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Abstract

Converging evidence points to the N-terminal domain comprising the first 17 amino acids of the Huntingtin
protein (Nt17) as a key regulator of its aggregation, cellular properties and toxicity. In this study, we further
investigated the interplay between Nt17 and the polyQ domain repeat length in regulating the aggregation
and inclusion formation of exon 1 of the Huntingtin protein (Httex1). In addition, we investigated the effect
of removing Nt17 or modulating its local structure on the membrane interactions, neuronal uptake, and
toxicity of monomeric or fibrillar Httex1. Our results show that the polyQ and Nt17 domains synergistically
modulate the aggregation propensity of Httex1 and that the Nt17 domain plays important roles in shaping
the surface properties of mutant Httex1 fibrils and regulating their poly-Q-dependent growth, lateral asso-
ciation and neuronal uptake. Removal of Nt17 or disruption of its transient helical conformations slowed
the aggregation of monomeric Httex1 in vitro, reduced inclusion formation in cells, enhanced the neuronal
uptake and nuclear accumulation of monomeric Httex1 proteins, and was sufficient to prevent cell death
induced by Httex1 72Q overexpression. Finally, we demonstrate that the uptake of Httex1 fibrils into pri-
mary neurons and the resulting toxicity are strongly influenced by mutations and phosphorylation events
that influence the local helical propensity of Nt17. Altogether, our results demonstrate that the Nt17
domain serves as one of the key master regulators of Htt aggregation, internalization, and toxicity and rep-
resents an attractive target for inhibiting Htt aggregate formation, inclusion formation, and neuronal
toxicity.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Huntington’s disease (HD) is an inherited brain
disorder caused by CAG repeat expansion within
the first exon (exon 1) of the huntingtin gene
(HtH."# Individuals with CAG repeats exceeding
the pathogenic threshold of 36 CAGs develop HD,
with the age of onset being inversely correlated with
the number of CAG repeats.® These HD mutations

result in the production of a mutant Huntingtin
(Htt) protein with an expanded polyglutamine
(polyQ) domain (>36Q repeats).**® Although the
mechanisms by which these mutations cause HD
continue to be intensively investigated and debated,
the increased propensity of mutant Htt proteins to
misfold, aggregate, and accumulate in intranuclear
inclusions® '° suggests that polyQ-mediated Hitt
aggregation is a central event in the pathogenesis
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of HD.""'? In addition to driving Htt aggregation,
expanded polyQ tracts have also been shown to
modulate several aspects of Hit biochemical and
cellular properties, including its subcellular localiza-
tion,' protein—protein interactions.’®'* proteoly-
sis,'® and clearance.'®"?

To our knowledge, no report has suggested that
the full-length Htt protein is capable of forming
fibrils in vitro or established that nuclear Hit
inclusions are made of fibrillar aggregates
comprised of the full-length protein. In contrast,
multiple N-terminal Htt fragments containing the
polyQ domain have been identified in neuronal
intranuclear and cytoplasmic inclusions in several
cellular and in vivo HD models®?°?°> and post-
mortem HD brains'"?°. These observations have
led to the hypothesis that the generation of
N-terminal Hit fragments — by proteolysis®’ 2 or
alternative splicing®®®' — and their aggregation are
key determinants of HD pathogenesis. The high
aggregation propensity and toxicity of N-terminal
Htt fragments, such as the Huntingtin exon 1 protein
(Httex1), were initially attributed Primarily to the
presence of the polyQ domain.®?*%*-3" However,
increasing evidence from HD cellular and animal
models suggests that the first 17 N-terminal amino
acids (Nt17) play critical roles®® in regulating many
aspects of Htt aggregation,®*** life-cycle,* subcel-
lular localization,”** and toxicity*>**>*5*9 in cells
and point to this Nt17 domain as one of the master
regulators of Htt function in health and disease.
Therefore, deciphering the Nt17 code holds great
potential for developing novel disease-modifying
strategies based on Nt17-mediated modulation of
Htt aggregation or degradation.

Several studies have systematically investigated
the role of the sequence and conformation of Nt17
in regulating Httex1 aggregation using multiple
biophysical methods. At the monomeric Httex1
and Nt17 peptide levels, these studies showed
that Nt17 does not adopt a stable secondary
structure but exists in a compact state, with part of
the Nt17 sequence exhibiting marginal helical
propensity.”® These conformational properties of
Nt17 resemble those reported for molecular recog-
nition motifs, which can adopt more stable sec-
ondary structures stabilized by intermolecular
interactions driven by self-oligomerization or bind-
ing to partners.”’ In this regard, several studies
have shown that the propensity of Nt17 to form
stable helical conformations increases upon
oligomerization and fibril formation by Httex1 model
peptides (HttN'Qy K2)°? and suggested important
roles of Nt17 helicity and intermolecular interactions
in driving the formation and stabilization of oligo-
mers and fibrils. In one model, the Nt17-mediated
formation of a-helix-rich oligomers was proposed
to precede the formation of B-sheet structures that
nucleate Httex1 fibrillization.*®49>75%  |solated
Nt17 fragments were further shown to inhibit the
aggregation of Httex1 sequences by destabilizing

Nt17-mediated oligomer formation. Fully formed
helical Nt17 was reported to exhibit significantly
reduced aggregation inhibitory effects, probably
because it fails to mutually induce helical conforma-
tion in the neighboring Nt17. Interestingly, the loss
of helical conformation through proline mutations
or sequence alteration was also shown to retard
aggregation.*®°° In the fibrillar state, solid-state
nuclear magnetic resonance (ssNMR) and Fourier
transform infrared spectroscopy (FTIR) studies
showed that the Nt17 a-helices occur on the periph-
ery of the fibrils, interact with each other and exist in
solvent-exposed and dynamic molten-globule-like
states with a-helical arrangements occurring prefer-
entially within amino acid residues 4-11.°° The
interaction of fibrils derived from Nt17 containing
Htt fragments with membranes is likely to further
increase the stability of the helices within the fibrils
and regulate their toxicity.*’

However, the majority of the studies mentioned
above used Httex1-like model peptides®®°°which
that did not contain the complete sequence of
Httex1 (e.g., Nt17 peptide),”® contained additional
solubilizing amino acids such as lysine resi-
dues, 48206962 or were fused to large proteins
(e.g., GST, YFP).”® Other studies relied on artificial
fusion constructs whereby the polyQ domain®*° or
Httex1 itself*>°%°%~"° were fused to large solubiliz-
ing protein tags, such as glutathione-S-transferase
(GST), maltose-binding protein (MBP), thioredoxin
(TRX), C-terminal S-tag,***°®" or fluorescent pro-
teins (e.g., GFP or YFP).c”8'%* We and others
have shown that the presence of such tags alters
the ultrastructural, interactome and biochemical
properties of Hitex1 as well as its aggregation prop-
erties both in vitro® and in cells.®®

In the present study, we aimed to extend previous
studies and further refine our understanding of the
role  of the sequence (post-translational
modifications, PTMs) and conformation of the
Nt17 domain in regulating the aggregation
kinetics, fibril morphology, and cellular properties
of Httex1, all in the context of tag-free Httex1
proteins with increasing polyQ-repeat lengths and
in the same cellular/neuronal model systems.
More specifically, we aimed to determine 1) the
effect of removing the Nt17 domain on the
aggregation kinetics and fibril surface properties
and 2) the relative contribution of the Nt17 domain
and its conformation on Httex1 aggregation,
membrane binding and internalization in cellular
models of HD. Motivated by recent studies®°
pointing to important roles of cell-to-cell propagation
of mutant Hit aggregates in the pathogenesis of
HD,?”~% we also assessed for the first time the role
of the Nt17 PTMs and transient helical conformation
in regulating the internalization and subcellular
localization of monomeric and fibrillar forms of
Httex1 in primary striatal neurons. Our findings pro-
vide novel insights into the Nt17-dependent molec-
ular and cellular determinants of Htt aggregation,
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inclusion formation, nuclear localization, and sub-
cellular localization, with significant implications for
targeting the Nt17 domain in developing new
disease-modifying therapies.

