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Abstract

Huntington’s Disease is a neurodegenerative disorder caused by a CAG expansion in the first exon
of the HTT gene, resulting in an extended poly-glutamine (poly-Q) tract in huntingtin (httex1). The
structural changes occurring to the poly-Q when increasing its length remain poorly understood due
to its intrinsic flexibility and the strong compositional bias. The systematic application of site-
specific isotopic labeling has enabled residue-specific NMR investigations of the poly-Q tract of
pathogenic httex1 variants with 46 and 66 consecutive glutamines. Integrative data analysis reveals
that the poly-Q tract adopts long a-helical conformations propagated and stabilized by glutamine
side chain to backbone hydrogen bonds. We show that a-helical stability is a stronger signature in
defining aggregation kinetics and the structure of the resulting fibrils than the number of
glutamines. Our observations provide a structural perspective of the pathogenicity of expanded

httex1 and pave the way to a deeper understanding of poly-Q-related diseases.



Introduction

Among the nine neurodegenerative disorders caused by expansions of polyglutamine (poly-Q)
tracts, Huntington’s Disease (HD) stands out due to its prevalence and devastating effects!. HD is
triggered by an abnormal expansion of the poly-Q tract located in exonl (httex1) of the 348-kDa
huntingtin, a ubiquitous protein involved in multiple pathways?3. In its non-pathogenic form, the
httex1 poly-Q tract is comprised of 17-20 glutamines*; however, when the number of consecutive
glutamines exceeds the pathogenic threshold of 35, it results in aggregation-prone mutants. Indeed,
fragments of mutant httex1 are found forming large cytoplasmic and nuclear aggregates within
neurons of the striatum, a well-known hallmark of HD>%. The presence of such aggregates, the
neuronal degeneration, the age of onset and disease severity correlate with the length of the poly-Q

tract’. Notably, the mutant httex1 fragment alone suffices to reproduce HD symptoms in mice®.

Two models have been suggested to connect the pathological threshold and toxicity, the ‘toxic
structure’ and the ‘linear lattice’ models?®. While the ‘toxic structure’ model proposes the
appearance of a distinct toxic conformation when the poly-Q tract is expanded beyond the
pathological threshold?!?2, the ‘linear lattice’ model suggests that poly-Q tracts are inherently toxic
and that their toxicity systematically increases with the homorepeat length?3?4. Intriguingly, both
models have been supported by antibody recognition experiments in different studies. Furthermore,
the absence of sharp changes in single-molecule Forster resonance energy transfer (smFRET),
circular dichroism (CD) and electron paramagnetic resonance (EPR) experiments around the
pathological threshold have been argued to substantiate the ‘linear lattice’ model®>’. High-
resolution structures of non-pathogenic and pathogenic httex1 variants are required to evaluate the
changes occurring upon poly-Q expansion, discriminate between both models and define the bases

of httex1 cytotoxicity.

Until recently, the detailed high-resolution structural characterization of soluble httex1, especially
of those with pathogenic poly-Q lengths, has been hampered by the intrinsic properties of the
protein, namely the highly flexible nature and the strong compositional bias. While X-ray
diffraction or electron microscopy cannot be applied to probe disordered proteins such as httex1, the
presence of low complexity regions results in important signal overlap when nuclear magnetic
resonance (NMR) is used?®. Despite these difficulties, several NMR studies of non-pathogenic
httex] and N-terminal fragments have been reported, but only assignments of the first and last

glutamines of the poly-Q could be achieved!®-26-272%-30,

Our lab recently developed a site-specific isotopic labeling (SSIL) strategy that combines cell-free
protein expression and non-sense suppression, enabling the investigation of homorepeats in a

residue-specific manner®!*2. By applying this methodology to a non-pathogenic version of httex1



containing a 16-residue-long poly-Q tract (H16), it was shown that the protein was enriched in
helical conformations whose length and stability were defined by flanking regions®. While the
helical propensity was propagated from N17 to the poly-Q through a hydrogen bond network, it was
blocked by the helix-breaking effect caused by the proline-rich region (PRR) that follows the poly-
Q tract (Fig. 1a). The structural effects imposed by N17 and PRR may explain the positive and
negative regulation of httex] aggregation by both poly-Q flanking regions, respectively3*3>,
Whether these structural mechanisms also govern the conformational landscape of pathogenic

httex1 remains to be discerned.

Here, we applied SSIL to a pathogenic httex1 containing a 46 residue-long poly-Q tract (H46) to
unambiguously assign 16 of these glutamines spread along the tract and probed the structure and
dynamics of the homorepeat. The integration of the NMR and small-angle X-ray scattering (SAXS)
data provided the structural description of H46 as an ensemble of elongated, partially helical
conformations, whose propagation and stability mechanisms were deciphered by "F-NMR and
molecular dynamics (MD) simulations. Altogether, our observations provide a detailed structural
perspective of the ‘linear lattice’ model, demonstrating that the presence of long, persistent,
aggregation-prone o-helices is concomitant to the expansion of the poly-Q tract and strongly

influences aggregation kinetics and the structure of the resulting fibrils.

Results
Pathogenic and non-pathogenic httex1 are structurally similar

In order to study a pathogenic form of httex1, a construct comprising the N17 domain, a 46-residue-
long poly-Q tract and the PRR was fused to superfolder GFP (sfGFP) (Fig. 1a). A fully '’N-labeled
H46 sample was prepared and a '"'N-HSQC spectrum was recorded. Similarly to H163, which also
contained a fused sfGFP, the spectrum revealed that, while peaks from N17 and the PRR were well

dispersed, glutamine frequencies remained poorly resolved (Fig. 1b).

The reduced stability of H46 precluded the use of traditional 3D-NMR experiments. To confirm the
similarities found between the pathogenic and non-pathogenic httex1, selectively labeled samples of
H46 were prepared ('N-Ala and '>N-Lys; ''N-Gly, '"N-Ser and '’N-Arg; "N-Leu and '’N-Glu; and
ISN-Phe) (Extended Data Fig. 1a). The selective labeling showed that the vast majority of peaks
corresponding to N17 and PRR residues nicely overlap for H46 and H16. Interestingly, F17 peaks
in H16 and H46 displayed different chemical shifts (CS). Altogether, our observations suggest that
both httex] forms share similar structural features, although perturbations in the N17/poly-Q

boundary are induced upon expansion.



The SSIL approach was used to specifically study 16 of the 46 glutamines of the H46 poly-Q tract,
as well as two glutamines within the PRR*® (Fig. la and Supplementary Table 1). "'N-HSQC
spectra of these samples revealed that the glutamines adjacent to N17 (Q18, Q20 and Q21) adopted
the lowest CS values of the poly-Q without any specific trend, while the following glutamines
(Q24-Q56) exhibited steadily increasing 'H and SN CSs, pointing towards gradual structural
changes along the homorepeat (Fig. 1c). The last glutamines of the tract (Q61-Q63) were found at
the highest CSs, with Q63, displaying an isolated peak like Q75 and Q91 in the PRR. The same
features were observed when monitoring the Ca-Ha correlations of the same SSIL samples (Fig.
1¢). Notably, Q21 presented two Ca peaks with similar intensity, suggesting the presence of two

slowly interconverting conformations.
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Figure 1. NMR analyses of H46 and comparison with H16. (a) Primary sequence of H46 and scheme of
the sfGFP-fused construct used in this study. The color code identifies the site-specifically labeled
glutamines throughout the study. Underlined glutamines indicate the positions in which 2S4R-
fluoroglutamine (4F-GlIn) was introduced for '’F-NMR experiments. The box indicates the section mutated
in the LKGG-H46 and LLLF-H46 mutants. (b) Overlay of the "’N-HSQC spectra of fully labeled H46 (blue)
with the previously reported for H16 (red)*. (¢) Zoom of the "N-HSQC (upper panels) and *C-HSQC
(lower panels) with individually colored SSIL spectra showing the poly-Q NH and Ca regions for different
glutamine clusters (Q18-Q21; Q24-Q56; Q60-Q63; and PRR glutamines). In the upper panels, the '’N-
HSQC of the fully labeled '"N-H46 sample is shown in gray. (d) Secondary chemical shift (SCS) analysis of
H46 poly-Q using experimental Ca and CB chemical shifts and a neighbor-corrected random-coil library*’.
The SCS analysis of H16 is shown in gray®. (e) Comparison of the SCS values of glutamines flanking the
PRR in H16 (gray area) and H46 (colored bars) when aligning both sequences from the C-terminus of the

poly-Q tract.



