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Non-amyloid, ubiquitinated cytoplasmic
inclusions containing TDP-43 and its C-
terminal fragments are pathological
hallmarks of amyotrophic lateral sclerosis
(ALS), a fatal motor neuron disorder, and
frontotemporal lobar degeneration with
ubiquitin-positive inclusions (FTLD-U).
Importantly, TDP-43 mutations are linked
to sporadic and non-SOD1 familial ALS.
However, TDP-43 is not the only protein in
disease-associated inclusions and whether
TDP-43 misfolds or is merely sequestered
by other aggregated components is
unclear. Here, we report that in the
absence of other components, TDP-43
spontaneously forms aggregates bearing
remarkable ultrastructural similarities to
TDP-43 deposits in degenerating neurons
of ALS and FTLD-U patients. The C-
terminal domain of TDP-43 is critical for
spontaneous aggregation. Several ALS-
linked TDP-43 mutations within this
domain (Q331K, M337V, Q343R, N345K,
R361S, and N390D) increase the number of
TDP-43 aggregates and promote toxicity in
vivo. Importantly, mutations that promote
toxicity in vivo accelerate aggregation of
pure TDP-43 in vitro. Thus, TDP-43 is
intrinsically aggregation-prone and its
propensity for toxic misfolding trajectories
is accentuated by specific ALS-linked
mutations.

TDP-43 is a ubiquitously expressed and
highly conserved metazoan nuclear protein (1),

which contains two RNA recognition motifs
(RRMs) and a glycine-rich region in its C-
terminal domain (Fig. 1A). TDP-43 function is
uncertain, but it likely plays important roles in
pre-mRNA  splicing and  transcriptional
repression (2,3). In ALS and FTLD-U, TDP-43
is depleted from the nucleus and accumulates in
ubiquitinated cytoplasmic inclusions (4). These,
and other situations of TDP-43 pathology,
including some forms of Alzheimer’s and
Parkinson’s diseases, are now known as TDP-43
proteinopathies (5). Importantly, mutations in
the TDP-43 gene (TARDBP) are linked to
sporadic and non-SOD1 familial ALS, implying
that TDP-43 abnormalities are likely one cause
of disease (6-11). However, despite this
synthesis of pathology and genetics, the
mechanisms by which TDP-43 might contribute
to disease remain unknown and controversial
(12,13).

A key unresolved question is whether
TDP-43 is inherently aggregation-prone or
whether TDP-43 is sequestered by other
aggregated components and is merely a marker
of disease (13-16). Indeed, multiple proteins
aside from TDP-43 are found in sarkosyl
insoluble fractions from FTLD-U patients (14).
Moreover, deconvolution imaging reveals that
TDP-43 appears to be excluded from some
regions of the ubiquitinated inclusions in ALS
(15).

Here, we assess TDP-43 aggregation in
the absence of other components. We then
define which domains of TDP-43 are important
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for this process and determine the direct effects
of several ALS-linked TDP-43 mutations on
TDP-43 misfolding and toxicity. Our findings
bring to light several intrinsic properties of
TDP-43 and ALS-linked TDP-43 mutants that
likely play important roles in the aberrant
TDP-43 proteostasis (17) that contributes to
the pathogenesis of ALS, FTLD-U and other
TDP-43 proteinopathies.

Experimental Procedures
Yeast Strains, Media, and Plasmids

Yeast cells were grown in rich media
(YPD) or in synthetic media lacking uracil and
containing 2% glucose (SD/-Ura), raffinose
(SRaf/-Ura), or galactose (SGal/-Ura).

A TDP-43 Gateway” entry clone was
obtained from Invitrogen, containing full-length
human TDP-43 in the vector pDONR221. To
generate C-terminally YFP-tagged TDP-43
constructs, we used PCR to amplify TDP-43
without a stop codon and incorporate Spe | and
Hind 11l restriction sites along with a Kozak
consensus sequence. The resulting PCR product
was cloned into Spe | / Hind Ill digested
PRS416GAL-YFP) to generate the CEN TDP-
43YFP fusion construct. Each ALS-linked TDP-
43 mutant construct was generated by using the
QuikChange® site-directed mutagenesis system
(Stratagene) with pRS416GAL-TDP-43-YFP as
template. All constructs were verified by DNA
sequencing. CEN plasmid constructs (e.g.
PRS416GAL-TDP-43-YFP) were transformed
into BY4741 (MATa his3 leu2 metl5 ura3).

Yeast transformation and spotting assays

Yeast procedures were performed
according to standard protocols. We used the
PEG/lithium acetate method to transform yeast
with plasmid DNA. For spotting assays, yeast
cells were grown overnight at 30°C in liquid
media containing SRaf/-Ura until they reached
log or mid-long phase. Cultures were then
normalized for ODgoonm, Serially diluted and
spotted with a Frogger (V&P Scientific) onto
synthetic solid media containing glucose (SD/-
Ura) or galactose (SGal/-Ura) lacking uracil and
were grown at 30°C for 2-3 days.

Yeast survivorship assay
We performed survivorship assays as
described previously (18). Briefly, after

induction of empty vector, wild type (WT) or
mutant TDP-43 in 2% galactose, survivorship
was determined at the indicated time-points by
harvesting cells at an ODggg,m Of 1, diluting
them 1:1000 and plating 300 pl of these cells on
synthetic media containing 2% glucose
(represses TDP-43 expression). Plates were
incubated at 30°C for 2 days. Colony forming
units were then determined.

