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Summary

The causative agent of Huntington’s disease, the poly-Q homo-repeat in the N-terminal region of
huntingtin (httex1), is flanked by a 17-residue-long fragment (N17) and a proline-rich region (PRR),
which by poorly understood mechanisms promote and inhibit the aggregation propensity of the
protein, respectively. Based on experimental data obtained from site-specifically labeled NMR
samples, we derived an ensemble model of httex1 that identified both flanking regions as opposing
poly-Q secondary structure promoters. While N17 triggers helicity through a promiscuous hydrogen
bond network involving the side chains of the first glutamines in the poly-Q tract, the PRR promotes
extended conformations in neighboring glutamines. Furthermore, a bioinformatics analysis of the
human proteome showed that these structural traits are present in many human glutamine-rich proteins
and that they are more prevalent in proteins with longer poly-Q tracts. Taken together, these
observations provide the structural bases to understand previous biophysical and functional data on

httex1.
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Introduction

Huntington’s disease (HD) is a hereditary neurodegenerative disorder caused by an expansion of CAG
triplet repeats beyond a pathological threshold. For HD, this expansion is located in the first exon of
the huntingtin gene and results in an abnormally long poly-glutamine (poly-Q) tract within the N-
terminus of the huntingtin protein (httex1)(Walker, 2007). When the number of consecutive
glutamines exceeds 35, the resulting mutant protein forms large cytoplasmic and nuclear aggregates, a
hallmark of HD, and causes neuronal degeneration, especially affecting the neurons of the
striatum(DiFiglia et al., 1997; Hosp et al., 2017; Orr, 2001; Wanker, 2000). Aggregation, disease risk
and age of onset correlate with the length of the poly-Q tract(Walker, 2007; Wanker, 2000).
Interestingly, the aggregates predominantly contain mutant httex1 fragments, instead of the full-length
protein, which comprises 3,142 amino acids in the non-pathogenic form. Indeed, it has been shown
that the httex1 fragment alone is enough to reproduce the HD symptoms in mice(Mangiarini et al.,
1996).

While the httex] aggregation mechanism and the resulting B-sheet amyloid fibrils have been
thoroughly characterized(Fiumara et al., 2010; Hoop et al., 2016; Isas et al., 2015; Jayaraman et al.,
2012; Scherzinger et al., 1997; Shen et al., 2016), the structural bases of the pathological threshold and
the mechanisms by which the native form of mutant httex1 give rise to toxicity and cell death are still
poorly understood. Some clues regarding aggregation and pathogenicity of mutant httex1 have been
found in the flanking regions of the poly-Q tract. The N-terminal domain, composed of 17 residues
(N17) (Figure la), enhances aggregation of longer poly-Q tracts in vitro and in vivo and has been
shown to form an amphipathic helix that interacts with membranes and chaperones(Ceccon et al.,
2018; Kotler et al., 2019; Michalek et al., 2013; Scherzinger et al., 1997; Shen et al., 2016; Tam et al.,
2009; Thakur et al., 2009). Moreover, post-translational modifications of N17 modulate huntingtin
function, translocation, aggregation, and toxicity(Ansaloni et al., 2014; Atwal et al., 2011; Chiki et al.,
2017; Ehrnhoefer et al., 2011; Mishra et al., 2012; Steffan et al., 2004). The poly-Q region is followed
by a poly-proline (poly-P) tract of 11 consecutive prolines, which is part of the proline-rich region
(PRR) containing 31 prolines in total (Figure 1a). In contrast to N17, the poly-P tract has a protective
effect against aggregation in vitro and in vivo, but is necessary for the formation of visible aggregates
in cells(Bhattacharyya et al., 2006; Dehay and Bertolotti, 2006; Shen et al., 2016; Steffan et al., 2004).
This effect is directional, as N-terminal poly-P tracts do not attenuate the aggregation of poly-Q
peptides(Bhattacharyya et al., 2006). It has also been shown that the flanking regions differently shape
the aggregation pathways of pathological httex1, define the structure and stability of fibrils, and
modulate its neuronal toxicity(Shen et al., 2016).