Results and discussion

The Nt17 domain accelerates the aggregation
of Httex1 in a polyQ-dependent manner and
strongly influences the final morphology of
Httex1 fibrils

To investigate how the interplay between the
Nt17 domain and the length of the polyQ repeat
influences the aggregation properties of tag-free
Httex1, we produced recombinant Httex1 proteins
with different polyQ repeats ranging from 6Q to
42Q (6Q, 14Q, 22Q, 28Q, 36Q, 42Q) with or
without Nt17 (ANt17-Httex1) as previously
described® (Figure S1). Next, we investigated the
aggregation propensity of each protein by monitor-
ing changes in the amount of remaining soluble pro-
tein over time using a sedimentation assay based
on reverse-phase ultra high-&erformance liquid
chromatography (RP-UHPLC).”* As expected, the
aggregation propensity of the Httex1 and ANt17-
Httex1 proteins increased as a function of polyQ-
length (Figures 1(A) and S2-S3). Moreover, a
time-dependent comparison of the aggregation of
these proteins showed that the presence of the
Nt17 domain significantly enhanced the oligomer-
ization and fibrillization of all the Httex1 proteins
(14Q—42Q) compared to the corresponding
ANt17-Httex1 proteins (Figure S2). Notably, we
observed a drastic increase in the aggregation
propensity of Httex1 proteins with polyQ lengths of
22Q-28Q, below the clinical threshold of 36Q. Fur-
thermore, the presence of the Nt17 domain signifi-
cantly accelerated the aggregation of Httex1
compared to ANt17-Httex1, consistent with previ-
ous in vitro aggregation studies based on synthetic
polyQ or Httex1-like peptides®®°%%° and Hittex1
fusion proteins.”*®" The aggregation-promoting
effect of Nt17 was observed in all Httex1 proteins,
irrespective of the polyQ repeat length, but was
especially pronounced for polyQ repeat
lengths > 22Q, which we identified previously as
the fibrillization threshold for mutant Httex1.%° Inter-
estingly, the aggregation of Httex1-36Q was com-
plete within 24 h, seven times faster than for
ANt17-Httex1 36Q, while the aggregation of
Httex1-42Q was accelerated only by a factor of 3
compared to ANt17-Httex1-42Q. This indicates that
the Nt17 effect diminishes with increasing polyQ
length and is consistent with findings from Wil-
liamson et al., showing that above 35Q, the polyQ
domain becomes the driver of intermolecular asso-
ciation.”> Our results also suggest that the polyQ
and the Nt17 domain synergistically modulate the
aggregation propensity of Httex1.

Nt17 is a key determinant of the surface
properties and morphology of Httex1 fibrils

To investigate the role of the Nt17 domain in
modulating the morphology of Httex1 aggregates,
we performed quantitative single-aggregate
statistical analyses of the morphology and cross-
sectional dimensions of the fibrillar species
observed in the high-resolution 3-D morphology
maps acquired by atomic force microscopy
(AFM)®®¥7 (Figures 1(B) and S4-S5). We measured
the cross-sectional height, convolution width, and
length of fibrils formed by the Httex1 and ANt17-
Httex1 proteins with increasing polyQ repeat
lengths. For both Httex1 and ANt17-Httex1, we
observed the formation of amyloid fibrils with a
cross-sectional height between 5 and 7 nm. A
time-dependent statistical analysis also revealed
that the cross-sectional height of the fibrils
increases as a function of incubation time and
polyQ length, as previously reported.“®9%:99

A different trend was observed for the length
distributions of Httex1 and ANt17-Httex1. The
length of fibrils formed by Httex1 inversely
correlated with the polyQ content (Figures 1-2
and S4-S5), confirming previous results from our
lab.®® Full-length Httex1 proteins with unexpanded
polyQ repeats (22Q, 28Q) showed a broad fibril-
length distribution ranging from 150 to 400 nm,
whereas full-length Hitex1 proteins with expanded
polyQ repeats (36Q, 42Q) formed fibrils with a sig-
nificantly smaller length between 150 and 200 nm
(Figure S4). In contrast, for ANt17-Httex1 proteins,
the fibril length increased with increasing
polyQ-length (Figures 1-2 and S4-S5). When the
polyQ-length was increased from 22Q to 42Q, the
ANt17-Httex1 fibril length distribution increased
from 200-300 nm to 200-600 nm (Figure S5).
The fact that removal of the Nt17 domain negates
the inverse correlation between fibril length and
polyQ repeat length strongly suggests that the
polyQ-Nt17 interactions play important roles in reg-
ulating Httex1 fibril growth. The inverse correlation
could also be caused by a structure-based differ-
ence in the nucleation capacity of wild-type and
mutant Httex1. One alternative hypothesis is that
mutant Httex1 proteins with longer polyQ repeats
undergo rapid oligomerization, leading to the popu-
lation of a large number of oligomers under condi-
tions where the monomers are depleted, thus
limiting oligomer growth or transition to fibrils. This
does not occur in the case of the ANt17-Httex1 pro-
teins because removal of Nt17 significantly retards
the oligomerization of Httex1.%%°%

Removing Nt17 also induced significant lateral
association and clumping of Httex1 fibrils (28Q,
36Q, 42Q) (Figure 2(A)-(B)), as evidenced by the
significantly broader width distribution for ANt17-
Httex1 fibrils compared to Hittex1 fibrils,
irrespective of the polyQ repeat length (Figure 2
(C)). Httex1 fibrils exhibited a narrower distribution
of fibril widths from 15-25 nm, while the fibrils
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Figure 1. Aggregation properties of Httex1 and Nt17-truncated Httex1. A. Aggregation propensities of Httex1 and
ANt17-Httex1 proteins (6Q—42Q) determined at 7-9 uM for unexpanded Httex1 and ANt17-Httex1 (6Q-28Q)
proteins, 8 uM for ANt17-Httex1-36Q/42Q and 4 uM for Httex1-36/42Q by sedimentation assay. All data (n = 3) were
normalized to ton, and are represented as the mean + S.D. B. AFM imaging of Hitex1 and ANt17-Httex1 aggregates
(6Q, 14Q, 22Q, 28Q, 36Q, and 42Q) at 37 °C after 72 h for 6Q—24Q and 5 h for 36Q/42Q. Scale bars = 0.5 um.

formed by ANt17-Httex1 fibrils showed a wider 20—
40 nm distribution due to lateral association
(Figures 1-2 and S4-S5). Furthermore, the widths

of ANt17-Httex1 fibrils diverged significantly with
increasing polyQ-length, reflecting an increase in
lateral interaction as a function of poly-Q length
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Figure 2. Aggregate morphology of Httex1 and Nt17-truncated Httex1 fibrils. A-B. Fibril morphology of Httex1 and
ANt17-Httex1 proteins (28Q, 36Q, 42Q) assessed by TEM (A) or AFM (B) after 72 h or 168 h at 37 °C. C.
Quantification of the fibril width by high-resolution AFM at 72h. A. Scale bars = 200 nm; B. Scale bars = 0.2 um.

(Figures 1-2 and S4-S5), whereas the convoluted
width of the Httex1 fibrils converged at
approximately 20-25 nm, irrespective of the polyQ
repeat length of Httex1 (Figure 2(C)). These
findings suggest that the Nt17 domain affects the
surface properties of Httex1 fibrils and restricts
inter-fibril association during the aggregation
process. Notably, the smooth and uniform
morphology of Httex1 fibrils has been shown in
previous studies from our laboratory”®>'%° and
others using tag-free proteins.'®" Interestingly, the
addition of the Nt17 peptide during the aggregation

of ANt17-Httex1 did not (Figure S6) influence the
high propensity of ANt17-Httex1 fibrils to undergo
lateral self-association. Thus, the data indicate that
intramolecular interactions between the Nt17
domain and the adjacent polyQ tract, rather than
simple Nt17-mediated intermolecular interactions
between Httex1 fibrils, are the primary driver of
Httex1 lateral association. Taken together, these
data suggest that the Nt17 domain influences fibril
growth and the surface properties of Httex1 fibrils,
which in turn influence their intermolecular interac-
tions and lateral association. The presence of
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Nt17 at the fibrillar surface seems to restrict their
ability to undergo lateral interactions.

These results are not in agreement with a
previous study by Shen et al., who reported that
removal of the Nt17 domain has the opposite
effect, i.e., ANt17 promotes the formation of fibrils
that exhibit a low tendency to laterally associate
and form a “bundled architecture”.®’ Careful exam-
ination of their constructs reveals that they all con-
tained a charged 15-mer peptide tag (S-tag: Lys-
Glu-Thr-Ala-Ala-Ala-Lys-Phe-Glu-Arg-Gin-His-Me
t-Asp-Ser) at the C-terminus of Hitex1, which we
believe would strongly influence the aggregation
properties of the mainly uncharged ANt17-Httex1
and Httex1 proteins, thus possibly explaining the
discrepancg between our findings and those of
Shen et al. °'. These observations once again high-
light the critical importance of using tag-free pro-
teins to investigate the sequence and structural
determinants of Httex1 aggregation and structure.