Immunoblotting

Yeast lysates were subjected to
SDS/PAGE (4-12% gradient, Invitrogen) and
transferred to a PVDF membrane (Invitrogen).
Membranes were blocked with 5% nonfat dry
milk in PBS for 1 hr at room temperature or
overnight at 4°C. Primary antibody incubations
were performed at room temperature for 1 hour.
After washing with PBS, membranes were
incubated with a horseradish peroxidase-
conjugated secondary antibody for 1 hr at room
temperature, followed by washing in PBS+0.1%
Tween 20 (PBST). Proteins were detected with
Immobilon Western HRP Chemiluminescent
Substrate (Millipore). The anti-GFP monoclonal
antibody (Roche) was used at 1:10,000,
Phosphoglycerate Kinase 1 (Pgkl) antibody
(Invitrogen) at 1:500. The HRP-conjugated
anti-mouse secondary antibody was used at
1:5000.

Immunocytochemistry

For immunocytochemistry experiments, yeast
cells expressing untagged TDP-43 constructs
were grown to a final OD600 of 0.2-0.8 and
then fixed with 3.7% formaldehyde for 1 h.
Cells were collected by centrifugation at
2000rpm for 5 min and washed in PBS. The
cells were diluted and washed once before
resuspending in 1mL of Solution A (0.5mM
MgCl,, 1.2M Sorbitol, 40mM K;PO, pH 6.5).
Cells were incubated with 10ul of 2-
mercaptoethanol and 25ul of 10mg/mL lyticase
for 15 min at 37°C. Spheroplasted cells were
collected at 4000rpm for 5 min, washed twice
with Solution A and once with PBS, and
resuspended in PBS+BSA (1X PBS, 1mg/mL
bovine serum albumin). Spheroplasts were
diluted 1:5, and incubated on Teflon-covered
slides treated with 1mg/ml poly-lysine. Wells
were blocked with PBS+BSA for 30 min at room
temperature. Primary antibody incubations using
1:200 anti-TDP-43 mouse polyclonal antibody
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(Novus) were performed for 1.5 h at room
temperature. After washing with PBS-BSA, wells
were incubated with 1:2000 Alexa 488nm
donkey anti-mouse polyclonal antibody
(Invitrogen) for 1.5 h at room temperature.
After washing with PBS-BSA, wells were
incubated with Vectashield mounting medium
containing 1.5ug/mL DAPI (Vector Labs) for 5
min before visualization using fluorescence
microscopy.

Sedimentation analysis

We performed sedimentation analysis as
described in (19). Cells expressing either YFP-
tagged TDP-43 constructs or CFP-tagged
polyglutamine-expanded huntingtin constructs
for 4 or 6h were lysed in 1x native yeast lysis
buffer (30mM HEPES pH 8.0, 150mM NaCl,
1% glycerol, 1ImM DTT, 0.5% Triton X-100,
ImM PMSF, 50mM NEM, 1X protease
inhibitor cocktail (Roche)). Cells were disrupted
in a bead beater for 3 min at 4°C. Cellular debris
was removed by centrifugation at 6,000 x g for
5 min at 4°C. The yeast lysate was separated
into a total fraction and a pellet fraction. After
the pellet fraction was spun at either 16,000 x g
or 85,000 rpm in a TLA 100.1 rotor for 30 min
at 4°C the supernatant was recovered and
designated the soluble fraction. The pellet
fraction was resolubilized by boiling in 50ul 1X
SDS sample buffer. The total and soluble
fractions were boiled in equal volumes of 4X
SDS sample buffer. 20% of the pellet fraction
and 10% of soluble and total fractions were
resolved by SDS-PAGE  followed by
immunoblotting with anti-GFP antibody.

Fluorescence Microscopy

For fluorescence microscopy
experiments, single colony isolates of the yeast
strains were grown to mid-log phase in SRaf/-
Ura media at 30°C. Cultures were spun down and
resuspended in the same volume of SGal/-Ura to
induce expression of the TDP-43-YFP
constructs. Cultures were induced with galactose
for 6h before being fixed with 70% ethanol and
stained with DAPI in Vectashield mounting
medium (Vector Labs) to visualize nuclei.
Images were obtained using a Zeiss Axioplan
Upright Microscope and a Zeiss AxioCam HRm
high-resolution monochrome CCD camera. The
images were deblurred using a nearest neighbor

algorithm in the AxioVision 4.5 software and
representative cells were chosen for figures.

Quantification of TDP-43 Aggregation

To assess differences in aggregation
between wild-type and mutant TDP-43, yeast
cultures were grown, induced and processed as
described above after having normalized all
yeast cultures to ODggp,m=0.2 prior to galactose
induction. After 6h of induction, the identities
of the samples were blinded to the observer
before being examined. Several fields of cells
were randomly chosen using the DAPI filter to
prevent any bias towards populations of cells
with increased amounts of aggregation in
addition to obtaining the total number of cells in
any given field. At least 200 cells per sample
were counted for each replicate. Only cells with
greater than 3 foci under the YFP channel were
considered as cells with aggregating TDP-43.