Two models linking poly-Q abnormal expansion and cytotoxicity have been proposed(Feng et al.,
2018). The ‘toxic structure’ model proposes the appearance of a distinct toxic conformation when the
tract expands beyond the pathological threshold(Miller et al., 2011; Nucifora et al., 2012; Peters-Libeu

et al., 2012). The second model, the so-called ‘linear lattice’ model, suggests that even short poly-Qs



are inherently toxic and httex1 toxicity systematically increases with the tract length(Klein et al.,
2013; Li et al.,, 2007; Owens et al., 2015). Evidence for both models has been obtained using
monoclonal antibodies in cells expressing httex1 of different lengths(Bennett et al., 2002; Klein et al.,
2013; Li et al., 2007; Owens et al., 2015; Peters-Libeu et al., 2012). However, this approach provides a
very indirect perspective on httex1 conformations, and higher resolution information is required to
discriminate between both hypotheses(Feng et al., 2018).

In a recent study, combining single-molecule FRET (smFRET) data with atomistic simulations, no
sharp conformational change of monomeric httex] around the pathological threshold could be
observed, but rather a continuous global compaction with increasing poly-Q length induced by the
interaction between N17 and the poly-Q tract was suggested(Newcombe et al., 2018; Warner et al.,
2017). Recent circular dichroism (CD) and electronic paramagnetic resonance (EPR) experiments
report on a systematic increase of the helical propensity and rigidity in httex1 when the poly-Q tract
length increases(Bravo-Arredondo et al., 2018; Fodale et al., 2014). Observations from these in vitro
studies are in coherence with the ‘linear lattice’ model. However, they only focused on the overall
properties of the protein and could not probe httex1 at atomic resolution. Nuclear magnetic resonance
(NMR) is the most suitable technique to provide a high-resolution picture of the conformational
preferences of flexible proteins and structural characteristics of subpopulations of toxic
conformers(Milles et al., 2018). However, NMR studies of httex1 are inherently challenging due to its
strong compositional bias, which impedes residue-specific assignment and the measurements of
structural constraints. Due to this challenge, only incomplete observations regarding the
conformational preferences of the poly-Q and the flanking regions have been reported(Bravo-
Arredondo et al.,, 2018; Newcombe et al., 2018; Thakur et al., 2009). All these NMR studies,
independently of the poly-Q length, indicate a transient helical propensity encompassing N17 and the
homo-repeat. Current structural models of httex1 suggest a compact overall arrangement in which N17
and the poly-Q tract interact through fuzzy contacts while the PRR sticks out. These tadpole-like
structures display a systematic increase of the surface area with the length of the tract, also in line with
the ‘linear lattice’ toxicity model(Newcombe et al., 2018; Warner et al., 2017). However, these models
are based on sparse data or single conformation structural modeling.

In order to overcome the previously mentioned challenges, we have recently developed a methodology
to site-specifically incorporate a single ['°N, °C]-labeled glutamine into proteins, and thereby obtain
simplified NMR spectra(Urbanek et al., 2018). By systematically applying this site-specific isotopic
labeling (SSIL) strategy, which combines cell-free protein expression(Kigawa et al., 1999) and
nonsense suppression(Wang et al., 2006), we have obtained the NMR assignment at nearly
physiological conditions of all non-proline residues in a httex] construct containing 16 consecutive
glutamines (H16). The ensemble modeling of the resulting chemical shifts demonstrated the presence
of multiple, partially formed o-helical regions initiated in N17 and involving fragments of the poly-Q

tract of different lengths. The application of SSIL to N17 and PRR mutants demonstrated that the



distinct conformational features of both flanking regions are propagated into the poly-Q tract, which
acts as a conformationally versatile polypeptide. These observations provide the structural
determinants underlying the key role of flanking regions in modulating the aggregation properties of

httex1(Bhattacharyya et al., 2006; Jayaraman et al., 2012).

Results

Glutamine NMR scanning of H16

The monomeric httex1 that we characterized contained 16 glutamines in the poly-Q tract and another
six in the PRR (Figure 1a). We produced H16 samples with glutamine-specific isotopic labeling using
the SSIL strategy previously developed in our group(Urbanek et al., 2018). To streamline the
preparation of the 22 H16 NMR samples, we first made sure that all samples could be prepared with
similar efficiency by scanning all the TAG-mutated H16-sfGFP plasmids in a 96-well plate after
addition of 10 puM glutamine loaded tRNAcya (Figure 1b). All positions showed fluorescence
intensities of ~30% of the positive control (H16 without amber stop codon), indicating that the
efficiency of the incorporation of the labeled glutamine is independent of the specific sequence and the
yield is similar to those achieved in other studies(Ellman et al., 1992; Peuker et al., 2016). Once the
suppression efficiency was verified at a small scale, the CF reaction volume was increased to 5 mL to
produce the NMR samples.