The secondary chemical shift (SCS) analysis of the glutamines using a neighbor-corrected random
coil database®’” showed that the poly-Q was highly enriched in a-helical conformations, in line with
previous observations for non-pathological constructs?®?%33 (Fig. 1d). However, this propensity was
not homogeneous; the helicity reached its maximum at Q18 and presented a steady helical plateau
over 30 residues, until around Q48. In the C-terminal part of the poly-Q, a smooth decrease of
helicity was observed, reaching negative SCS values for the last glutamines. When comparing this
SCS analysis with that for H163, an increase in helicity for the N-terminal part of the H46 poly-Q
tract was observed. This phenomenon also explains the shift of the NH, NeH2 and CaHoa NMR
signals of Q18 and Q21 towards more helical positions in H46 (Extended Data Fig. 1Db).
Interestingly, the two Ca peaks of Q21 presented SCS values of 1.27 and 1.63 ppm, corresponding

to two conformations with different helical content.

The extent of the structural effects induced by the PRR was analyzed by aligning the SCS values of
H16 and H46 from the C-terminus (Fig. 1e). While the last four glutamines of the tract (Q30-Q33 in
H16 and Q60-Q63 in H46) showed the same conformational trends, this similarity was reduced for

more distant glutamines (Q56).

H66 substantiates the persistence of long a-helices

The above results suggest that the distance to the PRR is key in defining the length of a-helical
conformations. In order to validate this hypothesis, we studied an httex] construct with 66
consecutive glutamines (H66), whose '"N-HSQC nicely overlapped with that of H46 (Extended
Data Fig. 2a). We applied the SSIL strategy to two glutamines (Q56 and Q76) of H66 to probe their
helical content. Note that these two residues are located at equivalent positions to residue Q56 in
H46 when aligning both sequences from the N- and C-termini, respectively (Fig. 2a). NH and Ca-
Ha correlations of H66-Q76 appeared in equivalent positions to these of H46-Q56, but not H66-
Q56 (Fig. 2b,c). The helical propensity of these residues was quantified with the Ca. SCS analysis,
indicating an enhanced helicity for H66-Q56 (1.18 ppm) when compared with H66-Q76 (0.50 ppm)
and H46-Q56 (0.53 ppm) (Fig. 2d). Interestingly, the SCS value for H66-Q56 was very similar to
those observed for the plateau in H46, indicating that the additional twenty glutamines in H66 adopt
helical conformations (Extended Data Fig. 2b). These results evidenced that the extent of the a-
helix-breaking capacity of the PRR is the same in all httex1 forms, allowing the a-helical propensity
to be propagated through a larger number of glutamines when the length of the homorepeat is

increased.
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Figure 2. NMR analyses of H66 and comparison with H46. (a) Partial sequences of H46 and H66
indicating the positions of Q56 in H66 (blue) and H46 (green), and Q76 in H66 (red). This color code
identifies the individual glutamines throughout the figure. Dashed lines highlight the equal distance of Q56
in H46 and Q76 in H66 to the PRR. Zoom of the 'N-HSQC (b) and '*C-HSQC (¢) with individually
superimposed colored SSIL spectra showing the poly-Q NH and Ca regions, respectively. (d) Secondary
chemical shift (SCS) analysis of H66-Q56, H66-Q76 and H46-Q56, using experimental Ca and Cp chemical
shifts and a neighbor-corrected random-coil library.

H46 is a flexible elongated particle in solution

Size-exclusion chromatography coupled small angle X-ray scattering (SEC-SAXS) was applied to
derive the overall size of H46 and H16 in solution (Extended Data Fig. 3). The analysis of the
resulting profiles indicated that both constructs were flexible monomeric particles, exhibiting an
increase in size with the length of the poly-Q (Fig. 3a and Supplementary Table 2). A detailed

analysis is provided in Supplemental Note 1.

H46 consists of a mixture of a-helical conformations

The Ca CSs and the SAXS data measured for H46 were integrated to derive a structural model of
the protein. Note that the derivation of an ensemble model for a disordered system is an ill-posed
problem?®, which is further enhanced for httex1 given the sparseness of the NMR data and the low
resolution of SAXS. In order to reduce the degeneracy of the resulting models, we applied a

sampling strategy that captured the conformational influence of both flanking regions and biased



the starting ensemble with our previous knowledge of httex1 that was subsequently refined with the
Ca CSs* (see Methods for details and Fig. S1). After modeling the sfGFP and the C-terminal His-
tag to the individual conformations, the NMR-optimized ensemble was further refined by
integrating the SAXS data with the ensemble optimization method (EOM)***3, Sub-ensembles
selected with EOM yielded an excellent fit to the experimental profile (3>=0.2) (Fig. 3a). The
resulting R distribution was broad, indicating that H46 is a highly flexible particle in solution and

slightly more extended than the CS-derived ensemble (Extended Data Fig. 3).

The structural analysis of the resulting ensemble**, substantiated the presence of a mixture of
multiple helical conformations encompassing different sections of the H46 poly-Q tract (Fig. 3c).
These a-helices originated at the last residues of the N17 domain ("*LKSF!7) and propagated along
the tract. Interestingly, an enrichment of long o-helices encompassing around 40 residues and
reaching up to Q52 was observed. The presence of these long stable helical conformations explains

the steady plateau observed in the SCS analysis (Fig. 1d).

A similar structural refinement was performed for H16, using the previously reported NMR-refined
ensemble®’ and the SAXS data. The EOM fit yielded an excellent agreement with the experimental
curve (x*=1.12). We observed that H16 also consisted of a mixture of a-helical structures of
different lengths, with prevalence for those encompassing a large fraction of the homorepeat (Fig.

3d).
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Figure 3. A structural model of pathogenic and non-pathogenic httex1 from the synergistic integration
of NMR and SAXS data. (a) The SAXS intensity profiles for H16 (red) and H46 (blue) along with the
theoretical profiles of EOM selected sub-ensembles (black lines). The residuals from EOM fitting are shown
at the bottom. The inset shows the Guinier plots with linear fits as black lines. (b) The normalized Kratky
plots for H16 (red) and H46 (blue) displaying a shift from the values expected for globular proteins (shown
as black dashed lines) on both X and Y axes. SS-maps calculated from the conformations selected during 100
cycles of EOM for H46 (¢) and H16 (d). The population of the different a-helix lengths is shown according
to the color code on the right. Some representative conformations with different lengths of helices are also
shown.