TDP-43 purification
TDP-43 and various missense (G294A, M337V
or Q331K) or deletion mutants (1-275 or 188-
414) were expressed and purified from E. coli as
either his-tagged or GST-tagged proteins. For
his-tagged preparations, TDP-43 was cloned
into pCOLD 1 (Takara) and overexpressed in E.
coli BL21 (RIL). Cells were lysed by sonication
on ice in 40mM Hepes-KOH pH 7.4, 500mM
KCI, 20mM MgCl,, 10% glycerol, 20mM
imidazole, 2mM  Bmercaptoethanol, and
protease inhibitors (complete, EDTA-free,
Roche). The proteins were purified over a Ni-
NTA column (Qiagen). For GST-tagged
preparations, TDP-43 was cloned into GV13 to
yield GST-TEV-TDP-43, and overexpressed in
E. coli BL21 (DE3) RIL or Rosetta2 (Novagen).
Protein was purified over a glutathione-
sepharose  column  (GE) according to
manufacturer’s instructions. GST was then
removed by cleavage with TEV protease
(Invitrogen), and protease and GST were
removed using Ni-NTA and glutathione-
sepharose. His-tagged and untagged TDP-43
proteins were ~95% pure as assessed by SDS-
PAGE. His-tagged and untagged proteins
aggregated with identical kinetics and formed
aggregates with very similar morphologies.
After purification, proteins were buffer
exchanged into assembly buffer (AB): 40mM
HEPES-KOH pH 7.4, 150mM KCI, 20mM
MgCl,, 1mM DTT. Proteins were filtered
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through a 0.22um filter. After filtration, the
protein concentration was determined by
Bradford assay (Bio-Rad) and the proteins were
used immediately for aggregation reactions.

For size exclusion chromatography,
Superdex-200 10/300 GL analytical gel
filtration column (GE) was calibrated with
thyroglobulin  (669kDa), ferritin (440kDa),
bovine serum albumin (67kDa), B-lactoglobulin
(35kDa), ribonuclease A (13.7kDa), and
aprotinin (6.5kD). TDP-43 was incubated in AB
at 25°C with agitation for 5min and any
insoluble material was removed by
centrifugation at 16,100g for 5min. Protein was
loaded onto the calibrated Superdex-200 10/300
GL column equilibrated in AB, and eluted at
0.4ml/min. Oligomeric fractions were pooled
and processed for electron microscopy (see
below).

TDP-43 aggregation in vitro

Filtered, purified TDP-43 was used
immediately for aggregation assays. TDP-43 or
missense mutant TDP-43 or deletion mutants
(3uM) were incubated at 25°C in AB for O-
120min with agitation at 1400rpm in an
Eppendorf Thermomixer. Turbidity was used to
assess aggregation by measuring absorbance at
395nm. For sedimentation analysis, reactions
were centrifuged at 16,1009 for 30min at 25°C.
Supernatant and pellet fractions were then
resolved by SDS-PAGE and stained with
Coomassie Brilliant Blue, and the amount in
either fraction determined by densitometry in
comparison to known quantities of TDP-43.
Alternatively, reactions were processed for
Congo Red binding or Thioflavin-T fluorescence
as described (20).

For electron microscopy (EM) of in
vitro aggregation reactions, TDP-43 protein
samples (10ul of a 3uM solution) were adsorbed
onto glow-discharged 300 mesh formvar/carbon-
coated copper grid (Electron Microscopy
Sciences) and stained with 2% (w/v) aqueous
uranyl acetate. Excess liquid was removed and
grids were allowed to air dry. Samples were
viewed using a JEOL 1010 transmission electron
microscope. Images were captured with a
Hamamatsu digital camera using AMT
acquisition software.

Electron microscopy of yeast cells
Conventional EM was performed as previously

described (21). Briefly, the cells were fixed in
3% glutaraldehyde contained in 0.1M Na
cacodylate, pH 7.4, 5mM CaCl,, 5mM MgCl,,
and 2.5% sucrose for 1 hour at 25°C with gentle
agitation; spheroplasted; embedded in 2% ultra
low temperature agarose (prepared in water);
cooled; and subsequently cut into small pieces
(~1mm?®). The cells are then post-fixed in 1%
0sO,/ 1% potassium ferrocyanide contained in
0.1M cacodylate/ 5mM CaCl,, pH 7.4 for 30
minutes at room temperature. The blocks are
washed thoroughly 4X with ddH,0, 10 minutes
total; transferred to 1% thiocarbohydrazide at
room temperature for 3 minutes; washed in
ddH,0 (4X, 1 minutes each); and transferred to
1% OsO, 1% potassium ferrocyanide in
cacodylate buffer pH 7.4 for an additional 3
minutes at room temperature. The cells are then
washed 4X with ddH,O (15 minutes total); en
bloc stained in Kellenberger’s uranyl acetate
(UA) for 2hr to overnight; dehydrated through a
graded series of ethanol; and subsequently
embedded in Spurr resin. Sections were cut on a
Reichert Ultracut T ultramicrotome; post
stained with UA and lead citrate; and observed
on a Philips TEM 420 at 80kV. Images were
recorded with a Soft Imaging System Megaview
111 digital camera; and figures were assembled in
Adobe Photoshop 10.0.

Results
TDP-43 is inherently aggregation prone

To test whether TDP-43 is inherently
aggregation-prone, bacterially-expressed
recombinant TDP-43 was purified as a soluble
protein  under native conditions. Upon
incubation at 25°C with agitation, TDP-43
rapidly aggregated after a lag phase of ~5-
10min, as determined by an increase in turbidity
(Fig. 1B) and by the amount that entered the
pellet fraction after centrifugation (Fig. 1C).
Several control proteins, including BSA, soybean
trypsin inhibitor, creatine kinase and GFP did
not aggregate under identical conditions. After
30min, no further TDP-43 aggregation occurred
(Fig. 1B, C). This timeframe for TDP-43
aggregation is extended to several hours if we
omit agitation during incubation (data not
shown). Thus, TDP-43 is an inherently
aggregation-prone protein.

It is likely that sophisticated cellular
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proteostasis mechanisms (17,22), not
reconstituted here, prevent such rapid TDP-43
aggregation in vivo. However, age-associated
decline in proteostatic control in concert with
environmental factors might enable TDP-43 to
aggregate in disease. Regardless of the triggers of
TDP-43 aggregation in disease, in vitro assays
similar to the one we report here have been
tremendously powerful tools in exploring basic
mechanisms underpinning the aggregation
events in Parkinson’s disease (PD) and
Alzheimer’s disease (23-25).