The "N-HSQC of H16 displayed the typical features of poly-Q-containing proteins(Baias et al., 2017;
Bravo-Arredondo et al., 2018; Eftekharzadeh et al., 2016; Newcombe et al., 2018). While peaks from
N17 and the PRR are well dispersed, a large density of unresolved peaks corresponding to glutamine
residues was observed (Figure 2a). In order to disentangle this massive overlap we measured '°N- and
C-HSQCs of the SSIL H16 samples containing a single [°N, °C]-labeled glutamine. As observed in
Figure 2b, the glutamines adjacent to N17 (Q18-Q21) appear in the upfield region of the poly-Q
density without any specific trend. The following glutamines (Q22-Q28) display a consistent 'H and
"N downfield shift, indicating a systematic structural change along the homo-repeat. A large
deshielding effect is subsequently observed for Q29, Q30 and Q31, which are strongly overlapped.
Finally, the last two glutamines of the tract, Q32 and Q33, display isolated peaks induced by the
proximity of the downstream poly-P. The chemical shifts of glutamines in the PRR are more dispersed
due to their different neighboring residues. Ca-Ha correlations measured in the same SSIL samples

follow similar trends along the poly-Q tract (Figure 2c¢).

a-helical propensity in N17 and the poly-Q tract
The Ca and Cf chemical shifts measured for all glutamines in this study and the previously reported
assignment of H16(Urbanek et al., 2018) allowed the determination of the structural propensities of

H16. The secondary chemical shift (SCS) analysis using a neighbor-corrected random coil



database(Nielsen and Mulder, 2018) indicates that both N17 and the poly-Q tract are enriched in a-
helical conformations, although this propensity is not homogeneous (Figure 2d). Helicity increases
along N17, reaching its maximum at the first glutamine, Q18, and subsequently decreases smoothly. A
transition is observed at Q29, which adopts a small and negative SCS value. This extends to the
following three glutamines, indicating the presence of random coil or slightly extended conformations.
This conformational transition is pinpointed in the secondary structure propensity (SSP)
analysis(Marsh et al., 2006; Zhang et al., 2003) (Figure 2¢). Note that the helical propensity of the N-
terminal part of H16 remains below 40%, in agreement with similar analyses using an httex1 fragment
with 17 glutamines and the partially assigned httex1 with 25 glutamines(Baias et al., 2017; Newcombe
et al., 2018). The C-terminal region of H16 presents negative SCS values, probably reflecting the

enrichment in polyproline-II conformations induced by the large number of prolines(Isas et al., 2015).

The ensemble model of H16 reveals a conformational equilibrium involving multiple a-helices
The ensemble structure of H16 was investigated by combining the backbone NMR chemical shifts and
a recently developed approach to build realistic ensemble models of intrinsically disordered
proteins(Estafia et al., 2019). Briefly, our method appends residues, which are considered to be either
fully disordered or partially structured, to build the complete chain without steric clashes. For fully
disordered residues, amino acid specific ¢/ angles defining the residue conformation are randomly
selected from the database, disregarding their flanking residues. 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 (see detailed explanation of the algorithm in the original
publication(Estafia et al., 2019)). Two families of ensembles were built to investigate the
conformational influence of both flanking regions of H16. For the first family (N->C ensembles),
starting with the '’AFESLKSF'” 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 Q18 to Q33) as partially structured, while the rest of the chain was considered to be fully
disordered. Note that in the partially structured building strategy secondary structural elements are
propagated due to the neighboring effects. 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 Q33 to Q18). For the resulting 17 ensembles of each family, and
after building the side chains with the program SCWRL4(Krivov et al., 2009), averaged Ca and Cf
chemical shifts were computed with SPARTA+(Shen and Bax, 2010) and compared with the
experimental ones (Figure S1).

