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The abnormal repetition of the hexanucleotide GGGGCC within the C9orf72 gene is the most common genetic
cause of both Amyotrophic Lateral Sclerosis (ALS) and Frontotemporal Dementia (FTD). Different hypothesis have
been proposed to explain the pathogenicity of this mutation. Among them, the production of aberrant proteins
called Dipeptide Repeat Proteins (DPR) from the repeated sequence. Those proteins are of interest, as they are
toxic and form insoluble deposits in patient brains. In this study, we characterized the structural features of three
different DPR encoded by the hexanucleotide repeat GGGGCC, namely poly-GA, poly-GP and poly-PA. We showed
that DPR are natively unstructured proteins but that only poly-GA forms in vitro fibrillary aggregates. Poly-GA
fibrils are of amyloid nature as revealed by their high content in beta sheets. They neither bind Thioflavin T nor
Primuline, the commonly used amyloid fluorescent dyes. Remarkably, not all of the poly-GA primary structure
was part of fibrils amyloid core.

© 2020

1. Introduction

Amyotrophic Lateral Sclerosis (ALS) is a progressive neurodegener-
ative disease that affects both the central and peripheral nervous sys-
tem leading to impaired motor functions and a progressive paralysis of
the skeletal muscles. Fronto-temporal dementia (FTD), the second cause
of dementia after Alzheimer's disease, is also a neurodegenerative dis-
ease diagnosed by cognitive and behavioral symptoms. These patholo-
gies share numerous clinical and pathological aspects and are now con-
sidered as the two extremities of the same pathological spectrum, rather
than distinct entities.

Mutation within the open reading frame 72 of chromosome 9 (C9or-
£72) is a genetic factor shared by both pathologies [1,2]. The mutation
consists of hexanucleotide (GGGGCC) repetition from 25 to 1000 time in
the promotor or intron 1 sequence. It is the most common genetic cause
for these diseases that account for 16% of familial ALS and 20% of fa-
milial FTD patients. It is also reported in 6-8% of ALS sporadic cases

[3].
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The role of this mutation in the etiology of ALS/DFT is poorly un-
derstood. So far, three mechanisms have been proposed to explain it:
(1) Haploinsuffisency of the gene C9orf72, possibly encoding for a GTP
Exchange Factor [4-7], (2) Toxicity of the hexanucleotide sens and
antisens RNA that sequester RNA-binding proteins and other factors
into insoluble RNA foci [8-10], (3) Unconventional translation of re-
peated hexanucleotide into toxic proteins called Dipeptide Repeat Pro-
teins (DPR) [11-16]. These proteins have been shown to be produced
independently of any start codon by a rare mechanism called repeat
associated non-ATG (RAN) translation [11,13-15]. As GGGGCC and
CCGGGG RNA are translated in all alternate reading frames: poly-GA
(Glycine-Alanine), poly-GP (Glycine-Proline) and poly-GR (Glycine-Argi-
nine) for sense transcripts or poly-PA (Proline-Alanine), poly-PR (Pro-
line-Arginine) and also poly-GP for antisense transcripts [11,12,14].
Antibodies directed against several DPR stain neuronal inclusions that
are p62-positive and TDP-43-negative. Poly-GA seems to be the most
abundant DPR in the inclusions [13]. Nonetheless, the distribution of
DPR aggregates does not completely correlate with lesions observed in
patient brains [12,13,15,17,18]. It remains possible that small amounts
of highly toxic DPR may be sufficient to kill cells. Another hypothesis is
that DPR could trigger TDP-43 aggregation, a major pathological mech-
anism occurring in ALS/FTD [19-23].

So far, very few studies have been done to characterize the biochem-
ical properties of DPR [24,25]. Here, we show that poly-GA, poly-GP
and poly-PA DPR are mostly unstructured proteins. Only poly-GA form
fibrillary aggregates in-vitro. We show, using FTIR spec-
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troscopy that GAx34 fibrillar assemblies are of amyloid nature albeit
they neither bind Thioflavin T nor Primuline, the fluorescent dyes that
are considered as markers of amyloid aggregates. Interestingly, not all
of the poly-GA repeated sequence was involved in fibrils amyloid core.