Bifurcated hydrogen bonds trigger and stabilize a-helices

It has been shown in non-pathogenic H16 and the androgen receptor that a network of hydrogen
bonds involving glutamine backbone and side chains, the so-called bifurcated hydrogen bonds, is at
the origin of the helical propagation from N-flanking regions to the poly-Q**. Here, we
investigated whether this effect is conserved in pathogenic httex1 by monitoring the unambiguously
assigned CB, HP, Cy, Hy and NHe CSs (Fig. 4a, Supplementary Table 1 and Extended Data Fig. 4).
The diastereotopic HP glutamine protons displayed resolved responses, with increasing CS
difference along the sequence. The maximum was observed for the last glutamines of the tract (Q62
and Q63) and those within the PRR (Q75 and Q91), while Q18 displayed the smallest one with
virtually degenerate HB CSs, indicating a correlation between the CS difference and disorder.
Interestingly, Q21 exhibited three peaks that we attributed to the equilibrium between two
conformations in slow exchange. One of them displayed degenerate Hf, as in Q18, while the other

exhibited two Hf} frequencies. This observation is in agreement with the two Ca peaks observed for
Q21 (Fig. 1c¢).

Hy signals followed an inverse trend than HP ones. The last glutamines of the tract and those
located in the PRR presented a single correlation, corresponding to degenerate diastereotopic Hy
CSs, as expected for a flexible glutamine side chain (Fig. 4a and Extended Data Fig. 4b).
Conversely, the majority of glutamines of the homorepeat (up to Q48) displayed a measurable
difference between the Hy CSs, suggesting a transient rigidification of the side chain that slows
down conformational averaging. Again, Q18, Q20 and Q21 were exceptions to this behavior. While
Q18 exhibited a single Hy peak, Q21 displayed three, substantiating the equilibrium between the
two previously eluded conformational states. Although Q20 only exhibited two Hy peaks, their
difference in intensity suggested a similar scenario as for Q21. In addition to demonstrating the
presence of i—i+4 bifurcated hydrogen bonds structurally connecting the first residues of the poly-
Q tract with N17°3% (Fig. 4b), our data indicate that these hydrogen bonds are present, although to
a lower extent, along the homorepeat, incorporating an additional mechanism for structural

stabilization.

Fluoro-glutamine, a new probe for protein structural studies

To exploit the power of '°F as structural probe, we synthesized with high yield and stereospecificity
2S,4R-fluoroglutamine (4F-Gln), in which a fluorine atom replaced a hydrogen atom on Cy (Fig.
S2)%. 4F-Gln was successfully loaded onto the tRNAcua using the yeast glutaminyl-tRNA
synthetase with similar yields as for canonical glutamine®' (Extended Data Fig. 5) and site-

specifically incorporated at different positions of H46 poly-Q (Fig. 1a).
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4F-GlIn was used in two sets of experiments. First, we used 4F-Gln to substantiate the participation
of Q20 and Q21 in the hydrogen bond network that propagates helicity in the homorepeat. To this
end, we incorporated 4F-GIn in positions Q20 or Q21 in two H46 samples that were also
isotopically labeled with '"N-Ser or >N-Phe, respectively (Fig. 4b,c). When comparing their '*N-
HSQC spectra with those of non-fluorinated H46, substantial changes could be observed in S16 and
F17, respectively. The presence of a fluorinated glutamine in position 20 produced a slight CS
change of S16, while fluorination of Q21 induced appearance of a second peak on F17. Importantly,
similar observations were made when 4F-Gln was incorporated in the same positions in H16, in
samples simultaneously labeled with >N-Ser and '°N-Phe (Fig. 4c and S3). Indeed, when Q20 was
fluorinated in H16, both S16 and F17 were perturbed. Fluorination of Q21 resulted in the
appearance of a second F17 signal and slightly affected S16. These data underline the proximity
between Q20 and S16 as well as Q21 and F17 in pathogenic and non-pathogenic httex1.
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Figure 4. NMR analysis of H46 side chains. (a) Cp-HpB and Cy-Hy regions of the C-HSQC spectra of
selected glutamines within the poly-Q. The spectra of Q60 display the standard behavior of disordered
glutamines with non-degenerate and degenerate diastereotopic protons for CB-HP and Cy-Hy, respectively.
(b) Structural model of the N17-poly-Q coupling showing bifurcated H-bonds between S16 and Q20 (left)
and F17 and Q21 (right). The asterisk indicates the proton substituted with a fluorine atom when 4F-Gln was
incorporated. (¢) Zoom of '"H-'SN HSQC spectra of H46 (left panels) and H16 (right panels) samples labeled
with either '’N-Ser or '"N-Phe. In red, spectra of samples with fluorinated glutamine at position Q20 (upper
panels) or Q21 (lower panels). Non-fluorinated samples are colored in blue. (d) 1D 'F spectra of H46
samples with fluorinated glutamines at positions Q20, Q21, Q40 or Q60. The presence of multiple peaks
suggesting distinct conformational states is illustrated with arrows.
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In a second set of experiments, we incorporated 4F-Gln in four H46 positions located at the
beginning (Q20 and Q21), the middle (Q40) and the end (Q60) of the poly-Q to be monitored by
1D-F-NMR, which is an excellent reporter of biomolecular structure and dynamics*’*® (Fig. 1a).
Strong differences in '"F-CSs were observed for the four positions (Fig. 4d). This demonstrates
important structural differences along the poly-Q. The Q21'°F-CS was particularly high, due to its
proximity to the ring currents exerted by F17 in the hydrogen-bonded form (see below) (Fig 4b and
4d). Interestingly, multiple "F-NMR resonances were observed for Q20 and Q21. For Q20, three
distinct responses were measured, including two signals with very similar CSs. In line with the Cy-
Hy peaks, this indicates that the Q20 side chain adopts at least two different conformations in a
slow exchange regime. For Q21, a weak second '°F signal could be detected, in agreement with the

two populations previously identified for its Ca-Ho, CB-HP and Cy-Hy correlations.

Helix propagation and stabilization, a simulation perspective

We performed Gaussian accelerated molecular dynamics (GaMD)* simulations to understand the
secondary structure propensities of httex1 and the role of N17 in propagating helicity. To simulate
an httex1 fragment encompassing N17, the poly-Q tract and five prolines, we used the ff99SBws-
STQ force-field, which has been refined to simulate low-complexity proteins®'. For the eight
independent MD simulations, with an aggregated time of ~20us, the poly-Q adopted a-helical and
disordered conformations, while N17 presented a higher helical propensity (Fig. 5a and S4a).
Interestingly, several a-helix folding/melting events were observed. For some of the simulations, a-
helices spanned almost the whole length of N17 and the poly-Q and were only absent close to the
poly-P (Fig. 5a). In line with the directionality observed experimentally, the process of a-helix
melting systematically occurred from C-to-N, as observed around 1600-1800ns, while a-helices in
httex1 preferentially grew from N-to-C (Extended Data Fig. 6). The spontaneous formation of short
a-helices disconnected from N17 was also observed (e.g., frames 2000-2300ns), suggesting a small

inherent a-helical propensity in poly-Q.

The largest fractional helicity was observed for glutamines close to N17, it decreased until Q30
from where it remained flat until Q55 to finally vanish when approaching the poly-P (Fig. S4b).
This behavior was qualitatively similar to that observed experimentally in H46, suggesting that our
simulations captured the structural mechanisms present in httex1. When analyzing the frames with
a-helices with increasing length (from 4 to 40), we observed a gradual increase in fractional helicity

from N-to-C, substantiating the structural propagation from N17 (Fig. 5b).