Theoretical Co chemical shifts for the poly-Q tract present different values for regions built as
partially structured (influenced by the flanking regions) or disordered. Three Ca CS plateaus are
observed corresponding to a-helical, extended and random coil conformations, and transitions are

observed between regions built as disordered and influenced by the flanking regions (Figure S1). Not



surprisingly, the CB chemical shifts turned out to be less sensitive to the presence of structured regions
in the homo-repeat region (Figure S1). These simulations indicate that flanking regions induce a
distinct conformational bias to the neighboring glutamines. While N17 induces helical conformations
with Ca chemical shift values larger than those usually observed for a random coil (N> C ensembles),
the poly-P tract enriches the ensemble with extended conformations with smaller Ca chemical shift
values compared to a random coil (N&C ensembles). However, the simulated conformational
ensembles fail to reproduce the chemical shifts measured in H16, indicating that our simple sampling
strategy cannot simultaneously describe the structural influence exerted by both flanking regions.

A third ensemble model of H16 was built by reweighting the populations of the pre-computed
ensembles, using the experimental Ca and CPB chemical shifts as constraints. 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, reaching an optimal description of the experimental chemical shifts when Q28 was chosen
as the last residue structurally connected with N17 (Figure S1). Importantly, the optimization, which
was performed through a Monte-Carlo procedure, was repeated multiple times always yielded
equivalent populations. The resulting ensemble nicely described the complete Ca and Cp CS profiles
for H16 (Figure S2). Importantly, the systematic decrease of the Ca chemical shifts along the poly-Q
tract and the flat profile observed for the CB chemical shifts were well reproduced, indicating that the
refined ensemble captures the structural features of the homo-repeat and the distinct conformational
perturbations exerted by both flanking regions.

The conformational properties of the optimized ensemble were subsequently investigated in detail.
First, we explored the conformational preferences of individual glutamines using Ramachandran plots
(Figures 3 and S3a). While the first four glutamines of the tract (Q18-Q21) displayed a strong
enrichment in helical conformations (Figure 3a), the last four (Q30-Q33) preferred extended ones
(Figure 3b). The conformational preferences along the tract, calculated from the derived ensemble,
indicate a systematic decrease in the helical population from ~65% (Q18) to ~50% (Q28) (Figure 3c).
In line with the NMR measurements (Figure 2), a sharp conformational transition is observed for Q29,
which is the first residue displaying a preference for extended conformations.

The cooperativity between the residue-specific conformations to form stable a-helices was analyzed
using the secondary structure map (SS-map) tool(Iglesias et al., 2013). The fragment encompassing
N17 and the poly-Q tract can be described as a complex equilibrium of multiple co-existing a-helices
of variable length (Figure 3d). The core of this family of helical structures includes the last four
residues of N17 and the first two glutamines of the homo-repeat. The last residues of N17 act as
nucleation points for the helices that afterward extend to include a variable number of glutamines of
the tract, giving a triangular shape to the SS-map. According to our analysis, no a-helices are

nucleated within the poly-Q tract and, as a consequence, helices involving inner glutamines belong



only to lowly populated long helical elements. This is shown in Figures 3e and S3b, which display
representative conformations and the a-helical fragments of the four sub-ensembles selected to
describe the NMR CSs. Three of these ensembles present a-helices that encompass the last residues of
N17 and the first residues of the poly-Q. No persistent turns in the residues connecting both domains
are observed, which would otherwise yield a strong signature in the chemical shift profile. As a
consequence, H16 should be considered as an elongated flexible particle, in contrast to the previously

proposed compact tadpole-like model(Newcombe et al., 2018; Warner et al., 2017).

Glutamine side chains indicate a structural coupling of N17 and the poly-Q tract

According to our ensemble model, the last four residues of N17 are strongly linked to the first two
glutamines of the poly-Q tract. However, the model, which is based on backbone CSs, does not unveil
the structural bases of this structural connection. Benefitting from the lack of signal overlap in the *C-
HSQC of the SSIL samples, glutamine-specific CB-H, and Cy-H, correlations could be analyzed
(Figures 4 and S4). As expected for a flexible protein, the majority of glutamines in H16 display two
correlation peaks for CB-H, and a single one for Cy-H,, indicating increased mobility along the side
chain (Figure S4). Interestingly, the first four glutamines, Q18-Q21, present different spectroscopic
features. While Q18 and Q19 display a single peak for Cp-H, and Cy-H,, these correlations are split in
two for Q20 and Q21 (Figure 4a). Most probably, the splitting of Cy-H, is caused by the rigidification
of the glutamine side chains, which results in a different chemical environment for the two
diastereotopic Hy atoms. This rigidification likely originates from the formation of a hydrogen bond
between the side chain amide group and the backbone of a neighboring residue. Notice that similar
spectroscopic features were observed in a recent characterization of the androgen receptor (AR) N-
terminal domain fragments hosting poly-Q tracts of different lengths(Escobedo et al., 2019).