Aggregates formed by pure TDP-43 did
not react with the amyloid-diagnostic dyes
Congo red and Thioflavin-T, in contrast to
those formed by Sup35-NM, the prion domain
of the yeast prion protein Sup35 (26) (Fig. 1D,
E). Thus, pure TDP-43 aggregates are likely to
be non-amyloid just like aggregated species of
TDP-43 in ALS and FTLD-U patients (27). In
ALS and FTLD-U, TDP-43 is ubiquitinated,
phosphorylated, and proteolytically cleaved (4).
The relative extent and contribution of these
modifications to the pathogenicity of TDP-43
remains to be defined. Our in vitro aggregation
assays will provide the foundation for future
studies aimed at determining the effects of
TDP-43 post-translational modification and
processing on aggregation.

TDP-43’s C-terminal Domain is Important
for Aggregation

Next, we determined which regions of
TDP-43 are critical for aggregation in vitro. We
purified TDP-43 fragments: 1-275, which
comprises the N-terminal domain, RRM1 and
RRM2, and 188-414, which comprises RRM2
and the C-terminal domain (Fig. 1A). 1-275 is
soluble, whereas 188-414 is the minimal
fragment able to confer toxicity and
aggregation in a yeast model of TDP-43
proteinopathies (28). Importantly, pure 1-275
did not aggregate, whereas 188-414 aggregated
with similar kinetics to full-length TDP-43 (Fig.
1B). Thus, the C-terminal domain plays an
important role in TDP-43 aggregation, which is
striking because of the more than 25 recently
reported ALS-linked TDP-43 mutations, all but
one are within this domain (Fig. 2A and (12)).
Furthermore, similar aggregated C-terminal
fragments accumulate in ALS and FTLD-U (4).
Therapeutic strategies aimed at targeting this
region, which we have defined as responsible for

driving aggregation, may be efficacious.

ALS-linked TDP-43 mutants form multiple
aggregates in yeast

Having established that TDP-43 s
inherently aggregation-prone, we next asked if
ALS-linked TDP-43 mutations affect
aggregation in vivo. We have developed a yeast
TDP-43 proteinopathy model to investigate
mechanisms of TDP-43 aggregation and
toxicity (28). This model recapitulates several
important features seen in human disease. In
yeast, TDP-43 is initially localized to the
nucleus but eventually forms cytoplasmic
inclusions (28), mimicking the pathobiology of
TDP-43 in human neurons (4). Importantly,
expressing high levels of TDP-43 is toxic to
yeast (28), thus possibly modeling, in a simple
cell, features of neurodegeneration. We tested
the effects of 7 recently reported ALS-linked
mutations (6-9,11) (Fig. 2A) on TDP-43
aggregation in this system. Wild type (WT) and
mutant TDP-43-YFP were expressed from a
low-copy (CEN) plasmid, under control of a
galactose-inducible promoter and cells were
visualized by fluorescence microscopy. We
confirmed that the TDP-43 proteins were
expressed at comparable levels (Fig. 2B).

We compared aggregation in cells
expressing WT TDP-43 to those expressing
each of the 7 mutants. YFP alone was diffusely
distributed between the cytoplasm and nucleus
(data not shown). Strikingly, with the exception
of G294A, ALS-linked mutants formed more
numerous aggregates than WT TDP-43, which
formed more than three cytoplasmic foci in
~4% of cells (Fig. 2C, D). Of the mutants,
Q331K formed more than three cytoplasmic
inclusions in >25% of cells, compared to >10%
of cells for the other TDP-43 mutants (Fig. 2C,
D). GFP-tagged protein fusions can occasionally
produce artifactual aggregation (29). Hence, we
confirmed these results by performing
immunocytochemistry, with a TDP-43-specific
antibody, on cells expressing untagged WT and a
representative selection of mutant TDP-43
constructs (Fig. 2E). Untagged Q331K and
M337V typically formed more discrete
aggregates per cell than WT or G294A (Fig.
2E).

To confirm that TDP-43 foci visualized
by microscopy represented insoluble aggregates,
we performed a sedimentation analysis (19). As
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a negative control, we used YFP expressing
cells. YFP was entirely soluble (Fig. 2F). As
positive controls, we used 25Q and 103Q
containing fragments from exon 1 of
huntingtin. In our yeast sedimentation assay,
these proteins also partitioned between soluble
and insoluble, with 25Q being mostly soluble and
103Q being mostly insoluble (Fig. 2F). WT and
mutant TDP-43 partitioned between soluble and
insoluble fractions (Fig. 2F). Thus, TDP-43
forms insoluble aggregates in yeast. After 6h of
expression similar quantities of TDP-43 formed
insoluble aggregates in cells expressing WT,
G294A, M337V and Q331K TDP-43 (Fig. 2F).
However, our fluorescence microscopy data
suggest that this total amount of insoluble
protein appears to be distributed among more
numerous discrete aggregates for M337V and
Q331K (Fig. 2C, D) and is concentrated in fewer
foci for G294A and WT (Fig. 2C, D). It may be
that Q331K (and M337V) aggregates more
rapidly than WT TDP-43, but that after 6h of
expression both have reached a saturating level
of aggregation. Therefore, we focused on
Q331K, which formed the most foci of the
mutants tested (Fig. 2C) and performed
sedimentation analysis at earlier time-points. At
4h, there was a greater relative amount of
Q331K in the pellet fraction than WT TDP-43
(Fig. 2G), consistent with this mutation
accelerating  aggregation. However,  the
sedimentation assay may not be sensitive
enough to detect subtle differences in TDP-43
aggregation between WT and the other ALS-
linked mutants in yeast, like those we observe
by fluorescence microscopy. Therefore, to
resolve these issues, additional in vitro assays are
required to define quantitatively the
contribution of ALS-linked mutations to TDP-
43’s biochemical properties (i.e. aggregation;
for example, see Fig. 5 below).