Disrupting the residual helical conformation
within Nt17 (M8P mutation) slows the
aggregation propensity of Httex1 in vitro but
does not alter fibril morphology

Having established that the Nt17 domain
modulates the aggregation kinetics and the fibril
surface properties of Httex1 proteins, we next
sought to determine whether these effects are
mediated by the conformational properties of
Nt17. Toward this goal, we introduced a
methionine to proline mutation at position 8 within
Nt17 (M8P).*? This mutation has been reported to
disrupt the helical propensity of the Nt17 domain.
Interestingly, in native gels, all three proteins
appeared as two distinct bands, indicating that each
protein exists in at least two different conformations.
MB8P-Httex1-43Q migrates significantly higher, sug-
gesting that the disruption of the transient Nt17 heli-
cal structure by the M8P mutation alters the
conformation of soluble Httex1 (Figure 3(A)-(B)).
The introduction of the M8P mutation or deletion
of the Nt17 domain significantly retarded Httex1
aggregation, as discerned by the sedimentation
assay (Figure 3(C)). When the morphological prop-
erties of the aggregates were assessed by cryo-
electron microscopy (cryo-EM) (Figure 3(D)), we
observed that M8P-Httex1 formed fibrils with similar
structures and dimensions to mutant Httex1-43Q. In
contrast, removing the Nt17 domain led to a strong
lateral association of the fibrillar aggregates with
ribbon-like morphology (Figure 3(D)), similar to
what we observed by AFM (Figure 2(B)). Taken
together, these data demonstrate that the sequence
properties of Nt17, most likely the charged lysine
residues, rather than its helical content, are the
key determinant of the quaternary packing of Httex1
fibrils.

The native conformation of the Nt17 domain is
a key determinant of Httex1 aggregation in
mammalian cells

To gain insight into the role of the Nt17 domain in
regulating Httex1 aggregation and inclusion
formation in cells, we used an HD mammalian cell
(human embryonic kidney [HEK] cells) model
system in which the overexpression of Httex1 with
polyQ > 39 repeats results in Htt inclusion
formation.®¢9°192 More specifically, we investigated
the effect of the interplay between the Nt17 and
polyQ domains on 1) Httex1 aggregation and inclu-
sion formation; 2) formation of cytoplasmic vs.
nuclear inclusions ; and 3) the toxic properties of
mutant Httex1. Given that recent studies from our
group demonstrated that the addition of a GFP tag
to the Httex1 72Q protein dramatically influenced
the biochemical composition and ultrastructural
properties of Httex1 inclusions,®® we performed
our studies using Httex1 or ANt17-Httex1 con-
structs with different polyQ-repeat lengths (16Q,
39Q, and 72Q, Figure S7(A)) and with or without
fusion to GFP. The use of Hitex1-GFP fusion pro-
teins allows us to compare our findings to published
studies, most of which are based on the use of
mutant Httex1-GFP/YFP proteins.**81:82.103-109

As expected, Httex1-16Q was exclusively
expressed as a soluble protein inside the cytosol,
even 72 h post-transfection (Figure S7(B)), and
inclusion formation was observed only in cells
overexpressing Httex1-39Q or -72Q (24-48 h
post-transfection) (Figure 4(A)-(B)). Most of these
inclusions were formed in the cytosol in the vicinity
of the nucleus, and ~10% were detected inside
the nucleus (Figure 4(C)). The number of cells
with inclusions was significantly higher for cells
expressing Httex1-72Q (~40%) than for cells
expressing Httex1-39Q (16%) (Figure 4(A)-(B)).
On the other hand, we did not observe any impact
of the length of the polyQ tract on the subcellular
localization (Figure 4(A), (C)) or the size (Figure 4
(A), (D)) of the Hitex1 inclusions. Removal of the
Nt17 domain (ANt17-Httex1-39Q or -72Q) did not
significantly change the cellular distribution of
Httex1 (Figure 4(C)), its ability to form aggregates
(Figure 4(A)), or the mean size (Figure 4(D)) of
the inclusions formed in HEK cells. However,
quantitative confocal microscopy revealed that the
number of cells showing inclusions was reduced
by half when  ANt17-Httex1-72Q  was
overexpressed compared to Httex1-72Q (Figure 4
(B)). Such a difference was not observed with a
shorter polyQ tract (39Q). This observation could
be explained by our recent discovery that Httex1-
39Q forms inclusions with different morphology
and composition from Httex1-72Q, where the core
and shell organization was observed only for the
inclusions formed in cells overexpressing Httex1-
72Q. This suggests that polyQ repeat length not
only influences the aggregation kinetics of Httex1
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but also the composition and ultrastructure
properties of the final inlcusions.

The introduction of the M8P mutation did not
impact the subcellular localization (Figure 4(C)) or
the size of the inclusions (Figure 4(D)) but resulted
in a dramatic decrease (~76%) in the number of
cells with inclusions (M8P-Httex1-72Q vs. Httex1-
72Q) (Figure 4(B)). Interestingly, no significant
differences in the level of inclusion formation were
observed for the M8P constructs carrying 39Q or
72Q (Figure 4(B)). Together, these findings
suggest that the polyQ and Nt17 domains
synergistically modulate the aggregation
propensity of Httex1 in cells, as observed in vitro.
Interestingly, disruption of the residual helical
conformation within Nt17 of mutant Httex1 in cells

resulted in a significantly higher reduction in
inclusion formation than removal of Nt17. This is in
line with our in vitro aggregation results comparing
MB8P-Httex1 43Q and ANt17-Httex1 (Figure 3(D))
and suggests that the conformation of Nt17 is a
major contributor to the aggregation-enhancing
properties of this domain, most likely through
regulating Nt17 interactions with itself, with the
polyQ domain or other segments of Httex1 during
the aggregation process. In HD cellular models, it
has been previously shown that Htt mutants (i.e.,
1-588,% 1-171, 1-81,""% Hitex1""") carrying M8P
have significantly increased nuclear localization
and toxicity. Altogether, these results demonstrate
that the Nt17 sequence and structure regulate the
nuclear/cytoplasmic distribution and toxicity of Htt.
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Figure 4. The helical conformation of the Nt17 domain is a key determinant of Httex1 aggregation and subcellular
localization in HEK 293 cells. A. Representative confocal images of HEK 293 cells overexpressing (for 48 h) the
Httex1 constructs (Httex1, ANt17-Httex1 or M8P-Httex1) carrying 39Q (a-f) or 72Q (g-1) either tag-free (a-c; g-i) or
fused to the GFP tag (d-f; j-I). The insets depict higher magnification of transfected HEK 293 cells with inclusions. The
arrows indicate the aggregates formed in HEK cells overexpressing Httex1. Representative confocal images from
HEK 293 cells transfected with an empty vector, GFP, and Httex1-16Q constructs are displayed in Figure S7(B). 48 h
after transfection, Httex1 expression (gray) was detected using a specific primary antibody against the N-terminal part
of Hit (amino acids 1-82, MAB5492). Nuclei were stained with DAPI (blue), and cell edges were detected using
Phalloidin-Atto®®® toxin (red), which specifically binds to F-actin. Scale bar = 20 uym and 5 um for the inset. At least
three images for each independent experiment were acquired for each condition. Each experiment was performed
three times. The percentage of cells containing Httex1 inclusions (B), their nuclear and cytosolic distribution (C), and
their mean size (D) were quantified. The graphs represent the mean = SD of a minimum of three independent
experiments. In each experiment, approximately 100 cells for each condition were quantified. p < 0.05 =*, p < 0.0005
= *** (non-modified vs. ANt17 or M8P of each condition); p < 0.001 = ##, (Httex1 39Q vs. Httex1 72Q; p < 0.05= $,

(ANt17-Httex1-GFP-39Q vs. ANt17-Httex1-GFP-72Q).

The addition of GFP to the C-terminal part of Httex1-72Q vs. Httex1-72Q), suggesting that GFP

Httex1 strongly influences its aggregation
properties in cells

Interestingly, a similar number of cells showing
inclusions was observed for the Httex1-GFP
tagged constructs, regardless of the length of the
polyQ tract (Httex1-39Q-GFP vs. Httex1-72Q-
GFP). Moreover, in the presence of the GFP tag,
the removal of the Nt17 domain no longer
decreased the aggregation level in HEK cells
(ANt17-Httex1-72Q-GFP vs. Httex1-72Q-GFP), as
observed for the tag-free constructs (ANt17-

masks the Nt17 effect (Figure 4(B)). Similarly, the
reduction in the number of cells with inclusions
was much less pronounced after overexpression
of MB8P-Httex1-72Q-GFP than tag-free M8P-
Httex1 (Figure 4(B)). This emphasizes our recent
findings showing that the fusion of GFP proteins
to Httex1 alters the structural, interactome and
aggregation properties of the mutant Httex1 as
well as its biological functions interactome.®® Con-
sistent with our findings, a recent study by Chong-
tham et al. ''? showed that adding peptide tags
such as the HA or the LUM tag to mutant Htt171
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dramatically changed the toxicity of Hit171 as well
as its subcellular localization and the compactness
of the aggregates it formed in cells.

