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Summary

Huntington’s disease neurodegeneration occurs when the number of consecutive glutamines in the
huntingtin Exon-1 (HTTExonl) exceeds a pathological threshold of 35. The sequence homogeneity
of HTTExonl reduces the NMR signal dispersion spectra, hampering its structural characterization.
By simultaneously introducing three isotopically labelled glutamines in a site-specific manner in
multiple concatenated samples, eighteen glutamines of a pathogenic HTTExonl with 36 glutamines
were unambiguously assigned. Chemical shifts analysis indicates the a-helical persistence in the
homorepeat and the absence of an emerging toxic conformation around the pathological threshold.
Using the same type of samples, the recognition mechanism of Hsc70 molecular chaperone has been
investigated, indicating that it binds to the N17 region of HTTExonl, inducing the partial unfolding
of the poly-Q. The proposed strategy facilitates high-resolution structural and functional studies in

low-complexity regions.
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Introduction

Huntington’s Disease (HD), a deadly neurodegenerative pathology, is triggered by the
expansion of the poly-glutamine (poly-Q) tract located within the first exon of the huntingtin
protein (HTTExon1)'?. HD manifests when the number of consecutive glutamines in this
tract exceeds 35, the so-called pathological threshold. Expanded HTTExonl forms
cytoplasmic and nuclear inclusions in neurons of the striatum, which trigger multiple
neurological and behavioural symptoms. Neuronal degeneration, age of onset and disease
severity all correlate with the poly-Q tract length'?. In addition to HD, eight other
degenerative diseases have been connected to poly-Q expansion within distinct proteins’ .
Although they share several features, variations in their pathological threshold have been
observed.

Describing the structural bases of HTTExonl function and the mechanisms leading to
cytotoxicity remains an enormous challenge. Its intrinsic flexibility leaves Nuclear Magnetic
Resonance (NMR) as the only adapted high-resolution structural biology technique that can
be applied for its characterization. However, the strong bias in the amino acid composition of
HTTExonl, including the poly-Q and two poly-proline (poly-P) stretches (Fig. 1A), causes a
high degeneracy of the resulting chemical shifts, hampering the application of standard NMR
strategies even when high magnetic fields are used®. Despite these difficulties, several high-
resolution NMR studies of non-pathogenic HTTExonl and N-terminal fragments of the
protein have been reported’ ''. However, the complete assignment of the homorepeat has only
been achieved for a HTTExonl N-terminal fragment with 17 glutamines’, while for the other
studies only glutamine residues located at the poly-Q stretch flanks could be unambiguously
assigned.

In order to circumvent the limitations of traditional approaches when addressing Low
Complexity Regions (LCRs), our group has developed a novel chemical biology technique
allowing the site-specific isotopic labelling (SSIL) of glutamines and prolines'*". In SSIL, a
single ['°N and '*C] isotopically labelled amino acid is incorporated into the protein using an
externally loaded nonsense tRNA (tRNAcua)'*'®. Protein synthesis is performed using an
Escherichia coli-based Cell-Free (CF) reaction in the presence of a plasmid in which an
amber stop codon (TAG) is placed at the position of interest. Moreover, CF enables the
control of the isotopic labelling scheme applied to the rest of the protein'”'®. SSIL has been
proven to be very useful for the unambiguous NMR assignment of the poly-Q tracts in sub-

pathogenic and pathogenic HTTExonl containing 16 (H16) and 46 (H46) consecutive



glutamine residues, respectively'”*’. Frequencies for backbone and side-chain glutamine
atoms could be identified and structurally interpreted. Despite the success of SSIL in
disentangling the complexity of crowded NMR spectra, this approach remains laborious,
requiring a large number of samples, one per residue to be assigned, and highly demanding in
terms of NMR time. Moreover, analyses requiring probing several sites of the protein, such as
dynamic or interaction studies are severely hampered by the need for producing multiple
samples. Here, we report our efforts to make the assignment and interaction studies of LCRs
more efficient. The proposed methodology, which we name multi-SSIL (m-SSIL), is based on
the simultaneous labelling of three different positions of the protein. We demonstrate that the
careful design of polypeptide variants permits a faster unambiguous NMR assignment and
facilitates the quantitative interpretation of protein-protein interaction NMR experiments. The
power of the approach has been validated using HTTExon1 with a 36 glutamine long stretch
fused to super-folded GFP (H36) (Fig. 1B). The poly-Q stretch length of H36, close to the
pathological threshold of 35, makes this HTTExonl form relevant to identify putative
emerging toxic conformations. The interaction of the chaperone Hsc70 with H36 has been
subsequently investigated in a site-specific manner, revealing its mechanism to reduce the