In order to substantiate this hypothesis and profiting that Q20 and Q21 Ne-H,; displayed isolated
peaks (see below), we determined the temperature coefficients (cH"/T) for these two atoms in a "’N-
labeled H16 sample (Figure S4). We derived oH"/T values of -4.1 and -3.5 ppb/K for Q20 and Q21
H"e,,, respectively. These values are less negative than the threshold value, —4.5 ppb/K, suggesting
their participation in a hydrogen bond(Baxter and Williamson, 1997). Conversely, we obtained cH"/T
values of -5.8 and -6.2 for Q32 and Q54 H'e,,, respectively, confirming the singularity of the first
glutamines of the tract.

Multiple a-helical N-capping hydrogen bonding networks involving glutamine side chains have been
described(Dasgupta and Bell, 1993; Newell, 2015; Richardson and Richardson, 1988; Seale et al.,
1994). In the AR study, the authors propose a bifurcated hydrogen bond where the amide backbone of
residue i-4 simultaneously forms hydrogen bonds with the backbone and the side chain of glutamine in
position i(Escobedo et al., 2019). Indeed, in this novel mechanism, the side chain hydrogen bond
further stabilizes the canonical (i-4 > i) backbone helical hydrogen network. This interaction would

be protected by the hydrophobic side chain of residue i-4, a leucine in AR(Gao et al., 2009).



According to this model and in the context of huntingtin, the side chain amide groups of Q20 and Q21
would form hydrogen bonds with S16 and F17, respectively, the latter one being the most stable
interaction according to the extent of the Cy-H, splitting. The Ne-H,; peaks for Q20 and Q21, which
appear clearly shifted from the other side-chain peaks, further substantiate this feature (Figure 4b). The
frequency shift for these two peaks cannot be only attributed to the involvement of these two atoms in
an o-helical hydrogen bond, whose signature is a "N upfield shift(Escobedo et al., 2019). An
alternative explanation is the ring current effects exerted by F17 that, upon formation of the canonical
hydrogen bond with Q21, places its side chain in the proximity of Q21 Ne-H,; and to lesser extent to
Q20 Ne-Hj,,. Note that the magnitude of the ring current shift is difficult to anticipate as it depends on
persistence and the orientation of the aromatic side chain with respect to the shifted atom. Conversely,
Q18 Ne-Hy;, which is adjacent to F17 in the sequence, is not affected by the presence of the aromatic
side chain. This last observation, which is in line with the protective role of the phenylalanine
hydrophobic side chain, underpins the structural coupling between the N17 and the poly-Q tract
through a hydrogen bonds network.

Mutants reveal the effects of N17 side chains on structural coupling

In order to further investigate the structural bases of the connection between the N17 and the poly-Q
domains, we designed three H16 mutants in which the last residues of N17 (**LKSF'’) were mutated
to ""LKGG'", “LLLF'"” and "“LKAA'" (Figures la and 5). The LKGG and LKAA mutants were
designed to weaken to different extents the hydrogen bond network found in wild-type (wt) httex1,
while the LLLF would strengthen the network. The “N-HSQC spectrum of the LKGG mutant
presented very clear differences with respect to the wt one, especially in the glutamine region (Figures
S5a and S5). The relatively disperse glutamine peaks of wt H16 coalesced in a broad, high-intensity
downfield-shifted peak. Furthermore, the dispersion of the Ne2-H, side chain signals in LKGG-H16
was dramatically reduced (Figure S5). These observations demonstrated that the helical nature of the
poly-Q tract is lost when mutating the last two residues of N17 to glycine. The origin of the dramatic
structural changes was investigated using the SSIL strategy by isotopically labeling residues Q18, Q20
and Q21 of LKGG-H16 (Figure 5b). Compared to H16, the three residues present very different peak
positions in both spectra. While the N-H correlation of QI8 was strongly influenced by the
neighboring glycines, Q20 and Q21 appeared shifted downfield, in the same position as the broad
glutamine peak (Figure 5a). Co-Ha correlation peaks for these three residues were strongly shifted
towards a less helical region of the spectrum (Figure 5b). The SCS analysis of these three residues
indicated that the helicity was severely reduced compared to wt H16 but not completely abolished,
indicating that the poly-Q tract is slightly helical for this mutant (Figure 51). For the three glutamines,
CB-H, and Cy-H, correlations presented a doublet and a singlet, respectively (Figure 5c¢), indicating
the loss of the hydrogen bonds connecting the N17 to the poly-Q. However, it was unclear whether the