The role of the helical structure within the Nt17
domain in regulating the internalization and
subcellular localization of Httex1 fibrils in
primary striatal neurons

Although Htt is an intracellular protein, recent
evidence from neuronal grafts in HD patients'"®
and in cellular®”*° and animal®®~°? HD models sug-
gests that Htt aggregates can be secreted by neu-
rons and taken up by neighboring neurons,
leading to the speculation that this mechanism
could contribute to the spread of HD pathology in
a prion-like manner,”®"'* as recently reported for
several proteins linked to other neurodegenerative
diseases (e.g., a-synuclein in Parkinson’s disease,
Tau and amyloid-B in Alzheimer’s disease, and
TDP-43 in amyotrophic lateral sclerosis).''® Several
studies have shown that the secretion and cell-to-
cell propagation of protein aggregates is mediated
by their interactions with cell membranes and other
membranous structures.'®'"” The Nt17 domain
has been implicated in regulating Htt interactions
with membranes,”” and its membrane-binding
capacity depends on its amphipathic and a-helical
structure. As mentioned above, in the fibrillar state,
Nt17 remains dynamic and adopts a more helical
conformation. Therefore, mutations or PTMs that
alter these properties are expected to play impor-
tant roles in regulating Httex1 fibril interactions with
the membrane and cellular uptake. For example, it
has been reported that the amino acid residues
L4, F11, and S16 on Htt act as a nuclear export sig-
nal that is recognized by CRM1 and can export Htt
from the nucleus following a Ran-GTP gradient.’"°
In addition, the M8P mutation affects the cellular
properties of Hit and Httex1 by significantly increas-
ing their nuclear localization and toxicity . Similarly,
mimicking phosphorylation using a phospho-
mimetic mutation (Nt17-S13D/S16D-YFP mutant)
significantly increased the levels of nuclear hunt-
ingtin in HEK cells."'® However, the effects of
Nt17 PTMs and/or secondary structure disruption
mutations on the uptake, subcellular localization
and toxicity of exogenously added Httex1 mono-
mers and fibrils have not been assessed.

Therefore, we first assessed the role of Nt17 and
Nt17-mediated membrane binding in regulating
Httex1 fibril internalization and subcellular
localization. To achieve this goal, fibrillar
(Figure S1) and monomeric (Figure S8) WT
Httex1 or mutant proteins (ANt17-Httex1 or M8P-
Httex1) were added to the extracellular medium of
striatal primary cultures, and the internalization,
subcellular localization, and toxicity of these
proteins were evaluated 6 days post-treatment.

Having demonstrated a drastic difference in
fibrillar and surface properties between Httex1 and
ANt17-Httex1 fibrils in vitro (Figure 1), we first

sought to determine the extent to which these
differences influence the membrane association
and the internalization of exogenous Httex1-43Q
and ANt17-Httex1-43Q fibrils (Figure S9(A)) into a
striatal primary culture (Figure 5). As shown in
Figure 5A, immunocytochemistry (ICC) combined
with confocal microscopy showed that Hitex1
fibrils were deposited mainly near the plasma
membrane of cells and were positively identified
as neurons by specific microtubule-associated
protein 2 (MAP2) neuronal staining; only a few
aggregates were detected in the cytosol of these
cells. To discriminate the internalized fibrils from
those localized at the plasma membrane, we
developed an unbiased semiquantitative method
based on confocal microscope imaging combined
with an analytical pipeline that allowed distance
map measurement (Figure S9(B)). This approach
confirmed the accumulation of Httex1-43Q fibrils
near the neuronal plasma membrane (Figures 5
(B)). However, as the resolution of confocal
microscopy does not allow us to distinguish
between the outer and inner sides of the plasma
membrane, we next used correlative light electron
microscopy (CLEM) to visualize, at the
ultrastructural level, the association of Httex1-43Q
fibrils with the neuronal plasma membrane. CLEM
imaging confirmed that most of the Httex1-43Q
fibrils were bound to the external side of the
plasma membrane (Figures 5(C), indicated by the
black arrows and S10). Few Httex1-43Q fibrils
were detected inside the endocytic vesicles
(Figures 5(C) indicated by red asterisks and S10).
These findings suggest that the Nt17 helical
conformation persists in the fibrillar state or that
the increase in Nt17 helicity upon interaction with
the plasma membrane results in stronger binding
to the plasma membrane. In contrast, confocal
imaging (Figure 5(A)) combined with distance map
measurements (Figure 5(B)) showed that the
ANt17-Httex1 fibrils were readily internalized by
neurons and rarely associated with the plasma
membrane. Interestingly, the Httex1-ANt17-43Q
fibrils were detected primarily in the nucleus over
the incubation period of 8 h to 6 days post-
treatment (Figure 5(D)-(E)). The tight association
of the Httex1-43Q fibrils with the plasma
membrane could be attributed to the large number
of Nt17 domains on the fibril surface and could
suggest that the Nt17 domain in Httex1 fibrils is
highly dynamic and available for association with
the membrane. This tight association with the
plasma membrane  could impede  the
internalization of Httex1 fibrils.

Moreover, it has been shown that the Nt17 acts as
a cytosolic retention signal inside neurons''*'"®
and prevents the translocation of the fibrils into the
nuclear compartment. Therefore, the removal of
the Nt17 domain could disrupt the interactions of
Httex1 fibrils with the membrane, thus facilitating
their uptake and translocation to the nucleus. Alto-
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gether, our findings suggest a predominant role of
the Nt17 domain in regulating Httex1 membrane
binding, internalization, and subcellular localization
in neurons.

Next, we investigated whether enhancing or
disrupting the helical structure within the Nt17
domain is a key determinant of Nt17 interaction
with biological membranes and whether it can
influence the internalization of Httex1 fibrils into
neurons. We treated primary striatal neurons with
fibrils derived from the M8P Httex1 mutant and
assessed the extent of their internalization by ICC.
Although the MB8P-Httex1-43Q-derived fibrils
exhibit fibrils forms of similar morphology to WT-
Httex1-43Q, the aggregated forms of the two
proteins in cells exhibited different cellular
distributions. At the earliest time points, M8P-
Httex1-43Q fibrils were observed close to the
plasma membrane, but over time, in contrast to
Httex1-43Q fibrils, these fibrils relocated inside the
neurons in regions distal from the plasma
membrane (Figure 5(A)-(B)). The
nuclear/cytoplasmic ratio measurements indicated
that once internalized, the M8P-Httex1-43Q fibrils
were equally distributed in the cytosol and nucleus
(Figure 5(D)-(E)).

Finally, we determined whether Nt17 also
regulates the internalization and subcellular
localization of monomeric WT (23Q) Httex1
species (Httex1, ANt17-Httex1, or M8P-Httex1)
(Figure S11(A)). We chose to work with proteins
with this polyQ repeat length of 23Q to maintain
the proteins in a monomeric state and minimize
potential aggregation over time, which was not
possible with mutant Httex1-43Q proteins
(Figure S8). In contrast to the fibrils (Figure 5),
Httex1-23Q monomers were internalized efficiently
(Figure S11(B)-(C)) and were equally distributed

<

between the cytosol and the nucleus
(Figure S11(D)-(E)).

Previous studies suggested that the Nt17 domain
exhibits restricted conformational flexibility and is
tightly bound to the polyQ fibril core, as evidenced
by the reduced or absent binding capacity to lipid
membranes °’ and high stability against trypsin-
mediated proteolysis with a low cleavage rate at
the lysine residue. “' In contrast, our studies con-
firmed the dynamic properties of Nt17 within Hitex1
fibrils, as evidenced by their complete removal upon
treatment of the fibrils with trypsin in vitro
(Figure S12), consistent with ssNMR studies
demonstrating that Nt17 remains dynamic in the fib-
rillar state and plays an important role in fibril
supramolecular assembly.’® These results suggest
that the Nt17 domain is part of the outer surface of
the Httex1 fibril, remains partially solvent-exposed,
and is sufficiently dynamic to mediate fibril-
membrane interactions and internalization. These
findings support the bottle-brush model of Httex1
fibrils proposed by Isas and Williamson
et al. °®°>""°_ Moreover, the aggregation state of
the protein seems to be important for protein-
membrane interactions. Unlike mutant Hitex1-43Q
fibrils, which exhibit strong binding to the plasma
membrane, the unmodified monomeric Httex1-
23Q proteins are taken up easily by neurons
(Figures 5 and S11). In summary, our findings sug-
gest that the uptake of fibrils into primary striatal
neurons is strongly influenced by the helical struc-
tures within the Nt17.