Interestingly, i—i+4 bifurcated hydrogen bonds were found throughout the poly-Q, although they

were more abundant in the beginning of the tract, with Q21 presenting the highest population, and
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their number slowly decreased for inner glutamines (Fig. 5c). Importantly, this trend agrees with the
presence of Cy-Hy doublets (Fig. 4). Then, we analyzed the correlation between bifurcate hydrogen
bonds and a-helix stability. Not surprisingly, the percentage of these hydrogen bonds was higher in
frames where the segment (i—i+4) adopted a helical conformation. Importantly, the population
consistently increased with the stability of the helix, suggesting that bifurcated hydrogen bonds

stabilize a-helical conformations (Fig. 5c).

Quantum chemistry calculations of GaMD snapshots demonstrated that the high CS observed for
the '°F signal when introducing F-GIn in position Q21 originated by its proximity to the F17
aromatic ring (see Supplemental Note 2 and Extended Data Fig. 7).
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Figure 5. Insights into the conformational landscape of httex1 with MD simulations. (a) The per-residue
secondary structure plot for one of the GaMD trajectories showing a transition from an almost completely
random-coil conformation to a long a-helix and back to random coil. (b) The reweighted fractional helicity
calculated using frames with increasing minimum o-helix length ranging from 4 to 40. (¢) The percentage of
frames with bifurcated hydrogen bonds for each residue of the poly-Q tract using all frames (gray), only the
frames where the fragment (i — i+4) was in helical conformation (black) and the segments of the trajectory
where the fragment (i — i+4) formed a stable a-helix for an increasing number of frames ranging from 500
to 2000.
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Role of poly-Q structure in httex1 aggregation

We investigated the relevance of the helical content for the aggregation propensity of H46 with two
N17 mutants (Fig. 1a). First, by substituting '®SF!7 by 'GG!” (LKGG-H46), we hampered the
hydrogen-bond network connecting both domains. Second, when replacing '"KS!® by 'SLL!'®
(LLLF-H46), the network was strengthened by incorporating two large hydrophobic residues. Using
uniformly and site-specifically labeled samples, we validated the expected structural effects exerted
by these mutations (Extended Data Fig. 8). 15uM samples of H46, LKGG-H46 and LLLF-H46
were incubated at 37°C and the soluble fractions were analyzed by SDS-PAGE over a period of 48h
(Fig. 6a and S5). H46 presented a moderate aggregation propensity (half-time, ti2, of 19h),
exhibiting a decrease of the soluble fraction from the first hours of incubation that almost
disappeared after 48h. A much stronger aggregation propensity was observed for LLLF-H46
(ti2=1.4h), while the first signs of aggregation for LKGG-H46 occurred after 20h of incubation
(t12=29h). The presence of sfGFP, which certainly slows down aggregation, hampers the
quantitative comparison with previous studies®®. However, the relative aggregation propensity of
the three H46 forms could be unambiguously obtained, indicating that a-helical stability strongly

accelerates the aggregation propensity.

The morphology of the aggregates for H46 and the two mutants after 48 and 120h was investigated
by correlative atomic force microscopy (AFM) — total internal reflection fluorescence (TIRF) (Fig.
6b,c and Extended Data Fig. 9). The intrinsic fluorescence of the proteins allowed the easier
localization of the aggregates on the silica surface and indicated that no proteolytic activity
preceded aggregation. The inspection of H46 micrographs measured after 48h of incubation
revealed the presence of typical amyloid structures with interconnected fibrils, exhibiting a
heterogeneous morphology, with notable variations in width and height, similarly to those recently
described>**. Interestingly, LLLF-H46 aggregates displayed similar features, although the presence
of fibrils was substantially more abundant. LKGG-H46 exhibited a different behavior with
considerably larger and more heterogeneous aggregates with well-defined limits. However,
relatively long isolated fibrils with a similar morphology to wild-type and LLLF-H46 were found in
the boundaries of the heterogeneous aggregates. After five days of incubation, elongated bundle
structures involving several paired filaments were observed for H46 and LLLF-H46 (Fig. 6¢ and
Extended Data Fig. 9b). However, these coiled structures were seldom found in LKGG-H46
aggregates and, when observed, they were less ordered and fragmented, suggesting reduced fibril

stability (Fig. 6¢).
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Figure 6. Effect of the a-helical stability on the aggregation properties of huntingtin. (a) Time course of
aggregation for wild-type (red), LLLF- (green) and LKGG-H46 (blue) (15 uM) at 37 °C. Each data point
corresponds to the mean and associated standard deviation calculated from three independent replicates.
Symbols represent different independent experiments. Half-time (t;2) values calculated for each H46 species
are indicated according to the color code shown in the legend. (b) Representative fluorescence microscopy
(upper panels) and AFM (middle and lower panels) images of 2-day-old fibrils of wild-type, LLLF- and
LKGG-H46. Each fluorescence image corresponds to the average of 150 frames. (¢) AFM images of 5-day-
old fibrils of three H46 species. White squares indicate the zoom region displayed in the panels below. At
least 6 fluorescence and AFM images for each H46 variant and time point were extracted from two large
fields (8.13um x 8.13um). (d) Time-dependent percentage of transfected HEK 293 cells exhibiting
cytoplasmic inclusions. Displayed points correspond to the average value from three independent
experiments (n=3) with a large (from 63 to 977) number of transfected cells and the error bars present the
standard deviations. (e) Three representative confocal fields recorded for (from left to right) H46, LLLF-H46
and LKGG-H46 36h hours after transfection. Nuclei were stained with DAPI (blue) and sfGFP fused
proteins are observed in green. The scale bar corresponds to 50 pm. The number of confocal fields measured
for each variant and time point varied from n=24 (LLLF-H46 at 48h) to n=60 (H46 at 24h and LKGG-H46 at
24h). Note that more fields were recorded for shorter times to compensate the reduced number of transfected
cells. (f) Representative confocal images of HEK 293 cells overexpressing (from left to right) H46, LLLF-
H46 and LKGG-H46. The scale bar corresponds to 10 um. While some transfected cells display small
aggregates, all the H46 constructs can form large inclusions. The number of cells monitored was large,
spanning from n=533 (H46 at 48h) to n=1350 (LLLF-H46 at 36h).
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Next, we investigated the aggregation properties of H46 variants in a cellular context by

transfecting them in HEK 293 cells, a widely used model to study httex1 intracellular inclusions®6-

8 Using confocal microscopy, we monitored the time-dependent formation of inclusions,
indicating that all three variants can form large cytoplasmic aggregates in the proximity of the
nucleus, although with different propensities (Fig. 6d-f). Already 24h and 36h post-transfection,
LLLF-H46 presented a higher percentage of HEK cells with inclusions than the wild-type and
LKGG-H46 (Fig. 6d). Conversely, when non-pathogenic H16 was transfected, the presence of
inclusions was minimal and did not vary with time (Fig. S6a)’’>8. The cytoplasmic inclusions for
the three variants spanned a broad range of sizes and their average increased with time (Fig. S6b).
However, those from LKGG-H46 were significantly smaller than those for wild-type and LLLF-
H46 in the first 36h after transfection (Fig. S6c). These observations suggest that the stability of
poly-Q a-helical structure modulates the aggregation kinetics of huntingtin in cells, but it does not
compromise the capacity of the protein to form large inclusions sequestering other proteins,

organelles and lipids34+°%°,

Discussion

The systematic application of SSIL to H46 demonstrates that this protein retains its helicity as
previously observed for non-pathogenic versions?®?*-33, Using CD, a-helical propensity had been
previously identified for httexl with up to 55 glutamines and showed that the helical content
increased concomitantly with the length of the tract 27. One of the most striking observations of our
study is the fairly flat plateau of positive SCS along a large fraction of the poly-Q (Fig. 1d). These
SCS are consistent with the coexistence of multiple partially formed a-helices of different lengths,
spanning almost the complete poly-Q. However, long a-helices are prevalent according to our
structural analysis, evidencing that helices are cooperatively propagated along the homorepeat (Fig.
3). The comparison of the NMR observables for H16 with those of H46 also substantiates the
helical stabilization with the poly-Q length. For instance, despite both proteins having the same
sequence context, several CSs of initial glutamines are systematically shifted towards more helical
conformations in H46 (Extended Data Fig. 1). Moreover, experiments performed on H66
demonstrate that a-helices are maintained for long poly-Q tracts and the distance of individual

glutamines to the PRR defines their helicity (Fig. 2).