absence of this structural coupling affected the inherent helical tendency of N17. To resolve this point



we assigned the N17 region of LKGG-H16, using traditional 3D-NMR experiments, and computed the
SCSs (Figure S5d). Comparison of the wt and LKGG-H16 SCS analyses showed that the double point
mutation is resulting in a bidirectional loss of helicity, impacting the last six residues of N17 as well as
the following glutamines.

The mutant LLLF-H16 was designed to provide new sites to the first glutamines of the tract to form
side chain hydrogen bonds and thus strengthen the helical tendency of the homo-repeat. Glutamine
peaks of the LLLF-H16 ""N-HSQC spectrum presented an additional upfield density that was
attributed to an increased helical content in this mutant (Figure 5d). SSIL samples for Q18, Q20 and
Q21 displayed important chemical shift changes in both the N-H and the Ca-Ha correlations (Figure
5e). In fact, Q20 and Q21 N-H and Co-Ha peaks appear shifted towards more helical conformations
with respect to the wt. Unfortunately, the Ca-Ha peak for Q18 could not be observed, most probably
due to a folding/unfolding process in the pus to ms dynamic regime that broadens the peak beyond
detection. The SCS analysis showed a strong o-helical increase for Q20 and Q21, substantiating the
above-mentioned qualitative observations regarding the helical increase for this mutant (Figure 5I).
Despite their overall low intensity, the CB-H, and Cy-H, peaks demonstrate a stronger structural
coupling between N17 and the poly-Q tract. The Cy-H, splitting of Q20 and Q21 is larger than that
observed in the wt. Cp-H, presents a single peak for Q18 and Q20, something occurring only for Q18
and Q19 in the wt (Figure 5f, 4a), indicating a stronger hydrogen bond network involving additional
residues. Therefore, the LLLF-H16 mutant unambiguously links the strength of the hydrogen bond
network between N17 and the first glutamines of the homo-repeat with the persistence and stability of
the resulting a-helices.

The third mutant, LKAA-H16, was designed to display an intermediate behavior with respect to the
other two. Alanine is a helical promoter amino acid but its side chain is smaller than those of leucine
and phenylalanine. The LKAA-H16 ""N-HSQC spectrum was similar to the wt one, although less
density was observed in the upfield part of the glutamine spectral region (Figure 5g and S5). The Ca-
Ho peaks for Q18, Q20 and Q21 were shifted downfield in the 'H dimension with respect to those of
the wt (Figure 5h). This feature was quantified in the SCS analysis, which indicates a decrease in the
helical tendency for Q18 and Q20, while Q21 remained almost unchanged. Exploration of the side
chains of these three residues suggested some clues to this observation. Interestingly, only Q18
presented two Cy-H, peaks, indicating a hydrogen bond between the side chain of this residue and the
backbone of L14. Therefore, the structural connectivity is modified in LKAA-H16 by exchanging the
two side chain hydrogen bonds present in the wt by a new one involving the first glutamine of the tract
and concomitantly a decrease of the helical tendency for this mutant.

The inspection of the Ne-H, peaks of the suppressed samples further substantiates the structural model
of the hydrogen bond connection (Figure S5c¢). Q21 Ne-H,, peak of LLLF-H16 displays a stronger
upfield shift in the 'H dimension than in the wt, suggesting more persistent ring current effect by F17

aromatic ring caused by the formation of a more stable hydrogen bond. This enhanced stabilization of
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the a-helix is also manifested in the Q18 Ne-H,; peak that now appears strongly upfield shifted in the
"N dimension. In LKAA-H16, where F17 is mutated by an alanine, the Ne-H,, peaks of Q18, Q20 and
Q21 are not displaced in the 'H dimension despite the fact that they are involved in an a-helix,
demonstrating that the ring current effects are at the origin of the unusual frequencies of Ne-H,; atoms

in httex1.