Phosphorylation of T3, S13, and/or S16
residues promotes nuclear relocalization of
Httex1 monomers

Several studies have shown that PTMs within the
Nt17 domain could modulate the aggregation,

Figure 5. Httex1 fibril subcellular localization is strongly dependent on both the Nt17 sequence and its helical
conformation. A. Confocal images of primary striatal neurons plated on coverslips and treated with Tris buffer
(negative control) or 0.5 uM of Httex1-43Q, ANt17-Httex1-43Q or M8P-Httex1-43Q PFFs for 1 (D1), 3 (D3), and 6
(D6) days. Neuronal cells were immunostained against MAP2, a specific neuronal marker (green), or against Hit
(amino acids 1-82, MAB5492) (red). The nucleus was counterstained with DAPI (blue). Ortho = orthogonal projection.
Scale bars = 5 um. B. Distance map of Httex1 PFFs species. The mean distance of the different PFFs species from
the edge of the cell was measured from 8 h to 6 days post-treatment (D6). C. The subcellular localization of Httex1
PFFs was assessed at the ultrastructural level by correlative light electron microscopy. Httex1-43Q PFFs (0.5 puM)
was added to primary striatal neurons for 3 days. Neurons plated on dishes with alphanumerically marked grids were
fixed and imaged by confocal microscopy after immunostaining with antibodies specific for MAP2 and for Hit (amino
acids 1-82, MAB5492) (inset b, scale bar = 5 um). The selected neuron (a) was embedded and cut by
ultramicrotome. Serial sections were examined by TEM (¢ and Figure S10). Hitex1-43Q PFFs (black arrows)
accumulate mostly at the outer side of the plasma membrane (highlighted in orange). Scale bars =5 pm (a) and 1 um
(b). D. Distribution of the Httex1 PFFs species by compartment (cytosol vs. nucleus) from 8 h to 6 days post-treatment
and quantification by the mean intensity. E. Ratio of the nuclear and cytosolic distribution of Httex1 PFFs species from
8 h to 6 days post-treatment (D6). The graphs represent the mean + SD of a minimum of three independent
experiments. In each experiment, five neurons for each condition were quantified. p < 0.05 = *, p < 0.0005 = ***, (Tris
vs. PFFs species); p < 0.0005 = ###, (Httex1 PFFs vs. ANt17- or M8P-Httex1-43Q PFFs).
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Figure 6. Phosphorylation of T3, S13, and/or S16 residues promotes the nuclear relocalization of Httex1 monomers
after their uptake into primary striatal neurons. A. Confocal images of primary striatal neurons plated on coverslips
and treated with Tris buffer (negative control), 0.5 uM monomeric (M) pT3-Httex1-23Q (pT3-23Q M), pS13/pS16-
Httex1-23Q (pS13/pS16-23Q M), and pT3/pS13/pS16-Httex1-23Q (pT3/S13/S16-23Q M) for 1, 3, and 6 days.
Neuronal cells were immunostained against MAP2, a specific neuronal marker (green), or Htt (amino acids 1-82,
MAB5492) (red). The nucleus was counterstained with DAPI (blue). Scale bars = 20 um (low magnification) or 5 pm
(high magnification and orthogonal section). B. Nuclear and cytosolic distribution of Httex1 monomeric species
(Httex1-23Q, pT3-Httex1-23Q, pS13/S16-Httex1-23Q, pT3/pS13/S16-Httex1-23Q) (nuclear/cytosolic ratio) from 8 h
to 6 days post-treatment (D6). Treatment with Tris buffer was used a negative control. C. Distribution of the Httex1
monomeric species (Httex1-23Q, pT3-Httex1-23Q, pS13/S16-Httex1-23Q, pT3/pS13/S16-Httex1-23Q) by compart-
ment (cytosol vs. nucleus) from 8 h to 6 days post-treatment, quantification by the mean intensity. The graphs
represent the mean + SD of three independent experiments (in each experiment, five neurons for each condition were
analyzed). p < 0.05 = *, p < 0.005 = **, p < 0.0005 =* **, (Tris vs. monomer species at Days 1, 3, and 6 or 23Q vs.
monomer species at D1, D3, and D6 for Panel D).
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subcellular localization, and toxicity of Httex1 via
distinct mechanisms. The phosphorylation of
threonine 3 (pT3) stabilizes the Nt17 o-helical
conformation and inhibits mutant Httex1
aggregation in vitro.”* In contrast, the phosphoryla-
tion of Ser13 and/or Ser16 (pS13/pS16) disrupts
the helical conformation of Nt17 and inhibits mutant
Httex1 aggregation in vitro and in cells.*'"'8120
While these findings suggest that the Nt17 helical
propensity is not a good predictor of the aggregation
of mutant Httex1, recent studies from our group
show that the effect of phosphorylation on the rela-
tive abundance of N- vs. C-terminal helical confor-
mations within Nt17 is a better predictor of the
effect of phosphorylation on mutant Httex1 aggre-
gation.'?" Therefore, these PTMs provide a way to
assess further the role of phosphorylation and the
Nt17 conformation in regulating the uptake and sub-
cellular localization of Httex1. We have previously
shown that phosphorylation at S13 and/or S16
favors the internalization of Hitex1 preformed fibrils
(PFFs) inside neurons and their accumulation in the
nucleus compared to their unmodified counter-
parts.”’ Here, we sought to understand to what
extent these PTMs could also alter the cellular prop-
erties of Httex1 monomers. Toward this goal, we
generated monomeric preparations of pT3-Httex1-
23Q, pS13/pS16-Hitex1-23Q, and pT3/pS13/
pS16-Httex123Q (Figure S9(C)), as previously
described.*' Figure 6(A) shows that the unmodified
or phosphorylated Httex1-23Q monomers were all
internalized into the neurons. After 3 days of treat-
ment, the phosphorylated Httex1 monomers (at
pT3, pS13/pS16, or pT3/pS13/pS16) showed a sig-
nificantly higher level in the nucleus than the
unphosphorylated Httex1-23Q (Figure 6(B)-(C)). In
contrast, unmodified Httex1-23Q seems to be
equally distributed between the cytoplasm and
nucleus compartment. Interestingly, all three phos-
phorylated proteins exhibited increased nuclear
localization of Httex1, suggesting that the effect of
phosphorylation dominates the signaling events
responsible for the nuclear translocation of Httex1.
These findings suggest that modulation of the
charge state and overall helicity of Httex1 through
site-specific phosphorylation of the Nt17 domain
(pT3 stabilizes the alpha-helical conformation of
Nt17, while pS13 and/or pS16 disrupts it*")
enhances the rapid uptake of extracellular mono-
meric Httex1 species into neurons and their nuclear
accumulation. It is noteworthy that P previous stud-
ies relied on phosphomimetic mutations,’'® which
we have shown do not reproduce the effect of phos-
phorylation at these residues on the structure of
Nt17.479* Whether the effect of phosphorylation
on the subcellular localization of Httex1 is mediated
by its effect on the Nt17 conformation or charge
state remains to be determined. These observa-
tions could also suggest that the uptake and cellular
properties of Httex1 are regulated by a complex
interplay between the sequence (PTM), the confor-

13

mation of Nt17, and the interaction of Httex1 with
other cellular factors or compartments.

The Nt17 domain and polyQ length mediate
Httex1 toxicity in cells

To determine whether the Nt17 domain also
influences the toxicity of Httex1, we first monitored
the cell death level of HEK cells overexpressing
Httex1 constructs (Httex1, ANt17-Httex1 or M8P-
Httex1 with 16, 39 or 72Q) (+/-GFP) over time
(Figures 7(A)-(B) and S13(A)-(B)). The initiation of
apoptotic events was apparent only after 96 h in
HEK cells overexpressing Httex1 72Q (+/-GFP),
which was indicated by Caspase 3 activation
(Figure 7(B)) without loss of plasma membrane
integrity, as determined by the SYTOX blue assay
(Figure 7(A)). The presence of the GFP tag did
not influence the toxicity of Httex1-72Q. These
findings show that the level of cell death
correlated with polyQ length, with Httex1-72Q (+/-
GFP) being significantly toxic but not Hitex1-16Q
or -39Q (+/-GFP). Conversely, overexpression of
ANt17-Httex1-72Q or M8P-Httex1-72Q constructs
did not induce any toxicity in HEK cells, even 96 h
after transfection. This suggests that removing the
Nt17 domain or disrupting the helical structure in
this domain is sufficient to prevent the induction of
cell death by Httex1-72Q and drastically reduces
the number of cells with inclusions. This could
also indicates that the cell death level correlates
with the number of cells that contain inclusions.