aggregation propensity of HTTExonl.
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Figure 1. Primary structure and schematic representation of HTTExonl with 36
consecutive glutamines (H36) and validation of the multi-SSIL strategy. (A) Primary
structure of H36. The glutamines labelled in this study are shown in black. (B) Schematic
representation of the HTTExonl used in this study, comprising the N-terminal domain N17, a
poly-Q stretch and the proline-rich region (PRR) fused to superfolder GFP (sfGFP) and a C-
terminal hexa-histidine tag. (C) Fluorescence for the titration of CF reactions with increasing
concentrations of [N, C]-GIn-tRNAcu, for the expression of single (020, cyan), double
(020-0Q32, blue) and triple (Q20-Q28-032, dark blue) suppression constructs of HI16 and a
triple suppression mutant of H36 (Q18-036-050, green). (D) Zoom of the °"N-HSQOC spectra
of SSIL constructs described in panel (C), showing the backbone NH signals. Dotted lines
indicate the position of Q20 and Q32 in the nitrogen dimension through the spectra.

Results and Discussion

Validation of multi-Site Specific Isotopic Labelling

The efficient introduction of several chemically modified amino acids has been previously
demonstrated in vivo and in CF in the presence of the corresponding amino-acyl tRNA

synthetase (aaRS)*'*

. Note that, in order to avoid the incorporation of non-isotopically
labelled amino acids present in the reaction mixture, the enzyme cannot be added to our CF
reactions. We first evaluated the feasibility of triple-suppression under CF expression
conditions. Starting with H16, we gradually increased the number of amber codons in the
target gene from one (Q20), to two (Q20-Q32) and three (Q20-Q28-Q32). Monitoring the

fluorescence intensity, the CF reactions were titrated with increasing amounts of Gln-



tRNAcua (Fig. 1C). While all constructs showed a GIn-tRNAcya concentration dependent
increase in fluorescence intensity, a systematic decrease (=30-40%) in the yield was observed
when increasing the number of stop codons. This reduction was slightly higher than those
observed in previous studies where the aaRS was present in the bacterial expression™=*.
Importantly, the H36 triple mutant (Q18-Q36-Q50) followed the same trends as H16 (Fig.
1C). Taking into account the results of the titration experiments, large-scale productions (5
mL of CF) with 20 uM of GIn-tRNAcya were implemented to produce NMR samples of the
same constructs. The recorded '"N-HSQC spectra of our single and multiple suppression
mutants are shown in Figure 1D. For all H16 and H36 suppression mutants, the expected
number of peaks was detected and the signals were well dispersed, overcoming the severe

signal overlap observed for the homogeneously labelled protein (Fig. S1). Furthermore, the

frequencies for Q20 and Q32 of H16 appeared in the same position in the respective spectra.

NMR assignment and structural investigation of H36

With the above-described proof-of-principle, the following strategy was designed to speed up
the NMR assignment of the H36 poly-Q stretch. Nine triple suppression mutants were
concatenated in a way that each construct shared one of its labelled positions with another
one. When overlaying two concatenated spectra, the overlapped resonances unambiguously
identified the common residue. Thus, in each spectrum, two of the peaks could be
straightforwardly connected with two other spectra, while the third one remained
unconnected, making its assignment also unambiguous (Fig. 2). In this way, the same number
of residues could be assigned using half of the samples, reducing production costs and the
required NMR time. In order to design the suppression mutants, we followed a strategy
consisting in dividing the poly-Q in three sections, N-terminal, central and C-terminal, and
selecting one residue from each region in each mutant. This approach, which seems the most
generally applicable, exploits the expected different chemical environment provided by the
flanking regions of the homorepeat. Note that, in the presence of partial structuration, an
enhancement of the chemical shift dispersion is expected, making our strategy less sensitive
to the specific design of the mutants. Following this strategy, atomic frequencies for 18
glutamines of H36 (17 from the poly-Q tract and Q65) were assigned. The capacity of this
strategy to assign the H36 poly-Q tract is exemplified for NH, Co-Ha and NeHe in Figs. 2 and
S2. While this approach worked well for NH and Co-Ha, some overlap was observed for