Next, we used fluorescence microscopy
to compare the aggregation of WT TDP-43 and
one of the mutants (Q331K) over time. Even at
very early time points (e.g. 2 hours), we
observed many more aggregates per cell with
Q331K TDP-43 than with WT (Fig. 2H). Thus,
ALS-linked mutations in TDP-43 can increase
the number of discrete aggregates in the yeast
cytoplasm.

Finally, we used electron microscopy to
visualize aggregates formed by TDP-43 in vivo.
In the yeast cytoplasm, Q331K TDP-43 formed

discrete aggregated foci of ~0.2um in diameter
(Fig. 3) that were not observed in control cells
(data not shown). TDP-43 aggregates formed in
yeast cells possessed a granular morphology
(Fig. 3) similar to TDP-43 aggregates in ALS
and FTLD-U (30-32) and to those formed in
vitro using pure protein (see below).

ALS-linked TDP-43 mutants are more toxic
in yeast

Next, we investigated the effects of
ALS-linked TDP-43 mutations on toxicity. In
yeast, expression of WT TDP-43 at high levels
(2u plasmid) is extremely toxic (28). Since we
wanted to compare toxicity between WT and
mutant TDP-43, we used a low-copy CEN
plasmid to express TDP-43-YFP at a level that
was only slightly toxic. We performed spotting
assays to compare growth defects elicited by
WT and by ALS-linked TDP-43 mutants (Fig.
4). The 6 ALS-linked mutants that formed more
discrete aggregates than WT (Fig. 2) were also
more toxic (Fig. 4B, C). The Q331K mutant
that consistently formed the most numerous
aggregated foci in yeast (Fig. 2D) was
considerably more toxic than WT or the other
mutants (Fig. 4B, C), despite being expressed at
the same level as the other proteins (Fig. 2B).
G294A was similar to WT in both number of
aggregated foci per cell (Fig. 2D) and toxicity
(Fig. 4B). We obtained similar results using
either YFP-tagged (Fig. 4B) or untagged
constructs (Fig. 4C).

The growth defect elicited by TDP-43
in our spotting assays could reflect either cell
death or simply a growth arrest. To distinguish
between these two possibilities, we performed
survivorship assays, in which we determined the
ability of cells to form a colony upon cessation
of TDP-43 expression. When we used the high-
copy 2 micron plasmid to express WT TDP-43
and a subset of the mutants, fewer than 10% of
cells were able to form colonies following 12
hours of expression and by 24 hours fewer than
2% were still alive (Fig. 4D). We were able to
detect differences in survivorship between WT
and the mutants by using the low copy CEN
plasmid. While 100% of cells containing an
empty vector were able to form a colony,
following 12 hours of galactose induction, only
approximately 30% of cells that had expressed
WT, M337V, or G294A TDP-43 were able to
form a colony and only approximately 10% of
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Q331K-expressing cells formed colonies. This
survivorship assay is not as sensitive as the
spotting assays. Thus, with the survivorship
assay, we were unable to detect the subtle
differences in growth between WT and M337V
that we saw by spotting (Fig. 4B, C).

To further confirm cell death as
opposed to simple growth arrest, we employed
propidium iodide (PI), a fluorescent dye that
binds DNA. Pl is membrane impermeant and is
generally excluded from viable cells. TDP-43-
expressing cells stained positive for Pl (Fig. 4E),
which indicates a loss of cell viability. Thus, in
yeast TDP-43 aggregation leads to cell death
and not simply a growth arrest. Moreover,
several ALS-linked TDP-43 mutations can
increase the number of TDP-43 aggregates and
enhance toxicity.

ALS-linked TDP-43  Mutations Can
Accelerate TDP-43 Aggregation

We then used pure proteins to determine
whether three of the ALS-linked TDP-43
mutations affected the aggregation process
directly. We selected Q331K and M337V, which
formed more aggregated foci than WT, and
G294A, which formed similar numbers of
aggregated foci to WT in yeast (Fig. 2D). The
formation of multiple aggregated foci by Q331K
and M337V in vivo might reflect more rapid
nucleation of aggregation, which can result in
more numerous aggregates (33). Consistent with
our in vivo data, the Q331K and M337V
mutants aggregated much more rapidly than WT
(Fig. 5A, B), whereas G294A did not accelerate
TDP-43 aggregation and resembled WT (Fig.
5A, B). Specifically, the lag phase of
aggregation was greatly reduced for both Q331K
and M337V compared to WT and G294A (Fig.
5A, B). Q331K aggregated even more rapidly
than M337V (Fig. 5A, B), consistent with
Q331K forming more numerous aggregates in
yeast. Moreover, more Q331K protein was
insoluble than WT protein after 4h of
expression in yeast, consistent with more rapid
assembly kinetics (Fig. 2G). These data suggest
that the Q331K and M337V mutations likely
alter the TDP-43 folding landscape such that
aggregation is more energetically favorable.
However, even though Q331K and M337V
aggregated more rapidly than WT or G294A in
vitro, the final amount of aggregated protein
after 30-60min was similar for all TDP-43

variants (Fig. 5A, B). Similarly, after six hours
of expression in vivo these TDP-43 variants
formed approximately equal quantities of
insoluble protein (Fig. 2F).