From a structural perspective, the a-helical stability could arise from the formation of bifurcate
hydrogen bonds all along the homorepeat. The spectroscopic features exhibited by Hp and Hy have

been associated with the formation of bifurcated hydrogen bonds and the concomitant rigidification
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of glutamine side chains®**. Our MD simulations indicated that the percentage of bifurcated
hydrogen bonds is correlated with the stability of a-helical conformations. The ensemble of these
observations suggests that glutamine side chains are actively involved in the stabilization of the
helical conformation of the poly-Q tract and that the strength of this mechanism declines when

approaching the PRR.

Partial structuration in the poly-Q implies that individual glutamines co-exist in (at least) two
different conformations. A similar conclusion was reached by EPR experiments, where two
dynamic regimes were identified in N17 and poly-Q tract residues, but not in glutamines in the
PRR?’. However, structural details of this conformational fluctuation could not be unveiled. Several
NMR signatures, which can be rationalized through the MD simulations, define the structural bases
of this equilibrium. These include, among others, the two Ca-Ha peaks for Q21 (Fig. 1c), the two
sets of CB-HP and Cy-Hy peaks for Q20 and Q21 (Fig. 4a), and the multiple '’F-NMR frequencies
detected for these two residues. The co-existence of this equilibrium is also manifested in other
glutamines of the tract with non-degenerate Cy-Hy peaks. Our observations demonstrate that httex1
fluctuates between a rigid a-helical conformation stabilized by bifurcate hydrogen bonds and a
more disordered state. Furthermore, our data suggest that the dynamic regime also changes in
conjunction with the helical stability. While the first glutamines of the tract exhibit a slow exchange
on the NMR timescale, a fast exchange regime is observed for the others. This asymmetric behavior
suggests that helix unwinding is initiated in the proximity of the PRR and progresses towards the N-

terminus.

The refined ensemble indicates that H46 is a flexible elongated particle in solution and that the
overall size is correlated with the length of the poly-Q (Fig. 3c). Importantly, our structural model is
in contradiction to previously reported compact models of httex1 stabilized by extensive fuzzy
contacts between N17 and poly-Q?326-3063 Despite the overall extendedness of httex1, our
description requires a large degree of disorder, explaining the fluorescence transfer efficiency
observed in smFRET? and the lack of permanent hydrogen bonds in NMR hydrogen deuterium

exchange (HDX) experiments, which have been argued to support the compact model?®.

The similarity of the mechanisms defining the structure of non-pathogenic and pathogenic forms of
httex1 validates the ‘linear lattice’ model?»?2>-24, Our results demonstrate that poly-Q extension is
only associated with an increase in the length and stability of helical conformations. This is relevant
as our aggregation experiments unambiguously show that the a-helical content is a key factor
promoting aggregation. Although N17 has been demonstrated to be the aggregation-triggering
domain!®3%34 httex1 only becomes aggregation-prone when N17 is structurally coupled to the poly-

Q tract. This suggests that when structurally uncoupled, such as in LKGG-H46, partially helical
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N17 is still able to oligomerize, but the resulting oligomers are less stable and aggregation
propensity is reduced. Conversely, strengthening the structural coupling between both domains
stabilizes the helical content of the protein and accelerates aggregation, as observed for LLLF-H46.
In line with these observations, aggregation experiments with httex1 analogues modifying the poly-
Q tract structure highlighted the relevance of the homorepeat structure in defining the aggregation
propensity!>%4. In addition to modified aggregation kinetics, we have observed that mutations in
N17 also yield fibers with distinct morphologies. Polymorphism in httex] aggregates has been
observed in vivo and in vitro when modifying the experimental conditions or when deleting flanking

regions 1 5,53,65767,68.
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Figure 7. Scheme illustrating the structural influences within non-pathogenic and pathogenic httex1
and their respective modes of interaction. (Top, non-pathogenic httexl) The poly-Q tract of non-
pathogenic httex1 experiences opposing structural effects from the N17 (a-helix propagation; black arrow)
and the PRR (helix breaking; gray arrow). The gradually shaded helix represents the decrease in helical
propensity. Due to its helical conformation, non-pathogenic httexl can form coiled coil (CCs) with
physiological partners or with other httex] molecules, resulting in oligomers. Moreover, the helical
conformation favors membrane interactions. (Bottom, pathogenic httex1) Pathogenic httex1 experiences
the same structural effects, however, helix propagation outweighs the helix-breaking effect coming from the
PRR and enhances the formation of CCs. Pathogenic httex1 can still interact with its physiological partners
via CC formation, but it can also interact with non-physiological partners and form more stable oligomers in
the cytoplasm or on membrane surfaces, which eventually drive fibril formation.

In light of our observations, we can speculate about the structural bases of the mechanisms leading
to the pathology (Fig. 7). The helical propensity in the poly-Q tract may facilitate intra- and
intermolecular assemblies through coiled coil (CC) interactions!'”!'>7°, In the non-pathological
scenario, the low-stability poly-Q helices define partner selectivity and oligomers exhibit reduced
affinity. Beyond the pathological threshold, there is a concomitant population increase of long -
helices, which could still interact with their physiological partners, although most probably with
different thermodynamic properties. However, they could also associate with other non-

physiological partners and perturb crucial signalling and metabolic pathways. Longer helices can
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form more stable oligomers that nucleate amyloidogenic fibrils!”’! or induce cytotoxicity’.
Biological membranes can also enhance httex] local concentration and trigger aggregation’3-

75,30.76,77,76,78 (see suppemental discussion).

This study shows that the expansion of the poly-Q in httex1 is associated with an increase in the
length and stability of a-helical conformations, which are the main driving forces for aggregation.
Our results provide a novel perspective of the pathological threshold in HD that goes beyond the
length of the poly-Q by underlining the relevance of conformational preferences. The generalization
of these observations to the other poly-Q-related diseases remains to be unveiled. However, the
possibility to explore their associated proteins at the residue level and independently of the poly-Q

length paves the way to a structural understanding of these pathologies.
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Materials and Methods

Huntingtin exonl constructs

Synthetic genes of wild-type and mutated huntingtin exonl with 46 and 66 consecutive glutamines
(H46 and H66 respectively) and H46 and H66 carrying the amber codon (TAG) instead of the
glutamine codon, e.g. Q18 (H46Q18), were ordered from GeneArt. All genes were cloned into
pIVEX 2.3d as previously described?®?, giving rise to pIVEX-httex1-3C-sfGFP-Hiss. The sequence
of all plasmids was confirmed by sequencing by GENEWIZ. Primers used for cloning are provided

in Supplementary Table 3.