In contrast to our results, Shen et al. ' demon-
strated that the overexpression of ANt17-Httex1
induced toxicity at a similar level to full-length Httex1
in striatal-derived neurons or neurons from cortical
rat brain slice cultures, although ANt17-Httex1 led
to a significant reduction in punctate structures in
these cells. In addition, Atwal et al. **> showed that
the overexpression of full-length Htt carrying the
M8P mutation (Q138) greatly increased toxicity in
STHdhQ7/Q7 cells. Finally, in transgenic models
(i.e., BACHD-ANt17-Htt mice'®® or ANt17-Htt
zebrafish'?%), the deletion of the Nt17 domain accel-
erated the HD-like phenotype. The discrepancy
between these studies and our Httex1 overexpres-
sion model in HEK cells may be because in neu-
rons, Hitex1 lacking the Nt17 domain accumulates
in the nucleus, whereas in HEK cells, it stays mostly
cytosolic. In line with this hypothesis, it has been
recently shown that cytosolic inclusions (Httex1-
200Q) and nuclear aggregates (Httex1-90Q) con-
tribute — via different mechanisms — to the onset
and progression of the disease in a transgenic
mouse model of HD.'** Thus, the differences in
both cellular localization and the cell type (HEK
vs. neurons) could influence the toxic response of
the cells to the overexpression of ANt17-Httex1,
with toxicity triggered only by the nuclear
ANt17-Httex1 species at this stage.
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Httex1-43Q PFFs

The role of Nt17 in regulating the toxicity of
extracellular monomeric and fibrillar Httex1

To further investigate how the Nt17 domain
influences Httex1 extracellular toxicity, we next
evaluated cell death levels in the primary neuronal
model. Httex1 monomeric (23Q) or fibrillar (23Q
and 43Q) species were added exogenously to
neurons, and the toxicity was evaluated after 1, 3,
or 6 days of treatment (Figures 7(C)-(E) and
S13(C)-(G)). As expected, the monomeric Httex1
species at 0.5 uM [both unmodified (Httex1-23Q,
ANt17-Httex1-23Q, MB8P-Httex1-23Q) and
phosphorylated forms at the T3, S13, and/or S16
residues] did not induce a measurable level of
toxicity in primary striatal cells (Figure 7(C)-(D)).
The high propensity of the monomeric species to
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Httex1-43Q PFFs

aggregate with increasing concentration did not
allow us to assess their toxicity at higher
concentrations.

Next, we investigated the toxicity of WT or mutant
Httex1 fibrils in primary neurons. No toxicity was
observed after 1 day of treatment in neurons
treated with the different types of pre-formed fibril
(PFFs) species (Figure S13(C)). However, starting
at Day 3, Httex1 PFFs eventually induced toxicity
in a concentration-, time-, and polyQ-dependent
manner (Httex1-23Q vs. Hitex1-43Q PFFs)
(Figures 7(E) and S13(D)-(F)). Intriguingly,
although Httex1 and ANt17-httex1 fibrils exhibited
major differences in membrane association,
cellular uptake, and subcellular localization
(Figure 5), a similar toxicity level was induced in
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the neurons treated with Httex1-43Q or ANt17-
Httex1-43Q fibrils (Figure 7(F)). Conversely, M8P-
Httex1-43Q induced a lower level of toxicity in the
striatal neurons than those treated with Httex1-
43Q fibrils or ANt17-Httex1-43Q fibrils (Figure 7
(F)). These results were confirmed using the
TUNEL method (terminal deoxynucleotidyl
transferase-mediated dUTP-biotin  nick end
labeling) as a complementary cell death method.
Six days post-treatment, WT-Httex1-43Q, ANt17-
Httex1-43Q, and MB8P-Httex1-43Q fibrils induced
apoptosis in the neuronal population with positive
staining for a specific neuronal marker (NeuN),
with most of the cell death observed in neurons
treated with ANt17-Httex1-43Q fibrils (Figure 7(G)
and S13(G)). In contrast, M8P-Httex1-43Q fibrils
were the least toxic to neurons (Figure 7(G)). In
summary, our data suggest that not only polyQ
length but also the Nt17 domain can modulate the
toxicity of Httex1 fibrils in primary striatal neurons.

WT, M8P-Httex1, ANt17-Httex1 preformed
mutant Httex1 fibrils exert their toxicity via
distinct mechanisms

Our data show that mutant Httex1 fibrils
accumulated on the external side of the neuronal
plasma membrane and were barely internalized
into neurons (Figure 5(C)). Interestingly, this
accumulation of mutant Httex1 fibrils was
concomitant with the loss of plasma membrane
integrity (Figure 7(E)-(F)). In line with our findings,
membrane damage caused by extracellular
pathological aggregates has been previously
suggested as a mechanism of pathogenesis both

in HD°”'?> and in other prion-like diseases.'*®'%’

On the other hand, Httex1-43Q fibrils lacking the
Nt17 domain were also highly toxic (Figure 7(F)-
(G)), consistent with previous findings.®''##1=3
However, in contrast to full-length Hitex-1-43Q fib-
rils, ANt17-Httex1-43Q fibrils exhibited rapid and
efficient internalization and accumulation in the
nucleus (Figure 5(A), (D)-(E)), suggesting that they
exert their effects via distinct mechanisms.
Interestingly,  disruption of the helical
conformation of mutant M8P-Httex1 fibrils resulted
in a significant decrease in neuronal toxicity
(Figure 7(F)-(G)), especially compared to ANt17-
Httex1-43Q fibrils. These observations indicate
that the neurotoxic response depends not only on
the Nt17 domain but also on its conformation.
However, the difference in toxicity between M8P-
Httex1 and ANt17-Httex1 fibrils did not correlate
with a difference in their capacity to be
internalized: both proteins were readily taken up
by primary striatal neurons (Figure 5). However,
after internalization, ANt17-Httex1 and MB8P-
Httex1 fibrils did not have the same cellular
distribution, with ANt17-Httex1 fibrils significantly
accumulating in the nucleus of primary striatal
neurons, while M8P-Httex1 fibrils were found in
both the cytosol and the nucleus (Figure 5(E)).
These results suggest that the neurotoxic
response is also dependent on the subcellular
localization of Httex1 fibril species. This is in
agreement with previous studies showing that
nuclear targeting of Htt using a nuclear localization
signal’®® or the removal of the Nt17
domain*?#1122129 increases toxicity. Nevertheless,
we could not rule out that the high toxicity of ANt17-

<

Figure 7. The Nt17 domain and polyQ length mediate Httex1 toxicity in HEK 293 cells and primary striatal neurons.
A-B. The cell death level was assessed in HEK 293 cells transfected for 72 h (Figure S13) and 96 h with Httex1
constructs (Httex1, ANt17-Httex1, or M8P-Httex1) carrying 16Q, 39Q, or 72Q, either tag-free or fused to the GFP tag.
A. Loss of cell plasma membrane integrity was assessed using the SYTOX Blue assay. For each independent
experiment, triplicate wells were measured per condition. B. Apoptotic activation was assessed using Caspase 3. For
each independent experiment, triplicate wells were measured per condition. A-B. The graphs represent the
mean = SD of three independent experiments. For each independent experiment, triplicate wells were measured per
condition. p < 0.05 = * (empty vector vs. tag-free Httex1 constructs or GFP vs. GFP-tagged Httex1 constructs);
p < 0.05 = # (Httex1-39Q vs. Httex1-72Q). C-G. Cell death level was assessed in the primary striatal neurons treated
for 6 days with 0.5 pM Httex1 monomeric (M) species (Httex1-23Q, ANt17-Httex1-23Q, or M8P-Httex-23Q) (C) or
[pT3-Httex1-23Q (pT3-23Q M), pS13/pS16-Hitex1-23Q (pS13/pS16-23Q M), pT3/pS13/pS16-Hitex1-23Q (pT3/S13/
$16-23Q M) ] (D) or with increasing concentrations (0.5, 1, or 2 uM) of Httex1-23Q or —43Q PFFs (E) or Httex1-43Q,
ANt17-Httex1-43Q or M8P-Httex-43Q (F) or with 2 uM Httex1-43Q, ANt17-Httex1-43Q, or M8P-Httex-43Q (G). C-F.
The loss of cell plasma membrane integrity was assessed using the SYTOX Green assay. For each independent
experiment, triplicate wells were measured per condition G. Activation of the apoptotic pathways was confirmed by
the TUNEL (terminal dUTP nick end-labeling) assay. The neuronal population was positively stained for a specific
neuronal marker (NeuN), and the nucleus was counterstained using DAPI (Figure S13(G)). The percentage of
apoptotic neurons was quantified as follows: [(TUNEL-positive and NeuN-positive cells)/total NeuN-positive cells]. For
each independent experiment, three fields of view with an average of 150 cells/field, were quantified per condition.
F-G. The graphs represent the mean + SD of a minimum of three independent experiments. p < 0.05 =*, p < 0.005 =
** p < 0.0005 = 0.0005 (Tris vs. Httex1 species). p < 0.05 = #, p < 0.005 = ##, (Httex1-43Q PFFs vs. ANt17- or
MB8P-Httex-43Q PFFs). p < 0.005 = $$, (Httex1-43Q PFFs vs. ANt17- or M8P-Httex-43Q PFFs).
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Httex1 fibrils could also be due to their distinct bio-
physical and structural properties.