Pure TDP-43 Aggregates Resemble TDP-43
Aggregates in Degenerating Neurons in
ALS and FTLD-U

Electron microscopy (EM) revealed that
WT TDP-43 and G294A rapidly formed small
oligomeric complexes after 5min (Fig. 6A,
examples denoted by arrowheads), which would
sometimes adopt a pore-like conformation (Fig.
6B), strikingly akin to the pathological
oligomers formed by Ap42 and a-synuclein
(34). To confirm that these conformers were
TDP-43 oligomers, we performed size exclusion
chromatography. Consistent with previous
reports (35), WT TDP-43 eluted from a
Superdex-200  gel filtration column as
predominantly dimeric and monomeric species
(Fig. 6C). However, a small fraction eluted as
higher order oligomers (Fig. 6C). Inspection of
the pooled oligomeric fraction by EM revealed
oligomeric profiles similar to those observed at
early times during aggregation reactions (Fig.
6D).

Incubation of TDP-43 for longer times
(15-60min)  with agitation induced the
formation of short filament-like structures (Fig.
6A, examples denoted by small arrows), which
clustered together with oligomers to form large
masses by 30-60min (Fig. 6A). EM of
supernatant and pellet fractions demonstrated
that some small oligomers remain in the
supernatant fraction, whereas clusters of
oligomers and larger species enter the pellet
fraction (Fig. 6E).

G294A formed aggregates that tended to
be more amorphous and less well resolved than
WT (Fig. 6A). The large masses of oligomeric
forms populated by pure TDP-43 are
remarkably similar to those observed in ALS and
FTLD-U patients, which can displace
cytoplasmic organelles (30-32). For example,
WT TDP-43 aggregates in Fig. 6A (30min or
60min) appear morphologically similar to the
TDP-43 inclusions in the neurons of ALS
patients in Fig. 3c-f in (31) or in the neurons
and glial cells of ALS patients in Fig. 2 of (32).

M337V aggregated in a similar manner
(Fig. 6A, B), except that oligomers and
filament-like structures clustered together much
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earlier, and proceeded to form larger masses
than WT or G294A (Fig. 6A). By contrast,
Q331K passed through similar oligomeric forms
as WT, G294A and M337V (Fig. 6A, B), but
eventually accessed morphologically distinct
aggregated forms, with a thread- or skein-like
appearance (Fig. 6A, examples denoted by large
arrows). Similar thread-like structures that
immunolabel for TDP-43 are observed regularly
in the degenerating neurons of ALS and FTLD-
U patients (30-32). For example, compare
Q331K TDP-43 aggregates formed with pure
protein in Fig. 7A to those in neurons of FTLD-
U patients in Fig. 2b, d of (30) or in neurons of
ALS patients in Fig. 6¢, d of (30). The pure
Q331K structures differ subtly from those
observed in patients, in that they are slightly
less regular and are typically more filamentous
and not granulo-filamentous. Nonetheless, their
overall similarity is striking.

Although less abundant, similar
threadlike structures were also formed by WT
TDP-43 (Fig. 7A), as well as G294A and
M337V (data not shown). Typically, these
forms are shorter and more ragged than those
observed in ALS or FTLD-U patients. However,
after extended incubations, occasionally longer,
smoother granulo-filamentous WT TDP-43
aggregates were observed (Fig. 7B). These
structures are strikingly reminiscent of
aggregated species populated by TDP-43 in the
degenerating neurons of ALS and FTLD-U
patients (30-32).

Discussion

In sum, we have faithfully reconstructed
several aspects of the pathological TDP-43
aggregation process using solely pure TDP-43.
Our data establish that pure TDP-43 forms
aggregated species in vitro that are remarkably
similar to the TDP-43 aggregates in FTLD-U
and ALS patients. Further, we show that
pathogenic mutations in the TDP-43 gene can
accelerate aggregation in vitro and elicit the
formation of more numerous aggregates in vivo.
Thus, it seems likely that TDP-43 is a key
aggregated protein in ALS and FTLD-U, just as
a-synuclein is in Parkinson’s disease (PD) and
tau and amyloid-B are in Alzheimer’s disease
(36).

6 of 7 ALS-linked TDP-43 mutants that
we tested, especially Q331K, induced the
formation of multiple TDP-43 aggregates per

cell. Although, at 4h we observed an increase in
aggregation of Q331K compared to WT (Fig.
2G), by sedimentation analysis we could not
detect differences in the total amount of
insoluble TDP-43 between WT and the mutants
expressed for 6h in yeast (Fig. 2F). This may
simply reflect the endpoint of aggregation in
vivo, just as similar amounts of TDP-43
eventually form aggregates in vitro, regardless of
the TDP-43 variant. Furthermore, the
sedimentation assay might not be sensitive
enough to allow us to discern the significant
differences in aggregation patterns observed by
microscopy. The 25Q versus 103Q huntingtin
constructs clearly showed a difference in
insolubility in the sedimentation assay.
However, huntingtin fragments with
polyglutamine tracts of ~25Q do not typically
aggregate in vitro or in vivo (37,38). Thus, a
large difference was expected. Moreover, our
TDP-43 mutants only differ from WT by a
single residue.