Synthesis of 2S,4R-fluoroglutamine
The synthesis of the 2S,4R-fluoroglutamine ((2S, 4R)-2,5-Diamino-4-fluoro-5-oxopentanoic acid),
4F-Gln, was performed as detailed by Qu et al.*. The purity and the enantiomeric excess (98%)

were evaluated by 'H- and '"’F-NMR (see Fig. S2 in Supplementary information).

Preparation and aminoacylation of suppressor tRNA cua
The tRNAcua was aminoacylated with and tRNA synthetase based on the glutamine ligase GLN4

from Saccharomyces cerevisiae as previously described*?.

Standard cell-free expression conditions

Lysate was prepared as previously described®® and based on the Escherichia coli strain BL21 Star
(DE3)::RF1-CBDs, a gift from Gottfried Otting (Australian National University, Canberra,
Australia)”. Cell-free protein expression was performed in batch mode as described by Apponyi et
al® and detailed in*. The concentrations of magnesium acetate (5-20 mM) and potassium
glutamate (60-200 mM) were adjusted for each new batch of S30 extract. A titration of both
compounds was performed to obtain the maximum yield. A list of reagents used for the lysate

production and cell-free reactions is provided is Supplementary Table 4.

Preparation of NMR samples

NMR samples were produced as previously described®?. Uniformly labeled NMR samples were
produced with 3 mg/mL of ['*N,'*C]-labeled ISOGRO additionally supplemented with ['N,!3C]-
labeled Asn, Cys and Trp (1 mM each) and 4 mM of Gln. H46 samples in which only certain amino
acids were selectively labeled (Ala and Lys; Gly, Ser and Arg; Leu and Glu; and Phe) were prepared
by substituting the respective amino acids for the ['°N,!3C]-labeled ones. To enable the labeling of

glutamates, potassium glutamate was substituted with potassium acetate, which was optimized by
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testing a range of concentrations’®. To produce site-specifically labeled samples, the standard
reaction mixture was slightly modified by introducing deuterated proline (2 mM) and glutamine
4 mM (Eurisotop). 10 uM of [N, '3C]-GlIn or 4F-GIn loaded tRNAcua was added for suppressed

samples. The same procedures were used for the preparation of H66 samples.

Expression of H16 in E. coli

Escherichia coli BL21 (DE3) transformed with H16 construct was grown in LB medium
supplemented with 50 pg/mL kanamycin at 37°C under stirring. When an ODeoonm 0.7 was reached,
the culture was induced using 1 mM IPTG and grown for 24 hours at 23°C. The cell pellet was
collected by centrifugation at 5,000 x g for 15 minutes at 4°C and resuspended in 10 mL buffer A
(50 mM Tris, 1000 mM NaCl, pH 8.5), supplemented with cOmplete EDTA free protease inhibitor
tablet (Roche), per 1 L of expression volume. Cells were lysed by sonication at 35% for 2 minutes
with on-off cycles and cell debris was pelleted by centrifugation at 20,000 xg for 30 minutes at 4°C.
E. coli H16 was used for SAXS experiments.

Protein purification

The httex1 produced with cell-free reactions were purified as previously described®?. For NMR
experiments, samples were dialyzed against NMR buffer (20 mM BisTris-HCI pH 6.5, 150 mM
NaCl) at 4°C using SpectraPor 4 MWCO 12-14 kDa dialysis tubing (Spectrum Labs). Dialyzed
protein was then concentrated with 10 kDa MWCO Vivaspin centrifugal concentrators (3,500 xg,
4°C) (Sartorius). For SAXS measurements, the affinity chromatography step was carried out in an
AKTA pure System (GE Healthcare) with a 5 mL Histrap® Excel column. For both aggregation and
SAXS experiments, an additional size-exclusion chromatography step, using a Superdex S200
10/300 column, was carried out. For aggregation measurements, this step was performed in
aggregation buffer (50 mM sodium phosphate, pH 7.5, 150 mM NacCl) and for SAXS measurements
in NMR buffer. Protein concentrations were determined by means of fluorescence using an sfGFP
calibration curve. Final NMR sample concentrations ranged from 4 to 15 uM. Protein integrity was

analyzed by SDS-PAGE.

NMR experiments and data analysis

NMR sample preparation and chemical shift analyses were performed as previously described?.
I5N- and 3C-HSQC experiments were performed at 293 K on a Bruker Avance III spectrometer
equipped with a cryogenic triple resonance probe and Z gradient coil, operating at a 'H frequency of

700 MHz or 800 MHz. All spectra were processed with TopSpin v4.0.5 (Bruker Biospin) and
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analyzed with CCPN-Analysis software®!. Chemical shifts were referenced with respect to the H20
signal relative to DSS using the 'H/X frequency ratio of the zero point according to Markley ef al.3.

Random coil chemical shifts were predicted using POTENCI (http:/nmr.chem.rug.nl/potenci/)*’.

Secondary chemical shifts (SCS) were obtained by subtracting the predicted value from the
experimental one (SCS=0exp-Opred). The combined Cu and Cp secondary chemical shifts (SCS(Cq)-
SCS(Cp)) were used to improve reliability.

IF-NMR experiments

All NMR samples were first concentrated up to a ca. 200 pl volume using Vivaspin centrifugal
concentrators (Sartorius) with a 5 kDa cutoff at 4°C. 0.1 pul of a trimethylsilylpropanoic acid
(TMSP) solution for chemical shift referencing and 10 ul of D20 were added before NMR
measurement. All °’F NMR experiments were performed on a Bruker Avance 111 HD spectrometer
operating at a 'H and '°F frequencies of 600.13 MHz and 564.69 MHz, respectively, equipped with
a CP-QCI-F cryoprobe with '°F cryo-detection. All 1°F 1D experiments were performed at 293.0 K
with 'H decoupling during acquisition using waltz16 composite pulse decoupling. An acquisition
time of 0.58 s, spectral width of 100.6 s and relaxation delay of 1.0 s was used for all samples,
except for the sample fluorinated at Q20, where an acquisition time of 0.29 s and a relaxation delay
of 0.5 s was used. Concatenated 1D '°F spectra of 128 transients each were acquired in order to
monitor any spectral changes over time. Signal averaging was then performed up to a time point
before significant spectral changes over time could be detected. Final number of transients varied
were 77824, 49152, 39680 and 53760 for samples fluorinated at Q20, Q21, Q40 and Q60,
respectively. '°F spectra were referenced to the 'H signal of TMSP using the unified chemical shift

scale.