Conclusions

Overall, our findings support previous studies and
provide new mechanistic insights into the role of the
sequence and conformational properties of the
Nt17 domain in regulating the dynamics of Httex1
fibrillization, the structure and morphology of
Httex1 fibrils, and the cellular uptake and toxicity
of mutant Httex1 monomers and fibrils. The use of
the M8P  mutation and  site-specifically
phosphorylated Httex1 proteins enabled us to
dissect the relative contributions of the
conformational and sequence properties of Nt17
and revealed the differential contributions of the
two to 1) the morphology and surface properties of
the fibrils; 2) the kinetics of Httex1 fibril growth;
and 3) the uptake, subcellular localization, and
toxicity of extracellular Httex1 species in neurons.
Our results, combined with previous findings from
our groups and others demonstratm% the role of
Nt17 in regulating Htt degradation,'®="%%"3" sug-
gest that this domain serves as one of the key mas-
ter regulators of Htt aggregation, subcellular
localization of pathological aggregates, and their
toxicity. They further demonstrated that targeting
Nt17 represents a viable strategy for developing
disease-modifying therapies to treat HD. Future
studies aimed at elucidating the role of Nt17 in the
formation and stabilization of different aggregates
along the Htt fibrillization and inclusion formation
pathway and the relative contribution to the different
proposed toxic mechanisms are likely to provide fur-
ther insight that could guide the development of HD
therapies.

Experimental procedures

Cloning and protein purification

Hisg-Ssp-Hitex1-Q,, cDNA was synthesized by
GeneArt (Germany). Recombinant cDNA of Hisg-S
sp-ANt17-Httex1-6Q/14Q/22Q/28Q/36Q/42Q
containing an N-terminal cysteine (Q18C) for
subsequent  semisynthesis,  Hisg-Ssp-Httex1-
23Q/43Q, Hisg-Ssp- ANt17-Httex1-43Q, and Hisg-
Ssp-M8P-Httex1-43Q containing an M8P point
mutation was synthesized and subcloned into the
pTWIN1 vector (eBiolabs) by GeneArt (Germany).

pCMV mammalian expression vectors encoding
Httex1-16Q, Httex1-GFP-16Q, Httex1-39Q,
Httex1-GFP-39Q, Httex1-72Q and Httex1-GFP-
72Q were kindly provided by IRBM (ltaly). ANt17-
Httex1-39Q, ANt17-Httex1-39Q-GFP,  ANt17-
Httex1-72Q, and ANt17-Httex1-GFP-72Q were
purchased from GeneArt. The replacement of
methionine 8 with a proline residue in the
constructs provided by IRBM and listed above
was engineered using the site-directed
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mutagenesis strategy according to the supplier's
instructions.

Gene expression and protein punflcatlon were
performed as previously described.”

Semisynthesis of Httex1

Httex1 proteins for structural analysis were
obtained by native chemical ligation.'®" Therefore,
the recombinant ANt17-Httex1-6Q/14Q/22Q/28
Q/36Q/42Q (Q18C) proteins were ligated to an N-
terminal acetylated synthetic Htt2-17 peptide (acA-
TLEKLMKAFESLKSF), which carried a C-terminal
N-acyl-benzimidazolinone (Nbz) moiety for thioe-
ster formation and was synthesized by CisBio.
Desulfurization of the ligation products yielded the
corresponding Httex1 proteins with a ligation scar
(Q18A). Ligation and desulfurization were per-
formed under conditions that |nh|b|t Httex1 aggre-
gation, as previously described.”

Notably, we initially used semisynthetic proteins
to conduct aggregation studies. Later, however,
our group developed an efficient method for
producing these proteins in Escherichia coli
(E. coli). Therefore, the proteins used in the
cellular studies were produced by E. coli and
purified as described previously.*' The phosphory-
lated proteins were produced using a chemoenzy-
matic approach recently developed by our group-
based kinase-mediated site-specific phosphoryla-
tion of Hitex1 proteins.’®* The expression, purifica-
tion and characterization methods of all the proteins
used in this manuscrlpt have been extenswely
detailed in our previous studies.*' 8594132134

Amino acid analysis

An aliquot of each protein (approximately 3 pg)
was dried in an evacuated centrifuge and sent for
amino acid analysis to the Functional Genomic
Center Zurich (FGCZ) before aggregation to
confirm the protein concentration determined by
an RP-UPLC standard curve.

In vitro sedimentation assay

Lyophilized Httex1 proteins were disaggregated
as described previously®>'*>"'*” and resolubilized
in 10 mM PBS, pH 7.2-7.4. Proteins were filtered
prior to aggregation at 37 °C, and the soluble protein
fraction was momtored over time by RP-UHPLC, as
described previously.®>"'*> The amount of soluble
protein was calculated from the peak area using
Empower Software from Waters. All data were nor-
malized to to, and are represented as the mean + S.
D. The ANt17-Httex1 (6-42Q) proteins were dis-
solved in 10 mM PBS and 1 mM Tris (2-
carboxyethyl)phosphine (TCEP, Sigma—Aldrich) to
keep the N-terminal cysteine reduced.
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EM and cryo-EM imaging and quantification

Protein samples were deposited on formvar/
carbon-coated 200-mesh copper grids (FCF200-
Cu, Electron Microscopy Sciences) for 1 min at
RT. Then, the grids were washed and stained with
a 0.75% w/v uranyl formate (Electron Microscopy
Sciences) solution in water. The grids were
imaged using a Tecnai Spirit BioTWIN microscope
at 80 kV (LaB6 gun, 0.34 nm line resolution)
equipped with a 4 k x 4 k Eagle CCD camera with
a high-sensitivity scintillator from FEI. Fibril
lengths and widths were quantified using ImageJ
software.'*®

For  cryoelectron  microscopy (cryo-EM),
lyophilized powders of recombinant Httex1,
ANt17-Httex1 and MB8P-Httex1 proteins (43Q)
were disaggregated as described above (see the
in vitro sedimentation assay section). The fibrils
were prepared for cryo-EM, and imaging of the
samples  was performed as described
previously.'**'% In short, an EM grid (Agar Scien-
tific, UK) with a holey carbon film was held with
tweezers. Then, 4-5 pL of sample solution was
applied to the grid, and tweezers were mounted in
an automatic plunge freezing apparatus (Vitrobot,
FEI, The Netherlands) to control humidity and tem-
perature. After blotting, the grid was immersed in a
small metal container with liquid ethane that was
cooled from the outside by liquid nitrogen. The
speed of cooling was such that ice crystals do not
have time to form. The observation was made at
—170 °C in a Tecnai F 20 microscope (FEI, Eind-
hoven, The Netherlands) operating at 200 kV and
equipped with a cryospecimen holder Gatan 626
(Warrendale, PA). Digital images were recorded
with an Eagle (FEI) camera 4098 X 4098 pixels.
Magnification between 20,000-30,000X, using a
defocus range of 2-3 pum.

AFM

The samples were prepared for atomic force
microscopy (AFM) to measure the fibrillar cross-
sectional diameter (height) and length, as well as
the width of associated fibrils. High-resolution
images (1024x1024 and 2048x2048 pixels) were
collected using an NX10 atomic force microscope
(Park Systems, South Korea) under ambient
conditons and in_ non-contact amplitude
modulation (NC-AM).”” We imaged square areas
of 2x2 um? and 4x4 um?. We performed all the mea-
surements using ultrasharp cantilevers (SSS-
NCHR, Park Systems, South Korea) with a reso-
nance frequency of 330 kHz and a typical radius
of curvature of 2 nm. To compare the height of dif-
ferent samples consistently, we established stan-
dardized experimental scanning conditions, and
we maintained a re%ime of phase change on the
order of ~A20°.°”'° Raw images were flattened
with XEI software (Park System, South Korea),
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and statistical analysis was performed by SPIP
(Image Metrology, Denmark).

SDS-PAGE, Coomassie staining,
native gel and western blot (WB)
analysis

Samples for SDS-PAGE (sodium dodecyl
sulfate—polyacrylamide gel electrophoresis) were
mixed with 4x Laemmli’™*' and loaded onto 15%
polyacrylamide gels. Protein samples for native
gels were mixed with 5x native sample buffer
(Laemmli buffer without SDS or reducing agent)
without boiling, and 15 pl was loaded on a Tris-
based native gel containing 7.5% acrylamide and
no SDS. Electrophoresis was performed at 180 V
for 1 h. Proteins in the gels were either directly
stained with a Coomassie R-450 solution and
destained in water or transferred to a nitrocellulose
membrane (0.2 um, Amersham) using semidry
transfer systems from Bio—Rad using 200 mA at
25V for 1 h. Nitrocellulose membranes were incu-
bated in Odyssey blocking solution from Licor
(30 min at RT) and later blotted with primary mouse
anti-Htt MAB5492 from Millipore (12—16 h at 4 °C).
Membranes were washed 3 times in PBS-Tween
0.1% and then incubated with secondary
Alexa680-conjugated goat anti-mouse (Licor) for
45 min at RT. After 3 washes in PBS-Tween
0.1%, fluorescence intensity from the proteins of
interest was detected with the Odyssey Infrared
Imager system from Licor.