NeHe correlations. Concretely, Q52-Q33-Q19 only displayed two pairs of NeHe peaks, one



corresponding to Q52 and the other to Q19/Q33. A distinct scenario was observed for the CB-
HPB and Cy-Hy correlations, where multiple peaks appeared in a very narrow range of
frequencies, rendering the assignment by concatenating experiments unfeasible (Fig. S3).
With the successful assignment of the H36 poly-Q tract, a Secondary Chemical Shift (SCS)
analysis was performed by comparing experimental and neighbour-corrected random coil Ca
chemical shifts* (Fig. 3A). Note that CB data could not be used due to the reduced dispersion
of our triple mutant spectra (Fig. S3). The SCS analysis revealed that H36 presents an
important o-helical propensity for those glutamines close to N17 that smoothly decreases
when approaching the PRR (Fig. 3A). Interestingly, H36 presents conformational trends that
lie between those previously found for H16' and H46°°. The SCS values measured for the
last glutamines of the H36 poly-Q stretch (Q50 to Q53), which report on the extent of the
conformational influence of the PRR, were equivalent to those measured for H16 and H46
(Fig. S4). This observation strongly indicated that the helix-breaking capacity exerted by the
PRR was not influenced by the poly-Q stretch length.
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Figure 2. NMR assignment of H36 with m-SSIL samples. (4) Scheme of H36 where the
circles on top indicate the residues that were probed by NMR. The colours of the filled circles
indicate in which of the spectra the residue can be found. Zooms of the >’N-HSOCs (B) and
BC.HSQCs (C) of the triple-labelled H36 samples. The identity of the triplet is given at the
top of each panel. The dashed lines indicate peaks with equivalent frequencies that are



present in two concatenated spectra. The third peak in each spectrum is unique and can be
assigned by exclusion.

The experimental Ca chemical shifts were used to derive a structural ensemble model for
H36. To this aim and using a previously described methodology based on three-residue
fragments extracted from high-resolution structures®®, we built two families of sub-ensembles
in which the amount of structuration was systematically increased from residue F17 to Q53
(N—C ensembles) and from Q53 to Q18 (N«—C ensembles) (see Supplementary information
for details). Note that this building strategy propagates the conformational preferences of both
flanking regions towards the poly-Q, emphasizing the previously described structural
asymmetry of HTTExonl1'’. After computing the theoretical average Co chemical shifts for
each one of the sub-ensembles with SPARTA+’, the relative population of each one of the
sub-ensembles was optimized using the experimental Ca chemical shifts. Six sub-ensembles
of the N—C family, which propagate helicity from N17 towards the poly-Q tract, were
enough to obtain an excellent agreement with the experimental data (Fig. 3B). The selected
sub-ensembles combined a-helical segments of different lengths with disordered sections.
Interestingly, the most populated sub-ensemble (69.7%) presented a fully disordered poly-Q
tract. A quantitative structural picture of the optimized ensemble was obtained using the SS-
map representation (Fig. 3C)*®. This analysis indicated that the overall helicity observed in
H36 was consistent with multiple partially helical conformations encompassing the N17 and
different sections of the poly-Q. Interestingly, long helices incorporating more than 30
glutamines were slightly overpopulated, suggesting a cooperative stabilization of this
structural element with the number of glutamines. This observation is in line with previous
estimations based on the thermodynamic analyses of melting temperatures for HTTExonl
with an increasing number of glutamines'”.

We next analysed whether N17 exerted a conformational influence in H36 poly-Q stretch.
Others and we have previously showed that the a-helical N17 structure spreads towards the
poly-Q tract through a network of bifurcate hydrogen bonds'®***°. This structural property
manifests in H16 and H46 by a CB-Hp singlet for Q18 and Q19, and two Cy-Hy frequencies
for Q20 and Q21. Unfortunately, these spectroscopic features could not be straightforwardly
identified for H36 triple suppression mutants due to the severe overlap. In order to disentangle
this complexity, we overlaid the CB-HP and Cy-Hy spectra of m-SSIL H36 samples with
those measured for the corresponding residues in H46 (Fig. S3B). An excellent agreement

between both sets of peaks was observed, demonstrating that the structural features defining
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the poly-Q structure in H46 are reproduced in H36. Concretely, this comparison substantiated
the presence of i->i+4 bifurcate hydrogen bonds between the N17 and the first residues of the
poly-Q stretch and the presence of two conformational states in slow exchange. All together,
our NMR analyses proved the cumulative a-helical propensity upon poly-Q length increase

and confirmed the absence of sharp conformational changes when surpassing the pathological
threshold.
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Figure 3. Structural analyses of H36. (A) Ca Secondary Chemical Shift (SCS) profile of H36
(green bars) in comparison with these obtained for HI16 (red line with dots) and H46 (blue
line with dots). Due to the severe overlap of the Cp signals, only Ca data was used in the SCS

calculation. (B) Five representative structures and populations of the six N—C family
ensembles selected to fit the experimental Co chemical shifts. N17 and the poly-Q tract are
displayed in grey and blue, respectively. (C) SS-map computed for the final ensemble where
the helical length, the residues involved and the population are represented.