2. Results

The DPR proteins were expressed in E. coli and purified by affinity
for a 6xhistidine Tag on a Cobalt column (see Materials and Methods
section). We produced four different DPR proteins of distinct composi-
tion: PAx50, GAx50, GAx34 and GPx24. The different DPR proteins were
expressed as fusion proteins with different tags for purification and im-
munodetection purposes (Fig. S1).

The oligomeric state of the DPR proteins, was determined by assess-
ment of their apparent molecular weights by size-exclusion chromatog-
raphy (SEC). DPR proteins freshly solubilized in HFIP were dried and
the resulting film was resuspended in PBS buffer. All DPR were found
soluble after this treatment, except GAx50 protein that forms immedi-
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ately fibrillary aggregates. GAx34 protein in PBS displays two species
with apparent molecular weights of 21 and 6,4 kDa (Fig. 1A and G).
GAx34 protein presence in each peak was confirmed by Western-blot
analysis using an anti-V5 antibody (Fig. 1D). GPx24 protein shows
three species (Fig. 1B) all of which contain GPx24 protein as con-
firmed by Western blot analysis (Fig. 1E). The principal specie has
an apparent molecular weight of 30 kDa, whereas that of the second
is 63 kDa. The third species corresponds to aggregated GPx24 pro-
tein with an apparent molecular weight over 2000 kDa (Fig. 1G). The
species corresponding to peak 3 represents monomeric GPx24 protein.
Peaks 1 and 2 correspond to multimeric GPx24 protein. PAx50 pro-
tein presents an elution profile similar that of GPx24 protein with the
major species exhibiting an apparent molecular weight of 105 and
32 kDa and a third species corresponding to aggregated PAx50 pro-
tein (Fig. 1C). PAx50 protein species with apparent molecular weight
105 and 32 kDa were recognized by an anti-FLAG antibody (Fig. 1F).
Altogether, our results shows that all three DPR we produced are of
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Fig. 1. Apparent molecular weights of solubilized GAx34, GPx24 and PAx50.(A—C) Size-exclusion chromatograms on Superose 6 (10/300) column of GAx34, GPx24 and PAx50 (150 uM).
Samples were solubilized in HFIP and filtred through 0,2 pm pore filters and loaded onto the column. Peptides elution was followed by absorbancy at 280 nm. Column calibration is shown
for Dextran blue (>2000 kDa), thyroglobulin (670 kDa), f-amylase (200 kDa), BSA (66 kDa) and carbonic anhydrase (29 kDa). All spectra were normalized to the highest value. (D-F)
Western-Blot analysis of colected fractions using antibodies directed against V5 tag for GAx34 or GPx24 and FLAG tag for PAx50. (G) Apparent molecular weight of GAx34, GPx24 and
PAx50 peaks based on their Ve/V ratio (see supplemental 1Fig"). . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this

article.)
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mostly monomeric in nature with varying amounts of low and high
molecular weight species corresponding to small or larger multimeric
species (Fig. S1).

We next measured the secondary structure content of the DPR pro-
teins by Circular Dichroism (CD). The different DPR proteins were pre-
pared as for SEC (Fig. 2A). GAx34, GPx24 and PAx50 proteins possess
random coil structures (Fig. 2B). Indeed, deconvolution of the CD spec-
tra indicates that over 78% of the polypeptide consists of random coil
(Fig. 2B).