The poly-P C-terminal flanking region breaks the helical tendency of the glutamine homo-repeat
In order to explore the structural connection between the poly-Q and the poly-P homo-repeats, we
designed a mutant with five glycines between these tracts (H16-5G), aiming to structurally uncouple
them (Figure 1a)(Bhattacharyya et al., 2006). This mutant yielded a very similar "N-HSQC spectrum
to that of H16, with glutamine peaks displaying an equivalent level of dispersion (Figure 5j and S5).
No relevant differences were observed in the backbone or side chain correlations between both
spectra, suggesting that the presence of the five glycines does not perturb the overall structure of H16.
Nevertheless, we prepared an SSIL H16-5G sample with [°N, *C]-glutamine in position Q30, which
lies in the non-helical part of the poly-Q tract of H16, to investigate structural changes resulting from
uncoupling both homo-repeats at residue level. In comparison with the wt, the N-H correlations were
shifted upfield, whereas the Co-Ha correlations were shifted downfield in the 'H and upfield in the °C
dimension (Figure 5k). This observation suggested an increase in the helical tendency of this residue
in the new context, which was quantitatively proven by SCS analysis. Q30 adopts a positive SCS
value in H16-5G while in the wt this residue has a slightly negative value (Figure 51). This observation
demonstrates that the poly-P tract in httexl exerts a strong conformational perturbation on the
neighboring glutamines by enriching the ensemble with extended conformations, which break the

inherent helical propensity of the poly-Q.

Sequence analyses of poly-Q flanking regions in human proteins

In a previous bioinformatics analysis it was shown that leucines, prolines and histidines were
especially enriched in the flanking regions of human poly-Q tracts(Ramazzotti et al., 2012). While
leucine and histidine were similarly enriched on both sides, proline displayed a preference for the C-
flanking region. We complemented this study by exploring whether the compositional bias in the
flanking regions was poly-Q length dependent. For that, four hundred fragments with ten or more
glutamine residues and containing a maximum of two non-glutamine residues were collected from 309
different human proteins, and the ten preceding (-10 to -1) and succeeding (+1 to +10) residues were
compositionally analyzed. Figure S6 shows that using our poly-Q definition (maximum of 2 non-
glutamine residues in fragments of 10 or more glutamine residues), we obtain similar results as those
derived by Ramazzotti et al.(Ramazzotti et al., 2012), with leucine, proline and to a lesser extent
histidine and alanine being enriched in poly-Q flanking regions, as well as the positional asymmetry of

proline. Interestingly, using our poly-Q definition we identify an enhanced enrichment of leucines in
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the N-flanking region compared with the C-flanking one. Note that a less restrictive definition of the
homo-repeat to include larger glutamine-rich regions was used in the previous study and this could
lead to changes in the enrichment levels.

We then analyzed the effect of the length of the glutamine homo-repeats on the above-described
compositional biases by selecting pure glutamine stretches. The leucine population in position -1
increases with the length of the poly-Q tract, reaching a maximum of 30.0% when the number of
consecutive glutamines in the tract is seven or more, and it is slightly reduced for longer homo-repeats
(Figure 6a). Interestingly, positions from -2 to -4 also display a similar length dependency, although
the enrichment is less prominent than in position -1. The population of prolines in the C-flanking
region systematically increases with the length of the poly-Q tract. The maximum of the enrichment
occurs at position +1 that extends over the complete region, while it remains close to the background
in the N-flanking region (Figure 6b).