Recognition mechanism of huntingtin by chaperone Hsc70

We used m-SSIL samples to investigate the recognition mechanism of H36 by the constitutive
molecular chaperone Hsc70, which belongs to the heat shock protein 70 (Hsp70) family.
Multiple studies have revealed that molecular chaperones modulate and reverse the
aggregation of proteins bearing poly-Q stretches both in vitro and in vivo®*>°. We previously
demonstrated that human Hsc70 affects monomeric HTTExonl aggregation in a poly-Q
independent manner by binding N17°°. Hsc70 slowed down the aggregation kinetics but did
not affect the amount of fibrillar HTTExonl at steady state, suggesting that it transiently

sequesters monomeric HTTExonl. We further identified the interacting interfaces in Hsc70



and N17 through cross-linking studies and mass spectrometry. However, how the binding of
Hsc70 to N17 affects the structure of the poly-Q remains unknown. To decipher the binding
mechanism of Hsc70 to HTTExonl, we titrated two triple mutants of H36 with increasing
amounts of Hsc70 (Fig. 4A and S6). In addition to the three mutated sites, all residues with
the exception of glutamine and glutamic acid were '“N-labelled in these samples. Peak
intensities measured for three titration points of the two samples indicated a highly
heterogeneous behaviour (Fig. 4B and S7). Residues located within N17 exhibited an
important intensity decrease already at the lowest H36 to Hsc70 ratio (1:0.5) and many of
them disappeared at the highest ratio (1:1.5). This behaviour is illustrated for K6, M8 and F11
in Fig. 4A. Conversely, residues located at the PRR appeared almost unaffected throughout
the titration as occurs when Hsc70 acts in conjunction with DNAJB1?*. Importantly, a small
signal intensity decrease was observed for some residues of the linker connecting the
HTTExon-1 and the sfGFP (data not shown). This interaction, which is probably driven by
the hydrophobic nature of the linker, strongly suggests that the fusion protein does not screen
the interaction of Hsc70 with the C-terminal region of HTTExon-1. Conversely to the PRR,
position dependent intensities were observed for the six glutamines from the poly-Q stretch.
The resonance intensities from those close to N17 (Q18 and Q21) strongly decreased,
especially in the 1:1.5 ratio. The resonances of the other glutamines (Q30, Q36, Q50 and
Q51) were systematically less affected by the addition of Hsc70. The gradual effect from N-
to C-termini suggested that Hsc70 specifically interacts with and affects the conformation of
N17. Upon binding N17, the molecular chaperone perturbs the hydrodynamic behaviour of
the rest of HTTExonl in a position dependent manner, even in the absence of direct

interaction.
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No systematic chemical shift changes were observed for the vast majority of the N17 and
PRR resonances throughout the titration experiment. Residue H101, most probably due to the
sensitivity of histidine residues to small pH changes, represented an exception to this
behaviour (Fig. 4A). A different scenario was observed for some of the monitored glutamines.
For Q18, a minor second signal appeared at 1:0.5 ratio that became the only one observed at
1:1, before vanishing at 1:1.5 (Fig. 4A). This peak behaviour was not observed in the
neighbouring Q21, which experienced a systematic intensity decrease with increasing
amounts of Hsc70. Similarly to Q18, the appearance of a second signal with a concomitant
intensity decrease of the initial one was observed for Q36. When increasing the Hsc70 ratio to
1:2, the second signal was the only one observed for this residue (Fig. S6). The appearance of

a second signal was also detected for Q30, although it was only observed at a 1:1.5 ratio.
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Interestingly, the smaller frequencies of the two emerging signals for Q30 and Q36 indicated
a reduced helical content in the poly-Q stretch of H36 upon Hsc70 binding. These
observations suggest that the interaction of Hsc70 with N17 unfolds the poly-Q tract most
probably breaking the hydrogen bond network connecting N17 with the first glutamine
residues of the stretch'”?’. Recently, the length and stability of a-helical conformations in
HTTExonl poly-Q stretch have been reported to play a key role in HTTExonl aggregation
kinetics®®. Thus, our observations suggests that the Hsc70-mediated HTTExon1 aggregation
slowdown arises from the a-helix melting of the poly-Q stretch, which becomes less prone to

self-interact and trigger aggregation.

Concluding Remarks

In summary, we have developed a novel chemical biology tool that facilitates the high-
resolution characterization of LCRs, a family of proteins that have remained out of the reach
for structural biology approaches’’. We expect that m-SSIL will unveil the structural bases of
relevant biological phenomena linked to LCRs. At present, only non-sense suppression for
glutamine and proline has been developed. However, the extension of the SSIL strategy to
other amino acids will enable structural and functional studies of other systems, such as the

38,39

emerging phenomenon of LCR-driven liquid-liquid phase separation™ ", alanine expansion

. 4 .4
diseases™ and large macromolecular machines®'.
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