Fibril and monomer preparation for cellular
studies

Lyophilized Httex1 proteins were disaggregated
with formic acid. After evaporation of the acid,
proteins were dissolved in 50 mM Tris, 150 mM
NaCl, pH 7.4 buffer to obtain a final concentration
of 200 uM (2.5 mg/mL for expanded and 2 mg/mL
for unexpanded Httex1, 2.1 mg/mL for expanded
and 1.6 mg/mL for unexpanded ANt17-Httex1
proteins). Solutions were incubated at 37 °C, and
fibril  formation (PFFs) was monitored by
Coomassie gel and CD. After complete
aggregation, the fibrils were sonicated (twice, 40%
amplitude, 2x 5 s) and imaged by TEM.
Monomeric Httex1 could carry phosphorylation on
the threonine residue at position 3 (pT3-Httex1) or
on the serine residues at positions 13 or 16 (pS13/
pS16-Httex1) or all 3 positions (pT3/pS13/pS16-
Httex1). pT3-Httex1-pT3, pS13/pS16-Hitex1 and
pT3/pS13/pS16-Htitex1 were  prepared as
previously described.*’

Primary culture of rat striatal neurons

All animal procedures were approved by the
Swiss Federal Veterinary Office (authorization
number VD 2137). Primary rat striatal neuron
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cultures were prepared from PO rat pups (OFA SD,
Charles River) as previously described.’*” The neu-
rons were seeded in 96-well plates or onto cover-
slips (CS) (VWR, Switzerland) previously coated
with poly-L-lysine 0.1% w/v in water (Sigma—
Aldrich, Switzerland) at a density of 150,000 cells/
mL. After 3 days, the cells were treated with cyto-
sine B-D-arabinofuranoside (Sigma—Aldrich,
Switzerland) to a final concentration of 2.3 uM to
inhibit glial cell division. After 14 days in culture,
Httex1 monomers or Httex1 PFFs were added to
the extracellular medium of primary striatal neurons
at a final concentration of 0.5, 1 or 2 uM. Tris buffer
was used as a negative control.

HEK cell culture and plasmid transfection

HEK 293 cells were maintained in Dulbecco’s
modified Eagle's medium (DMEM, Life
Technologies, Switzerland) containing 10% fetal
bovine serum (FBS, Life Technologies,
Switzerland) and 10 pg/mL streptomycin and
penicillin (Life Technologies, Switzerland) in a
humidified incubator at 5% CO2 and 37 °C. Cells
were plated at a density of 50 000 cells/mL in 24-
well plates (BD, Switzerland) to obtain cells at
70% confluence on the day of transfection. HEK
293 cells were transfected with 2 pg of the
mammalian plasmid coding for Hitex1 (16Q, 39Q
or 72Q, +/- GFP), ANt17-Httex1 (16Q, 39Q or
72Q, +/- GFP) or M8P-Httex1 (16Q, 39Q or 72Q,
+/- GFP) using the standard calcium phosphate
procedure.'*®

Immunocytochemistry (ICC)

HEK 293 cells or primary striatal neurons were
washed twice with PBS at the indicated time
points and fixed in 4% paraformaldehyde (PFA,
Sigma—Aldrich, Switzerland) in PBS for 20 min at
RT. ICC was performed as previously
described.?®'?71%* Httex1 was detected with an
anti-Htt antibody (MAB5492, Millipore, Switzer-
land). Striatal neurons were costained with the pri-
mary chicken antibody anti-MAP2 (neuronal
marker, Abcam, United Kingdom). HEK 293 cell
edges were stained with Phalloidine-Atto®®® (speci-
fic against F-actin) dye (Sigma—Aldrich, Switzer-
land). Nuclei were counterstained with DAPI (4',6-
diamidine-2’-phenylindole dihydrochloride, Sigma—
Aldrich, Switzerland) dye. Cells were examined with
a confocal laser-scanning microscope (LSM 700,
Zeiss, Germany) with a 40x objective and analyzed
using Zen software (Zeiss, Germany).

Measurement of the subcellular localization of
Httex1 constructs in primary striatal neurons

We developed an unbiased semiquantitative
method based on confocal microscopy imaging
combined with an analytical pipeline using ImageJ
and CellProfiler 2.2.0 software to quantitatively
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assess the level of internalization and the
subcellular localization of Httex1 species in our
neuronal model. For each independent
experiment, a minimum of 5 neurons per condition
was imaged. Each independent experiment was
performed in triplicate, resulting in the acquisition
of 15 neurons in total per condition tested. For
each neuron, a series of images was collected (z-
stack, 13 slices with a thickness of 0.2 pM) from
the top to the bottom of the nucleus area. From
the acquisition of the neuronal Z-stack, the
neuronal slice was selected via Imaged with
criteriato avoid selecting neurites. Neurite
extensions were avoided during the imaging
process because their length can greatly vary
between neurons, which could lead to unspecific
variation in our quantification. Then, from the
selected image, segmentation of the nucleus was
performed from the DAPI signal and membrane
from the MAP2 staining using CellProfiler
software. Cytoplasm and nuclear masks were
automatically created and used to measure the
mean intensity fluorescence of Httex1 species,
detected with a specific Htt antibody, in the
different compartments. BioP (EPFL, Switzerland,
Dr Romain Guiet) developed a distance map
script to more accurately quantify the distance of
the detected Httex1 particles from the plasma
membrane. The generated regions of interest from
CellProfiler (nucleus and cytoplasm) were used to
create a distance map from the plasma
membrane inside and outside the neurons. Httex1
species were detected as particles via intensity
thresholding and plotted according to their
distance to the plasma membrane, either
internalized or outside the cell. The resolution
under the confocal microscope did not for the
exact localization of the detected Httex1 particles
at the plasma membrane (10 nm), which was
considered the “membrane area”.

Correlative light electron microscopy

Striatal primary neurons were seeded on 35 mm
dishes with alpha-numeric searching grids etched
to the bottom glass (MatTek Corporation, Ashland,
MA, USA) coated with poly-L-lysine (Life
Technologies, Switzerland) and treated with Tris
buffer (negative control) or 0.5 uM extracellular
Httex1-43Q PFFs. After 3 days, striatal neurons
were fixed for 2 h with 1% glutaraldehyde and 2%
PFA in 0.1 M phosphate buffer (PB) at pH 7.4.
Then, ICC was performed as described in the
corresponding section of the Materials and
Methods. The neurons positively stained for
Httex1 were selected by fluorescence confocal
microscopy (LSM700, Carl Zeiss Microscopy), and
their exact position was recorded using an alpha-
numeric grid etched on the dish bottom. The
neurons were then fixed, dehydrated, and
embedded in Durcupan (Electron Microscopy
Sciences, Hatfield, PA, USA) as previously
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described.?®'#41%> The ultrathin sections (50—
60 nm) cut serially and collected onto 2 mm
single-slot copper grids coated with formvar plastic
support film were finally contrasted with uranyl acet-
ate and lead citrate before being imaged with a
transmission electron microscope (Tecnai Spirit
EM, FEI, The Netherlands) operating at 80 kV
acceleration voltage and e wpped with a digital
camera (FEI Eagle, FEI).?%'*

Quantification of cell death in primary striatal
neurons and HEK 293 cells

Quantification of cell death by the dye exclusion
method in rat striatal primary neurons and HEK 293
cells. The vital dye exclusion method was used to
quantify cell death in striatal neurons with SYTOX
probes (Life Technologies, Switzerland), which are
impermeant membrane dyes that enter only cells
with dama%ed plasma membranes, as previously
described. ™" 14

Quantification of active caspases 3 in HEK293
cells. As described previously,'”'** we used a
caspaTag fluorescein caspase 3 activity kit
(ImmunoChemistry Technologies, MN, USA),
which allows the detection of active effector cas-
pase (caspase 3) in living cells.

Terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick end labeling method (TUNEL) in
primary striatal neurons. After six days of
treatment, DNA fragmentation was detected in rat

striatal neurons using the terminal
deoxynucleotidyl transferase-mediated dUTP-
biotin nick end Iabelmg6 (TUNEL method

described by Gavrieli et al. '*® using the In Situ Cell
Death Detection kit (Roche, Switzerland). The neu-
rons were then specifically stained for NeuN (Milli-
pore, Switzerland), a nuclear neuronal marker
(see ICC section). The neurons were then exam-
ined with a microscope (Axioplan, Carl Zeiss Micro-
scopy) with a 20 x objective, and cell death was
quantified using Imaged (U.S. National Instltutes
of Health, Bethesda, Maryland, USA)'*® as
described before. 27144

Statistical analysis

All experiments were independently repeated
three times. The data generated by CellProfiler
were analyzed using Excel and GraphPad Prism.
Statistical analysis was performed using ANOVA
followed by a Tukey-HSD test. The data were
regarded as statistically significant at p < 0.05.
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