We next investigated the capacity of the DPR we produced to assem-
ble into higher molecular weight species. We explored various assembly
conditions e.g. buffers, temperature and agitation. In all explored condi-
tions, GPx24 and PAx50 proteins remained mostly soluble with a frac-
tion ranging from 10 to 20% of the proteins forming aggregates of amor-
phous nature (data not shown). In contrast, GAx34 and GAx50 proteins
assembled into fibrillar aggregates that bundle together in purification
buffer or PBS at 4 °C, without shaking, as observed by transmission elec-
tron microscopy after negative staining with Uranyl acetate (Fig. 3A
and B). While GAx50 protein assembled within minutes to hours into
fibrils, GAx34 protein (100 pM) assembly into fibrils was slow. Assembly
of the poly-GA proteins was followed using a sedimentation assay and
SDS-PAGE analysis (Fig. 3C). GAx34 protein (100 pM) assembly into
fibrils was complete after 30 days (Fig. 3A). Interestingly, GAx34 fib-
rils do not bind the fluorescent dyes Thioflavin T or Primuline that are
known to bind in a quantitative manner to amyloid fibrils such as those
a-synuclein forms (Fig. 3B).

We next performed FTIR measurements to determine whether fibril-
lar GAx34 protein is of amyloid nature. Fibrillar GAx34 protein FTIR
spectrum clearly shows a shoulder at 1620 cm™1, indicative of the amy-
loid nature of the aggregates (Fig. 4A). Fourier deconvolution of the
spectra indicates that 42% of GAx34 amino acids residues are involved
in the p-sheet structures within the fibrillar form of the protein. The 58%
remaining amino acid residues are disordered (Fig. 4B). The peak cen-
tered at 1628 cm™! indicates that GAx34 fibrils have cross-p-sheet con-
tent and are therefore of amyloid nature. Surprisingly, our data clearly
indicate that only 40 out of the 68 GA residues are involved into the
amyloid core of fibrillar GAx34.

3. Discussion
DPR have been proposed to be key contributors in C9orf72+

pathologies. Little is known about their biochemical properties and
the deleterious effect of these proteins is still under debate. Here we
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have characterized the properties of three DPR proteins of different
lengths: GAx34, GPx24 and PAx50. We have shown that, in PBS, these
proteins have apparent molecular weights compatible with monomeric
or small sized multimeric forms. The three DPR proteins exhibit the
characteristics of disordered proteins as assessed by CD measurements.

We did not succeed to assemble GPx24 and PAx50 into fibrils under
any of the numerous experimental conditions we tested. Amorphous ag-
gregates were obtained instead. In contrast, GAx34 and GAx50 proteins
readily assembled into fibrils at 4 °C. This is in agreement with a previ-
ous study where synthetic peptides GAx3 and 6 were demonstrated to
exhibit the highest propensity to aggregate [24]. This is of particular in-
terest given that most DPR inclusions in patient brains are GA positive
[12,13]. FTIR measurements reveal that the fibrillar GAx34 proteins we
generated are of amyloid nature, in agreement with previous observa-
tions made with DPR with little number of repeats (25). Altogether, the
present findings and previous results suggest that GA DPR assemblies of
amyloid nature may play a role in neuronal degeneration in ALS/FTD.

The FTIR measurements we performed indicate that only part of GA
repeat is involved in the amyloid core of GAx34 fibrils. Whether this
observation is relevant to pathology remains to be established given
that 400 and over GA repeats are associated to ALS/FTD in normal
population. Still, our result might mean that GA aggregates elongate
in a way where monomers stack with offset. The repeated nature of
their sequence can allow such phenomenon, contrary to other aggrega-
tion-prone proteins such as Tau or a-Synuclein [27-31]. This could also
account for the poly-GA assemblies with variable width and bifurcation
reported previously [26].

Contrary to previous observations, we neither observed Thioflavin
T nor Primuline binding to poly-GA fibrils [24,25]. These fluorescent
dyes are often used as markers of amyloids assemblies, despite some
controversies [32]. The inability of DPR to bind canonical amyloid dyes
may be due to the lack of key amino acids within primary structure,
in agreement with previous studies showing a requirement for Tyrosine
and Leucine for Thioflavin T binding [33,34].

