initiation does not occur, the mice enjoy a long lifespan and
eventually die bearing mainly strain-A aggregates (Fig. 4 B and C
and Fig. S4 A and B).

Comparison of Spinal Cord and Brain. The remarkable correlation
between aggregate structures in spinal cord of hSOD1D90A mice

and age at terminal disease prompted closer examination also of
the brain (Figs. 4 and 5C and Fig. S4 A and B). The antibody-
binding patterns were found to be overall similar in the in-
dividual mice. The patterns turn from overall B dominance to
more A as the mice reach the terminal stage at a higher age.
Note also the essentially pure strain-A patterns in both spinal
cord and brain of the oldest terminal stage mouse, and in the
two mice that were still without symptoms at around 360 d. The
amount of hSOD1 aggregates in terminal brain is overall lower
than in spinal cord—only around 4% (Fig. S4A). Still, the growth
of strain-A and -B aggregates in the hSOD1D90A brain closely
follows the kinetics and correlation with lifespan observed in spi-
nal cord (Fig. 5C and Fig. S4 A and B). The only difference may be
that the relative levels of the more slowly developing strain-A
aggregates lag behind somewhat in the brain tissue (Fig. 5C). A
speculative interpretation of the findings is that the aggregation is
not cell-autonomous but instead spreads within the CNS.
Despite there being similar levels of transgenically expressed

hSOD1 variants in spinal cord and brain (12, 26), the levels of
aggregates are generally 20-fold lower in brain of hSOD1D90A

mice and the other mouse models than in spinal cord. One
explanation could be that unfolded disulfide-reduced hSOD1
monomers, which are the likely precursors of aggregates, are
overall present at higher levels in the spinal cord than in brain
(21, 22). Another feature is the uneven distribution of pathology
in the brain, as suggested by immunohistochemistry (Fig. S7). In
certain areas of the brain, the hSOD1 aggregation pathology may
approach that found in spinal cords.

Discussion
The generally low levels and elusive structures of pathogenic
aggregates in neural tissue pose a great challenge for establishing
the cause and mechanism of neurodegenerative disease. In spi-
nal cord of terminally ill ALS mice, the level of hSOD1 aggre-
gates is typically less than 100 μg/g wet weight (Fig. S5A), masked
by a 1,000-fold background of other cellular proteins. Tailored to
work under such circumstances, the antibody assay used here
allows quantification and structural fingerprinting of protein
aggregates at levels down to 0.1 μg/g wet weight (Fig. 5 A and C).
In contrast to previous antibody-based approaches (32), this as-
say does not rely on the specific 3D structure of the target
aggregates but is based on recognizing their local disorder (i.e.,
the sequence regions protruding from the surface of the aggre-
gate) (Fig. 2 A–G). Accordingly, a single antibody assay can
fingerprint at the binary level all combinatorial variants of ag-
gregate structures arising from a given protein precursor (Fig. 3
A–C), and the only input needed to generate this antibody assay

wt hSOD1
G93A

G85R

D90A
In

te
ns

ity
 re

la
tiv

e 
to

 5
7-

72
 a

b 
(%

)

12345678 12345678 12345678 12345678 12345678 12345678 12345678 12345678

200

50

100

150

0

In
te

ns
ity

 re
la

tiv
e 

to
 5

7-
72

 a
b 

(%
)