Rather, we suggest that the ALS-linked
mutations might affect the morphology and/or
localization of the aggregates in vivo rather than
the total amount of insoluble TDP-43 (as
detected by sedimentation assay). For example,
with WT TDP-43, we frequently observe one
large juxtanuclear focus (Fig. 2C), reminiscent
of the recently described JUNQ (‘juxtanuclear
quality control”) compartment where misfolded
proteins accumulate (19). The observation that
ALS-linked TDP-43 mutants tend to form
multiple foci in vivo (Fig. 2C) might be
attributable to the accelerated kinetics of
aggregation, which we observe in vitro (Fig. 5),
enabling them to escape this quality control
mechanism and thus be more toxic than WT.
Nevertheless, the two mutants that consistently
formed multiple aggregated foci in yeast,
Q331K and M337V, also aggregated more
rapidly in vitro, in our pure protein assays. Thus,
a single amino acid change is sufficient to
accelerate TDP-43 misfolding, supporting the
notion that some ALS-linked mutations can
cause disease by a toxic ‘gain-of-function
mechanism’ at the protein level. The mutations
that accelerate spontaneous aggregation in vitro
and form multiple aggregated foci in vivo are
also more toxic (Fig. 4), suggesting that a subset
of ALS-linked TDP-43 mutations may cause
disease by accelerating TDP-43 aggregation and
contingent  toxicity. ALS-linked TDP-43
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mutants with accelerated aggregation and
toxicity are reminiscent of PD-linked
a—synuclein mutants (A30P, A53T, E46K) that
oligomerize or fibrillize more rapidly and are
connected with early-onset PD (23,24,39).

So far, it does not appear that TDP-43
mutations are a common cause of ALS (40).
Thus, there are likely other pathogenic
mechanisms, some which converge on TDP-43
and others that do not. Nonetheless, it is
apparent that TDP-43 pathology is very
commonly associated with sporadic and non-
SOD1 familial ALS (41). Thus, studying TDP-
43 aggregation and toxicity in vitro and in vivo,
as reported here, will likely help to elucidate the
role of TDP-43 in pathogenesis. Furthermore,
given TDP-43’s dose-dependent toxicity (28)
and aggregation-prone nature, increased TDP-
43 levels might accelerate ALS just as increased
wild type o—synuclein levels accelerate PD (42).
Therefore, TDP-43 copy number, promoter and
regulatory regions should also be analyzed in the
context of ALS, FTLD-U and other TDP-43
proteinopathies.

Why is Q331K considerably more toxic
than the other mutants we tested in our yeast
model? We note that pure Q331K more readily
accessed thread-like aggregated forms, and
grossly similar inclusions are consistently found
in motor neurons undergoing neuronophagia,
the final step in motor neuron death in sporadic
ALS (43). Thus far, there has been one reported
patient with this mutation (7), and it has not
been found in thousands of control samples.
Future studies using animal models (e.g. mouse,
Drosophila, C. elegans, and zebrafish) will
provide additional insights into the effects of
WT Versus mutant TDP-43 in

neurodegeneration.

Other TDP-43 mutations, e.g. M337V,
have been identified in multiple individuals and
segregate with disease in familial ALS (7).
Another mutation, Q343R, is also associated
with familial ALS and patients present with
more widespread TDP-43 pathology than most
non-mutant TDP-43 cases (11). Remarkably,
Q343R also aggregates more extensively and is
more toxic in our yeast model (Figs. 2, 4).
However, because exhaustive genetic studies of
TDP-43 in ALS and FTLD-U have not yet been
performed, it is probably too soon to judge the
potential pathogenicity of every single TDP-43
mutation that has been found in patients. One
recent report found that TDP-43 pathology in a
patient harboring the G294A mutation was
similar to that of patients without this lesion
(44). Interestingly, G294A behaved like WT
TDP-43 in our yeast and pure protein assays,
further corroborating these approaches.

Our yeast model will facilitate
assessment of the effects of newly identified
mutations on aggregation and toxicity. To our
knowledge, there are no available tissue culture
models that recapitulate both  TDP-43
aggregation and toxicity. Given the previous
success defining disease mechanisms and
mammalian genetic suppressors of PD using a
yeast synucleinopathy model (18,45,46),
genome-wide approaches using the yeast TDP-
43 model are likely to provide insight into
disease mechanism, identify potential
biomarkers, and suggest avenues for therapeutic
strategies. Finally, the pure TDP-43 aggregation
assay described here will empower us to identify
small molecules and cellular factors able to
inhibit or even reverse TDP-43 aggregation.
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Figure legends

Figure 1. Aggregation of TDP-43 and TDP-43 fragments in vitro. (A) A diagram of the domain
structure of TDP-43 indicating both RNA recognition motifs (RRM1 and RRM2) and the glycine-rich C-
terminal domain. (B) TDP-43 or the indicated TDP-43 fragment (1-275 or 188-414) (3uM) were incubated
at 25°C with agitation for 0-120min. The extent of aggregation was determined by turbidity. Values
represent meansxSD (n=3). (C) Aggregation of WT TDP-43 as in (B) assessed by sedimentation analysis.
Values represent means+SD (n=3). (D) His-TDP-43 or Sup35-NM (5uM) were incubated for either Omin
(soluble protein) or 2h (aggregated protein) at 25°C with agitation. Reactions were then processed for
Congo Red Binding. Values represent means+SD (n=3). (E) TDP-43 or Sup35-NM (5uM) were incubated for
either Omin (soluble protein) or 2h (aggregated protein) at 25°C with agitation. Reactions were then
processed for Thioflavin-T fluorescence. Values represent means+SD (n=3).