As indicated above, we were not able to generate fibrillar poly-GP
and poly-PA. Those DPR are nonetheless detected within neuronal in-
clusions [12-14]. Thus, they either form under conditions we did not
explore or co-assemble with other DPR or aggregate into amorphous
structures such as those we generated that are relocated in neurons, as
many other proteins, to inclusions containing filamentous poly-GA. The
ability of poly-GP and poly-PA at different concentrations to co-assem-
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Fig. 2. Secondary structure determination of solubilized GAx34, GPx24 and PAx50.A Circular dichroism spectra of GAx34 (red line), GPx24 (blue line) and PAx50 (green line). DPR were
all solubilized in HFIP before resuspension in PBS and analysis. All spectra were normalized to the mean residue weight ellipticity (Byrw) [deg cm?/dmol] B Secondary structure estimation
of solubilized GAx34, GPx24 and PAx50 obtained by deconvolution of the CD spectroscopic measurements. Deconvolution was performed on Dichroweb server using CONTIN algorithm
(reference set 7).(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. DPR made of poly-GA form fibrillar assemblies that do not bind Thioflavin T nor Primuline.(A, B) Negatively stained TEM of GAx34 and GAx50 fibrillar assemblies obtained by
incubation at 4 °C without shaking. Scale bar, 200 nm (C) poly-GAx34 aggregation followed by disappearence over time of monomeric protein (100 pM) from the SDS-PAGE gel. Aliquots
of GAx34 were taken during assembly and analyzed by SDS-PAGE followed by Coomasie Blue staining (inset). Quantification was done by comassie signal integration using ImageLab.
Quantification is shown as the average and SEM of three independent experiments. (D) Thioflavin T and Primuline (10 uM) binding assay with increasing concentration of GAx34 fibrils
(@) and control amyloid fibrils made of alpha synuclein aSyn (X). Fluorescence intensity was recorded using excitation and emission wavelengths set at 440 and 480 nm for Thioflavin
T and 400 and 480 nm for Primuline. Quantification are shown as the average and SEM of three independent experiments. . (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 4. Deconvoluted FT-IR spectrum of GA fibrils.(A) GAx34 fibrils deconvoluted FT-IR spectrum. GAx34 fibrils were washed 3 times in D,0 with repeated cycles of spinning/resuspen-
sion. FTIR spectra (thick line), Fourier deconvolution (thin lines) and curve fit (dashed line) data are presented. FT-IR spectrum was fitted using a Gaussian species model centered at 1628,
1680 (p-sheets), 1649 (disordered and a-helix) and 1667 (loops) cm™. (B) Secondary structure estimation fo GAx34 fibrils obtained by deconvolution of FTIR spectrum. The percent of
the area and the associated number of peptide bonds are listed for each structure assignment.
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ble into fibrils with poly-GA at different molar ratio was assessed. Amor-
phous aggregates together with fibrils were obtained as when poly-GP
or poly-PA amorphous assemblies are diluted in the presence of fibril-
lar poly-GA (not shown). This suggests that poly-GP and poly-PA do not
co-assemble into fibrils with poly-GA.

4. Materials and methods
4.1. Dipeptide repeat proteins (DPR) cloning and purification

DNA sequences encoding a V5 tag followed by 34 repeats of GA or 24
repeats of GP were subclonned in a bacterial expression vector contain-
ing an N-teminal 6xHis-Tag and a TEV protease cleavage site (pETM-11
vector, EMBL). Plasmids pAG416-Gal encoding for PAx50 and GAx50
were obtained from Addgene. Proteins were expressed in E. coli BL21,
and purified on 5 mL Talon column (Clontech®) loaded with Cobalt.
The proteins were eluted with a linear gradient of 12 ml from buffer A
(20 mM Tris pH 7.5, 250 mM NaCl, 5 mM Imidazole, 1 mM pMercap-
toethanol, Glycerol 10%, 0.1 mM PMSF) to buffer B (20 mM Tris pH
7.5, 250 mN NaCl, 250 mM Imidazole, 1 mM pMercaptoethanol, Glyc-
erol 10%, 0.1 mM PMSF). Eluted fraction were analyzed by SDS PAGE,
and proteins were quantified spectrophotometrically using a extinction
coefficient of Egp,ga = 2980 M~! cm~! and €py = 4470 M~! cm™. Pro-
teins were assembled into fibrils at 4 °C without shaking for at least 30
days.