P
C

A 
ve

ct
or

0.6
0.8

0.4
0.2

0

hSOD1 sequence segments hSOD1 sequence segmentshSOD1 sequence segments

4-2
0
24

-39
43

-57
57

-72
80

-96

10
0-1

15

11
1-1

27

13
1-1

53

0.6
0.8

0.4
0.2

0

0.6
0.8

0.4
0.2

0
4-2

0
24

-39
43

-57
57

-72
80

-96

10
0-1

15

11
1-1

27

13
1-1

53
4-2

0
24

-39
43

-57
57

-72
80

-96

10
0-1

15

11
1-1

27

13
1-1

53

200

400

600

800

1000

1200

100

CBA Strain A

Strain B

In vitro

Fig. 3. Human SOD1 aggregation is malleable and forms two structural strains (A and B) in spinal cord, which both differ from hSOD1 fibrils produced in
vitro. The data are presented normalized against the staining with the 57–72 antibody (100%) to enhance appreciation of patterns. (A) Epitope-mapping
patterns of hSOD1 aggregates from terminally ill mice of the four different transgenic ALS models. Aggregate results for all hSOD1G85R, hSOD1wt, and
hSOD1G93A mice presented in Table S1 are shown. The hSOD1D90A aggregates are from the six youngest mice shown in Fig. 4. (B) Epitope-mapping patterns of
hSOD1 aggregates generated in vitro under eight different conditions (SI Materials and Methods). (C) Model-free PCA analysis of antibody data revealing two
strains of in vivo aggregates (A and B) that differ from the hSOD1 fibrils produced in vitro (SI Materials and Methods).

4492 | www.pnas.org/cgi/doi/10.1073/pnas.1419228112 Bergh et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419228112/-/DCSupplemental/pnas.201419228SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419228112/-/DCSupplemental/pnas.201419228SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419228112/-/DCSupplemental/pnas.201419228SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419228112/-/DCSupplemental/pnas.201419228SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419228112/-/DCSupplemental/pnas.201419228SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419228112/-/DCSupplemental/pnas.201419228SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419228112/-/DCSupplemental/pnas.201419228SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419228112/-/DCSupplemental/pnas.201419228SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419228112/-/DCSupplemental/pnas.201419228SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419228112/-/DCSupplemental/pnas.201419228SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419228112/-/DCSupplemental/pnas.201419228SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1419228112


is the amino acid sequence of the protein precursor itself (Fig.
1). The usefulness of the antibody assay was tested on transgenic
mice expressing a series of ALS-provoking hSOD1 variants, each
of which with distinct disease progression. In doing this, we fo-
cused on four experimental readouts, chosen to capture the gen-
eral mechanistic aspects of the disease mechanism and allowing
comparison with previous data in the literature: (i) aggregation
malleability and structure of aggregates (Figs. 3 and 4), (ii) cou-
pling of structure to disease progression (Fig. 4 A–D), (iii) ag-
gregate growth (Fig. 5 A–C), and (iv) distribution in the CNS (Fig.
5C and Fig. S4 A and B).
Despite stemming from neurons with apparently amorphous

inclusions (Fig. 1C), hSOD1 aggregates show distinct order and
seem to conform with the generic outline of fibrils: a central
spine of repetitively stacked β-strands, with unrecruited sequence
material looping into the surrounding solvent (2, 3). Consistent
with multiple aggregation sites in the hSOD1 sequence (17, 18),
the antibodies recognize two aggregate structures in mice: strain
A, hiding ∼ 60% of the primary sequence, and the seemingly less
complex strain B, hiding just ∼ 30% (Fig. 3A). Similar strain
plasticity has been observed in other neurodegenerative diseases
(1, 27, 28, 33–36). Considering the quite different and more
malleable appearance of the hSOD1 fibrils in vitro (Fig. 3B), the
channeling into merely two well-defined species in vivo is re-
markable and supports the idea that the in vivo environment
shapes the aggregation process. As to mechanisms, we can only
speculate at this point. The major binding partner of disordered
hSOD1 in the spinal cord is HSC-70 (37–39), and such chaper-
one binding would be expected to influence exposure of aggre-
gation-competent sequence elements. Additional modulation of
in vivo aggregation would be expected from crowding by sur-
rounding macromolecules, and from interactions with intracellular
membranes (40). Furthermore, resistance to recognition and
degradation, as well as efficiency in cell-to-cell transmission,

would be expected to select for certain fibril structures among
multiple types formed.
The stable strain A was detectable in the spinal cord of all

transgenic mouse lines examined in this study (Figs. 3A and 4 A
and B and Table S1). The less robust strain B, however, emerges
only in hSOD1D90A mice and then in coexistence with strain A
(Fig. 4 A and B). This coexistence distinguishes the hSOD1D90A

mice from previous disease models where the variation of strains
is typically observed between individuals (1, 34, 35, 41). Even so,
the hSOD1D90A mice highlight the notion that strain variation
influences pathology, as previously observed for prions (27, 28),
and in patients and models for synucleopathies (33), Alzheimer’s
disease (1, 35, 36), and tauopathies (34).
Despite the complexity of hSOD1D90A aggregation kinetics, it