Model building and chemical shift ensemble optimization

Ensemble models for the two families capturing the conformational influences of the flanking
regions, N—C and N«—C, were constructed with the algorithm described in reference®, which uses
a curated database of three-residue fragments extracted from high-resolution protein structures. The
model building strategy consecutively appends residues, which are considered to be either fully
disordered or partially structured. For fully disordered residues, amino acid specific ¢/y angles
defining the residue conformation are randomly selected from the database, disregarding their
sequence context. For partially structured residues, the nature and the conformation of the flanking
residues are taken into account when selecting the conformation of the incorporated residue. Steric
clashes are tested at each step, and a backtracking strategy is applied to solve possible conflicts (see

detailed explanation of the algorithm in reference’®).
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Two families of ensembles were built. For the first family (N—C ensembles), starting with the
IWAFESLKS'® region of N17 as partially structured, multiple ensembles of 5,000 conformations
were built by successively including an increasing number of glutamines in the poly-Q tract (from
F17 to Q63) as partially structured, while the rest of the chain was considered to be fully disordered.
An equivalent strategy was followed for the second family of ensembles (N«—C ensembles) for
which glutamines were considered successively as partially structured from the poly-P tract (from
Q63 to Q18). Note that in the partially structured building strategy secondary structural elements
are propagated due to the conformational influence of neighboring residues. Two tripeptide
databases were used to generate the conformational ensemble models. Both were constructed from
the protein domains in the SCOP (Structural Classification of Proteins)®*# repository filtered to
95% sequence identity. An “unfiltered” tripeptide database was built disregarding secondary
structure content, and a “coil” database included tripeptides not participating in a-helices or -
strands. For the N—C ensembles, the best results were obtained when using the “unfiltered” and
“coil” databases to sample the partially structured and the fully disordered sections, respectively.
For the N«—C ensembles, the “coil” database yielded the best results. For the resulting 47 ensembles
of each family, and after building the side chains with the program SCWRL4%, averaged Ca
chemical shifts were computed with SPARTA+*!, and used for the optimization. The optimized
ensemble model of H46 was built by reweighting the populations of the pre-computed ensembles,
minimizing the error with respect to the experimental Ca CSs. In order to capture the influence of
the flanking regions, glutamines within the tract were divided into two groups: those influenced by
N17 and those influenced by the poly-P tract, whose chemical shifts were fitted with the N—C and
N«C ensembles, respectively. The limit between both families was systematically explored by
computing the agreement between the experimental and optimized CSs through a 2 value. An
optimal description of the complete CS profile was obtained when Q55 was chosen as the last
residue structurally connected with N17. Finally, an ensemble of 11,000 conformations was built
using the optimized weights and it was used to derive secondary structure population using SS-

map* and to analyze the SAXS data.

SAXS data measurement and analysis

The SAXS data for H16 were collected at the SWING beamline at the SOLEIL synchrotron,
France, equipped with an Eiger 4M detector with a sample-to-detector distance of 1.5 m®. The data
for H46 were collected at EMBL-bioSAXS-P12 beamline at PETRAIIl, Hamburg, Germany
equipped with a Pilatus 6M detector with a sample-to-detector distance of 3 m®, The parameters
used for SAXS data collection are given in Supplementary Table 2. All the data were collected in
SEC-SAXS mode with an in-line Superdex 200 Increase 10/300 GL column (GE Healthcare). Both

32



proteins were concentrated to 8 mg/mL and centrifuged at 20,000 x g immediately before injecting
the protein onto the column. 80 pL of the sample were injected into the column and the flow rate
was maintained at 0.5 mL/min. The initial data processing steps including masking and azimuthal
averaging were performed using the program FOXTROT?® for H16 and SASFLOW pipeline®® for
H46. The resulting 1D profiles were analyzed using CHROMIXS® from ATSAS suite to select the
frames corresponding to sample and buffer and perform buffer subtraction. The final buffer
subtracted and averaged SAXS profiles were analyzed using ATSAS 2.8 software package®’,
including Primus3.3, AUTORG for calculating the radius of gyration and calculation of
extrapolated value of radius of gyration (Rg), GNOM®® for calculation of pairwise distance
distribution profiles and DATBAYES®! for calculation of molecular weight by Bayesian estimate
from four approaches. The ensemble optimization approach (EOM 2.1) was used to select sub-
ensembles that collectively describe the SAXS data. The program RanCH was first used to join
each of the conformations of H16 and H46 (generated as described above) to the modelled structure
of sfGFP (PDBID: 3LVA) and the hexahistidine tag used for purification. GAJOE was then used to
find a sub-ensemble from this pool which collectively describes the SAXS data*?3. The graphical

representations were generated using the program VMD®.

Molecular dynamics simulations

We performed Gaussian Accelerated Molecular Dynamics (GaMD)*® simulations to explore the
conformational landscape and the secondary structure propensities of a fragment of httexl
consisting of N17, 46 glutamines and 5 prolines. We used the ff03ws-STQ?®! force field, which is
adapted to proteins with low-complexity sequences (obtained from https://bitbucket.org/jeetain/all-
atom_ff_refinements/src/master/). We chose an extended conformation built using the protocol
described earlier in the model building section as the starting structure and prepared the simulation
system using tools available with GROMACS 2020.5%. This included addition of hydrogens,
solvation with ~20,000 TIP4P/2005s water molecules® in an octahedral periodic box and addition
of ions (Na* and CI) to neutralize the system and set the final salt concentration to 0.15 M.
Thereafter, the system was converted to AMBER format using ParmEd tool®® in AMBER20%. At
this stage, hydrogen mass repartitioning was also done to allow a time step of 4 fs. We used
periodic boundary conditions and constrained the bonds containing hydrogen atoms using SHAKE
algorithm. Particle Mesh Ewald summation (PME) was used to calculate electrostatic interaction
with a cut-off of 9 A on the long-range interactions. The system was energy minimized for 5000
steps. This was followed by an NVT (T=293K) equilibration for 5 ns and further equilibration in
NPT (P=1 atm, T=293K) ensemble for 10 ns. For all the simulations, the temperature was

maintained at 293K using a Langevin thermostat and for NPT simulations the pressure was
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maintained at 1 atm using a Monte Carlo barostat®”. This was followed by a GaMD equilibration
stage which consisted of a classical MD simulation of 40 ns during which the potential statistics to
calculate GaMD parameters were collected followed by a 120 ns long equilibration during which
the boost was added and updated. Finally, eight independent simulations with an aggregate
simulation time of ~ 20 us were launched using the boost parameters obtained in the equilibration
stage. The simulations were run in “dual-boost” mode and the reference energy was set to the lower
bound (E=Vmax). The average and standard deviation of the potential energy were calculated every

2ns (number of steps = 4*system size).

Quantum chemistry calculations of *°F chemical shifts

19k chemical shielding calculations were performed with the Orca 5.0.2 software®®° in a reduced
system prepared with pDynamo!®. The structures used for these calculations were randomly
collected from the GaMD trajectory. Concretely, 50 structures presenting either a bifurcate
hydrogen bond between S16 and Q21 or between F17 and Q21 were selected. Furthermore, 100
conformations with a a-helix in the S16-Q21 stretch but not presenting bifurcate hydrogen bonds,
and 100 additional ones not presenting any secondary structure (random coil) in this stretch were
also selected for the calculations. Note that for the a-helical and the random coil scenarios, half of
the structures were used to compute '°F chemical shielding for the fluorine in Q20 and the other 50
were used for the fluorine in Q21. For each of the structures we selected residues from S16 to Q22
and the limiting backbone atoms to retain the peptide bond. Hydrogen atoms were added to saturate
the excised covalent bonds. The fluorine atom was added by substituting the corresponding Hy
atom in Q20 or Q21 at a bond distance of 1.35A. Note that no structural optimization was
performed previous to the chemical shielding calculations. The final system used for the chemical
shielding calculation consisted of 143 atoms. The TPSS functional®?, which has been shown to
provide precise chemical shieldings®>1%3 was used for the calculations. The D3BJ dispersion
correctiont?19 was used together with the pcSseg-2 basis set'%, which has been optimized for the
calculation of chemical shielding constants. Solvation effects were included using the CPCM
implicit solvent model'®’. According to Fedorov and Krivdin!®®, 1°F chemical shifts are reported in
parts per million (ppm) relative to the calculated absolute shielding of CCIsF in chloroform (¢ =
149.7 ppm) using the same level of theory. We optimized the geometry of CCIsF but, for
consistency with the other calculations, we kept the C-F distance fixed to 1.35 A. The effect of this

constrain was minor, as the calculated chemical shielding after optimizing this distance was 149.0

ppm.