4.2. Size-exclusion chromatography (SEC) and Western-Blot analysis

DPR species of different sizes were separated by SEC on a Super-
ose 6 (10/300) column (GE Healthcare) equilibrated in 0.1X PBS pH
7.4 at a flow rate of 0.4 ml/min. Elution was monitored by measuring
absorbance at 280 nm. During elution, fractions were collected for West-
ern-Blot analysis using antibodies directed against V5 tag for GAx34
or GPx24 and FLAG tag for PAx50. The Superose 6 column was cali-
brated using Dextran blue (2000 kDa), Thyroglobulin (669 kDa), Alco-
hol Deshydrogenase (150 kDa), BSA (66 kDa), and carbonic anhydrase
(29 kDa) standards (Sigma).

4.3. Circular dichroism

CD spectra of GAx34, GPx24 and PAx50 were recorded at 20 °C
in a Jasco J810 dichrograph using 0.1 mm pathlength quartz cuvettes
(Hellma) containing 20 pL of the protein solutions. Proteins were sol-
ubilized in HFIP, dried under an N2 stream before being dissolved in
PBS buffer and analyzed. All spectra were normalized to the mean
residue weight ellipticity (Oprw) [deg cm?/dmol] using the equation
O(M)MRwW = e(k)deg/locnd where 0(M)geg is the recorded spectra in de-
grees, d is the path length of the cuvette in centimeters, n is the number
of amino acid residues, and c is the sample concentration in moles per
liter.

4.4. Electron microscopy

The morphology of DPR assemblies was examined by transmission
electron microscopy (TEM) in a Jeol 1400 transmission electron micro-
scope, following adsorption onto carbon-coated 200 mesh grids and neg-
ative staining with 1% uranyl acetate. The images were recorded with a
Gatan Orius CCD camera (Gatan Inc., Pleasanton, CA, USA).

4.5. Fibrillization kinetics by SDS-PAGE analysis

Protein fibrillization was followed by disappearence over time of
monomeric DPR (100 uM) from the supernatant of aliquots withdrawn
at different time points from the assembling reaction at 4 °C after sed-
imentation at 100,000 g for 30 min using SDS-PAGE follow-

ing Coomasie Blue staining. Quantification was done with ImageLab. Ki-
netic points are the mean of three different experiments + SEM.

4.6. Fourier transform infrared spectroscopy

GA fibrils were centrifuged for 30 min at 100,000 g at 4 °C then ex-
tensively washed through three cycles of resuspension and sedimenta-
tion with D,0. The spectra were recorded on a Bruker Vertex 70 Fourier
transform infrared spectroscopy (FTIR) spectrometer equipped with a
liquid nitrogen-cooled MCT detector. The background consisted of D0
and water vapour. A total of 100 interferograms were collected with
a resolution of 1 cm™!. The sample were loaded on a single reflec-
tion ATR chamber (PikeTech). All the spectra were baseline-corrected,
smoothed and normalized prior to further data processing. The amide
I (1600-1700 cm™1) band of the spectra was fitted using a Gaussian
species model centered at 1628, 1649, 1667 and 1680 cm~!. During
the fitting procedure the peak height was free, whereas the width at
half-height was maintained at <20 cm™!.

4.7. Thioflavin T and primuline fluorescence in presence of GA and a-
synuclein fibrils

The fibrillary samples were spun at 100,000 g for 30 min at 4 °C
for GA and at 37 °C for a-Synuclein. The pellets were resuspended in
PBS at 150 pM and then diluted at different concentrations (100, 50,
25 and 10 pM). Samples were incubated with Thioflavin T or Primu-
line (10 pM). Fluorescence was recorded with a Cary Eclipse spectro-
fluorimeter (Varian Medical Systems Inc.) using excitation and emis-
sion wavelengths set at 440 and 480 nm for Thioflavin T and 400 and
480 nm for Primuline.
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