is evident that the terminal stage is reached at comparable
hSOD1 aggregate loads in all mouse models of the current study
(Fig. 4 and Table S1). The consistent “toxic” effect of aggregates
of diverse hSOD1 variants, and perhaps also different aggregate
strains, lends further fuel to the discussion of whether neural
damage in protein disease really needs the assumption of “toxic
oligomers” or can simply be explained by aggregate load.
The ability of the antibody assay to follow, both structurally

and quantitatively, these strain variations in vivo opens new ana-
lytical possibilities. Of immediate interest is not only examination
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of the origin of strain divergence, but also determination of
whether strain heterogeneity as observed in hSOD1D90A mice is an
underlying cause of the poorly predictable progression and clinical
symptoms of human ALS patients.
Finally, there is currently an intense exploration of immuno-

therapy directed against aggregating proteins in neurodegenera-
tive diseases. The concept and results of the epitope-mapping
assay should provide valuable guidance in selection of epitopes/
sequence segments against which to direct passive and active
immunotherapy.

Materials and Methods
Additional materials and methods are provided in SI Materials and Methods.

Epitope-Mapping Assay for hSOD1 Aggregate Structure. Mice were killed by
i.p. injection of pentobarbital. Thewhole spinal cord and brain, dissected free
from midbrain, pons, medulla, and cerebellum, were mostly examined. The
dissected tissues were homogenized with an Ultraturrax apparatus (IKA) for
30 s and by sonication for 1 min in 25 volumes of ice-cold PBS (137 mM NaCl,
2.7 mM KCl, 4.3 mM Na2HPO4, and 1.4 mM KH2PO4, pH 7.0) supplemented
with 1.8 mM EDTA, 1 mM DTT, and the antiproteolytic mixture Complete
without EDTA (Roche Diagnostics). The tissue homogenates were added to
20 volumes of PBS with DTT and EDTA containing 1% of the detergent
Nonidet P-40, sonicated for 30 s, and then centrifuged at 200 × g for 10 min.
The supernatants were diluted stepwise 1 + 1 in the PBS, and 100 μL was
captured on 0.2-μm cellulose acetate filters in a 96-well dot-blot apparatus
similar to a previous description (42) (Whatman GmbH). The wells were then
washed three times with 300 μL of the PBS without Nonidet P-40. Following
blocking in TBS with 50 g/L dry milk and 0.1% (vol/vol) Tween 20 for 1 h, the

filters were cut in slices and incubated with the eight anti-hSOD1 peptide
antibodies overnight at 4 °C. We aimed at using antibody concentrations
that would bind equally well to soluble misfolded hSOD1 species in spinal-
cord extracts. When equal amounts of the anti-peptide antibodies im-
mobilized on Sepharose were incubated with a 25,000 × g supernatant of
a hSOD1G93A spinal-cord supernatant, most were found to bind equal
amounts of misfolded hSOD1 (Fig. S2A). They were used at 0.01 μg/mL in
blocking buffer. The 4–20 and 100–115 antibodies bound about half as much
and were used at 0.02 μg/mL. After washing, the blots were thereafter de-
veloped with HRP-substituted goat anti-rabbit Ig antibodies (Dako 1/42000)
and ECL Advance (GE Healthcare), recorded with a Chemidoc apparatus, and
evaluated with Quantity One software (BioRad).

To allow comparison and quantification, one homogenate of a spinal cord
from a terminal hSOD1G93A mouse was designated as a standard (set to 1)
and kept in multiple aliquots at −80 °C. Dilutions series (1 + 1) of this
standard were run in one or two lanes of all filters and were stained with the
57–72 antibody. All blots of all homogenates with all antibodies were
quantified against this standard. To facilitate comparison of staining pat-
terns, in some cases the staining intensities of the eight antibodies of
individual homogenates were normalized against the staining of the
homogenate with the 57–72 antibody (taken as 100%).

All animal use and procedures were approved by the Umeå Regional Ethics
Committee for Animal Research.
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