Aggregation experiments
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Time-dependent aggregation of H46 variants was followed with SDS-PAGE analysis as previously
described, with minor modifications®. 15 puM wild-type-, LKGG- and LLLF-H46 samples,
prepared in aggregation buffer (50 mM sodium phosphate, pH 7.5, 150 mM NaCl), were incubated
at 37°C for 48 h, without shaking. 10 pL-aliquots were extracted at different time intervals,
immediately mixed with denaturing buffer (125 mM Tris-HCI, pH 6.8, 20% glycerol, 4% SDS, 200
mM dithiothreitol, 0.05% bromophenol blue), incubated for 10 min at 95°C, and frozen at -20 °C
until analysis on Bolt™ 4-12% Bis-Tris Plus gels (Invitrogen). The gels were washed in water,
stained with Instant Blue Coomassie Protein Stain (Abcam), and visualized using a Gel Doc™ Ez
Imager (Bio-Rad). The amount of SDS-soluble species trapped in the stacking gel was quantified
using the Image Lab 5.1 software. The percentages of soluble protein were referenced to time 0
values, and plotted against time. The plots were fitted using GraphPad Prism 7.0a. For each protein
variant, at least two independent experiments, with three replicates at each time point, were

recorded.

Atomic force microscopy (AFM) and total internal reflection fluorescence (TIRF)

Correlative AFM-TIRF microscopy was developed in-house!”. AFM images were acquired using a
Nanowizard 4 (JPK Instruments, Bruker) mounted on a Zeiss inverted optical microscope and
equipped with a Vortis-SPM control unit. A custom-made TIRF microscope was coupled to the
AFM using a LX 488-50 OBIS laser source (Coherent). We used an oil immersion objective with a
1.4 numerical aperture (Plan-Apochromat 100x, Zeiss). Fluorescence was collected with an
EmCCD iXon Ultra897 (Andor) camera. The setup includes a 1.5x telescope to obtain a final
imaging magnification of 150-fold, corresponding to a camera pixel size of 81.3 nm. An ET800sp
short pass filter (Chroma) was used in the emission optical path to filter out the light source of the
AFM optical beam deflection system. The excitation laser wavelength was centered at 488 nm and
the power was measured before the objective with a PM100 energy meter (purchased from
Thorlabs) and was optimized in all the experiments in the range of 1-5 pW. Fluorescence images
were acquired using an ET525/50 nm (Chroma) emission filter and an acousto-optic tunable filter
(AOTFnc-400.650-TN, AA opto-electronics) to modulate the laser intensity. Fluorescence images

were obtained by averaging 150 individual images, each acquired over 50 ms as exposure time.

AFM images were collected in liquid environment (Dulbecco's PBS named D-PBS) using the
quantitative-imaging (QI) mode. Each image was acquired with 256x256 lines/pixels and the
following scan size: 5 um X 5 um, 2.5 ym % 2.5 pum and 1 pm x 1 um. Typical force versus distance
curves were recorded with a tip approach speed ranging from 10 pm/s to 30 pm/s and an oscillation
amplitude (Z length) of 100 nm or 150 nm, adjusted depending on the height of the aggregates. The

maximal force exerted in each pixel was set to 100-150 pN and optimized during the image
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acquisition. We used MSNL-D and MSNL-E (Bruker) AFM probes with resonances in liquid of = 2
kHz and 10 kHz, respectively, and nominal spring constants of 0.03 N/m and 0.1 N/m. MSNL
cantilevers have a sharp tip radius (= 2 nm), which is ideal for high-resolution imaging. The inverse
optical lever sensitivity was calibrated with the acquisition of a force versus distance curve on the
glass coverslip whereas the cantilever stiffness was calibrated using thermal method!'°.

Samples for correlative AFM and TIRF were prepared on circular glass coverslips (2.5 cm, 165 um
thick, purchased from Marienfeld). Coverslips were cleaned with a 15 min cycle of sonication with
ultrasounds in 1 M KOH, rinsed 20 times with deionized water and finally with a second cycle of
sonication in deionized water. Fibrils were then deposited on the clean glass coverslips and let dry
before being immersed in D-PBS for AFM imaging. AFM Images were analyzed with the program
Gwyddion 2.44.

Cell culture and transfection

The four genes (H16, H46 and the two mutants LLLF-H46 and LKGG-H46), fused with the sfGFP
at the C-terminus, were amplified from corresponding pIVEX vector constructs with primers
provided as additional data. The amplified genes were cloned in a pcDNA 3.1/Myc-His (-) B vector,
digested by BamH I and Xho I, with In-Fusion\ (Takara Bio USA, Inc.) cloned and transformed
into the Stellar E. coli HST08 strain. Clones were characterized by sequencing (GENEWIZ) and the
product from the DNA maxi-preparation (NucleoBond\ Xtra Maxi Macherey-Nagel) was used for

cell transfections.

HEK 293 cells were grown in DMEM Glutamax (Gibco) complemented with 10% fetal calf serum.
For transient expression, cells were plated on glass coverslips as follows: for each construct, three
12mm coverslips were placed in a 35mm well and coated with poly-ornithine for 30min. Cells were
then seeded at a density of 4x10° cells per well. The next day, cells were transfected with 1pg of
plasmid and 2 pL of lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.
Medium was changed 4 hours after transfection. For each time point of the expression kinetics (24h,
36h and 48h after transfection), a coverslip was rinsed in PBS and fixed with 4% PFA for 5 minutes
at room temperature. Coverslips were then rinsed twice in PBS, stained with Hoechst (1 pg/mL),
mounted on glass slides with a drop of Vectashield (Vector Laboratories) and sealed with nail

polish.

Confocal and wide-field microscopy
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Samples were imaged with a Leica SP8 confocal microscope with an oil immersion objective (63x
or 40x). As the fluorescence intensity in the protein aggregates was very high, a compromise had to
be found to detect transfected cells with dilute protein expression, while not saturating the detector.
An argon laser set to a power of 0.04% was used to excite sftGFP. Gain and laser power were kept
constant for all acquisitions. For each condition, at least 15 images were acquired, containing in
total at least 100 transfected cells. Images were then processed with Fiji (ImageJ2, v2.3.0) and the
percentages of transfected cells with intracellular inclusions were counted with an in-house Python

script. Results of three independent experiments were reported.

To quantitatively analyze the size of huntingtin inclusions accumulated in cells, we used an upright
microscope (Zeiss Axio Imager Al) equipped with a Zeiss Axiocam camera, a 50x/0.55 LD
objective and a Lumencor Light Engine as a light source. Acquisition was performed with the Zen
software, with 8 ms acquisition time. At least 40 images per condition were analyzed with a custom
Python script. Images were denoised and subjected to a first order flattening to correct for
inhomogeneous illumination. A threshold was then applied to all images and inclusions were
automatically segmented. Areas of the aggregates were then plotted for each variant and time point.

Scipy, numpy, skimage and matplotlib packages were used for the analysis.
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Data Availability Statement

The datasets generated during and/or analyzed during the current study are available from the

corresponding author on reasonable request. The accession codes for the SAXS data (SASDB) are
SASDQRS8 (H16) SASDQS8 (H46) and the ensembles have bee deposited in the PEDB under the
accession codes PED00223 (H16) and PED00224 (H46). 3D structure of sfGFP was downloaded
from the PDB (PDBID: 3LVA).

Code Availability

In-house script to analyse fluorescence images and disordered chain building program will be made

available from the corresponding author on reasonable request.
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