Figure 2. Aggregation of TDP-43 and ALS-linked mutants in vivo. (A) Schematic indicating disease-
associated TDP-43 mutations. Color code of mutations indicates aggregation compared to WT (red =
considerably more aggregates than WT; green = more aggregates than WT; black = as many aggregates as
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WT). (B) YFP alone, WT and mutant TDP-43-YFP expression levels were determined by immunoblotting
with an anti-GFP antibody. Phosphoglycerate kinase 1 (Pgkl) was used as a loading control. (C)
Representative fluorescent microscopy images of DAPI-stained (blue to denote the position of the nucleus)
WT or mutant TDP-43-YFP (green). (D) The effect of TDP-43 mutations on aggregation in vivo was
quantified by counting the number of cells containing > 3 foci. Values represent means + SEM (n>3, at least
200 cells per sample). Cells expressing YFP alone did not contain foci (data not shown). (E) Untagged TDP-
43 also forms aggregates in yeast cells. Immunocytochemistry with an anti-TDP-43 antibody was used to
visualize TDP-43 expression. Arrows point to cytoplasmic TDP-43 inclusions. Cells transformed with an
empty vector were used as a control for antibody specificity. (F) Sedimentation assay to demonstrate TDP-
43 forms insoluble aggregates in yeast cells. Yeast cells expressing YFP, htt25QCFP, htt103Q-CFP, or WT
and mutant TDP-43-YFP for 6h were lysed and processed for sedimentation assay as in (19). Soluble and
insoluble fractions were separated by centrifugation. 20% of the pellet fraction and 10% of soluble and total
fractions were resolved by SDS-PAGE followed by immunoblotting with anti-GFP antibody. Whereas YFP
was completely soluble, WT and TDP-43 partitioned into soluble and insoluble fractions, similar to the
aggregation-prone fragments of the huntingtin protein (htt25Q (mostly soluble) or htt103Q (mostly
insoluble)). Arrow indicates top of gel. (G) Sedimentation assay performed as in F except that WT and
Q331K TDP-43 constructs were induced for 4h. At this time-point, a greater relative amount of Q331K is
present in the insoluble pellet fraction than WT TDP-43. T, total; S, soluble; P, pellet. Representative
image from three separate experiments is shown. (H) Time-course analysis of WT and Q331K TDP-43
aggregation demonstrates Q331K forms more discrete aggregates than WT at early time points.

Figure 3. EM of TDP-43 aggregates in yeast. (A-C). Low magnification TEM shows an example of a
granular aggregate in yeast cells expressing the Q331K TDP-43 mutant (boxed region, (A); high
magnification +25° tilt view of boxed region in A. (B), and additional high magnification view of TDP-43
aggregate (C). m=mitochondria; V=vacuole; arrowheads delineate TDP-43 aggregate; bars=0.25um.

Figure 4. The effect of ALS-linked TDP-43 mutations on toxicity. (A) Schematic indicating disease-
associated TDP-43 mutations shown above. Color code of mutations indicates toxicity compared to WT
(red = considerably more toxic than WT; green = slightly more toxic than WT; black = as toxic as WT).
(B) Spotting assay to compare the toxicity of WT and mutant TDP-43. Serial dilutions of yeast cells
transformed with galactose-inducible YFP, WT or mutant TDP-43-YFP constructs. Transformants were
spotted on glucose (non-inducing) or galactose (inducing) containing agar plates, and growth assessed after
48 to 72 hours. (C) Spotting assay to compare the toxicity of WT and mutant TDP-43. Serial dilutions of
yeast cells transformed with galactose-inducible untagged WT or mutant TDP-43 constructs. Transformants
were spotted on glucose (non-inducing) or galactose (inducing) containing agar plates, and growth assessed
after 48 to 72 hours. (D) Survivorship curve during TDP-43 induction, using the high copy 2 micron vector.
After induction of empty vector, TDP-43 WT, G294A, Q331K, or M337V, survivorship was determined at
the indicated time-points by harvesting cells at ODggonm = 1, diluting 1:1000 and plating 300 ul of these cells
on to synthetic media containing 2% glucose (represses TDP-43 expression). Plates were incubated at 30°C
and colony forming units were determined after 2 days. (E) TDP-43 expression causes cell death. TDP-43
expression was induced for 6 hours and cells were stained with propidium iodide (P1) to assess viability. WT
and mutant TDP-43-expressing cells were positive for Pl staining (indicating cell death), whereas empty-
vector containing cells were negative for Pl staining (indicating viability).

Figure 5. Q331K and M337V accelerate spontaneous TDP-43 aggregation. (A, B) TDP-43 or the
indicated ALS-linked TDP-43 mutant (Q331K, M337V or G294A) (3uM) were incubated at 25°C with
agitation for 0-60min. The extent of aggregation was determined by turbidity (A) or sedimentation analysis
(B). Values represent meanstSD (n=3). Inset (A) the equal input of TDP-43 proteins is shown on a
Coomassie stained gel.

Figure 6. Pure TDP-43 and ALS-linked mutant aggregates resemble TDP-43 aggregates in
12
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degenerating neurons of ALS patients. (A) TDP-43 or the indicated ALS-linked TDP-43 mutant
(Q331K, M337V or G294A) (3uM) were incubated at 25°C with agitation for 0-60min. At various times,
reactions were processed for EM. Arrowheads denote small oligomers, small arrows denote filament-like
structures and large arrows denote thread-like structures. Bar, 0.5um. (B) Gallery of TDP-43 and ALS-linked
TDP-43 mutant oligomers formed after 5min. Bar, 50nm. (C) TDP-43 was incubated at 25°C with
agitation for 5min and processed for Superdex-200 size exclusion chromatography. TDP-43 eluted as a
predominantly dimeric and monomeric species, but a small fraction eluted as oligomeric species. Arrows at
the top indicate elution volumes of the molecular weight standards. (D) EM of oligomeric pool eluted from
the Superdex-200 column. Bar, 50nm. (E) TDP-43 (3uM) was incubated at 25°C with agitation for 30min.
Supernatant and pellet fractions were separated and processed for EM. Bar, 100nm.

Figure 7. Thread-like aggregates formed by TDP-43.

(A) Gallery of thread-like aggregates of TDP-43 and Q331K formed after 60min of agitation at 25°C. Bar,
100nm. (B) Longer and more regular granulo-filamentous forms populated by WT TDP-43 after 2h of
agitation at 25°C. Bar, 100nm.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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