Next, we explored the secondary structure propensity in the N-flanking region of long human poly-Q
tracts with a recently developed approach (manuscript in preparation) based on the previously
mentioned large database of three-residue fragments(Estafia et al., 2019). Briefly, the residue-specific
conformational bias was evaluated accounting for the effects exerted by the preceding and succeeding
amino acids. Then, the percentage of a-helical, extended or other conformations was derived. The
position-specific percentages obtained for each family were averaged in increasing sections of the N-
flanking regions and reported as notched box plots in Figure 6¢. For each fragment, the a-helical
conformation was preferred with median values ranging from 50.2% to 70.6%, while the preference
for extended or other conformations was always lower than 25%. Interestingly, the a-helical tendency
presents its largest percentage when close to the poly-Q homo-repeat (residues -1 and -2), and
systematically decreases when more residues of the N-flanking region are incorporated in the analysis.
In summary, these sequence analyses indicate that the structural and compositional characteristics
observed in httex1 flanking regions are shared by a large number of other human poly-Q-containing
proteins. This observation suggests that the structure-mediated functional mechanisms found for

httex1 in the present study are common to many other human glutamine-rich proteins.

Discussion

In this study, we demonstrate that the previously developed SSIL strategy(Urbanek et al., 2018) can be
systematically applied to investigate poly-Q tracts, one of the most abundant homo-repeats in
eukaryotes(Jorda and Kajava, 2010; Lobanov and Galzitskaya, 2012; Mier et al., 2017), and to connect
their structural features with their specialized biological functions. The NMR analysis of the SSIL
samples demonstrates that H16 is disordered, but hosts an important level of helicity that is initiated in
N17, reaching the maximum at the beginning of the poly-Q tract and smoothly vanishing along the

homo-repeat. A conformational ensemble model refined from experimental data recapitulates this non-
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uniform helical propensity as an equilibrium of multiple canonical helices of different lengths. All
these helices start in N17 and extend towards the poly-Q tract, comprising an increasing number of
glutamines. Q28 is the last glutamine influenced by the a-helical tendency, and subsequent glutamines
present random coil or slightly extended conformations. The enrichment in a-helical conformations in
httex1 is in agreement with crystallographic structures(De Genst et al., 2015; Kim et al., 2009) and
NMR data(Baias et al., 2017; Newcombe et al., 2018). However, the non-homogeneous helicity can
only be captured when an ensemble representation is used, as done in the present study.

Our NMR measurements demonstrate that N17 has an inherent a-helical tendency that is transferred to
the glutamine homo-repeat through a hydrogen bond network involving glutamine side chains.
Although the structure of this network cannot be unambiguously resolved with our NMR data, a recent
study on the poly-Q tract of the AR demonstrates that glutamine side chains form hydrogen bonds
with hydrophobic residues in the i-4 position, reinforcing the canonical CO.,~Hy; backbone
hydrogen bond(Escobedo et al., 2019). In this study it was suggested that the large and hydrophobic
residues in the i-4 position were key for the formation of the bifurcated hydrogen bond by protecting it
from water molecules. In the context of H16, the last two residues of N17, '°SF', would play the main
role in stabilizing and propagating the helix within the poly-Q tract. We have validated this model by
monitoring the side chain CSs of three mutants in which we modified the last residues in N17 and
profiting the chemical shift changes induced by the ring current effects of F17 to spatially close atoms.
While the LLLF-H16 mutant strengthens the structural coupling between N17 and the poly-Q tract,
the LKGG-H16 mutant is unable to form the hydrogen bond network. Interestingly, LKAA-H16
provides evidence of the malleability of this helical propagation. For this mutant, hydrogen bonds
involving *’QQ*' are hampered by the absence of large hydrophobic amino acids in positions i-4 and,
instead, this mutant utilizes L14 and Q18 to trigger the structural coupling between both regions. In
addition, these results highlight that the conformational nature of the residues involved in the
hydrogen bond network is important. In that sense, despite not forming bifurcate hydrogen bonds, the
inherent helical propensity of alanines is required to connect N17 with the poly-Q tract, a phenomenon
that is not observed in the LKGG-H16 mutant. These observations suggest that the residue preceding
the poly-Q tract (position -1 according to our nomenclature) is the preferred one to trigger helicity in
the homo-repeat. Consequently, the large population of leucines in this position found here and in a
previous bioinformatics analysis of eukaryotic proteomes strongly suggests the generality of helical
induction in poly-Q tracts through side chain hydrogen bonds(Ramazzotti et al., 2012). Interestingly,
this enrichment increases for poly-Q tracts with seven or more consecutive glutamines (Figure 6a).
Altogether, these observations point towards a general structure/function relationship for poly-Q
fragments involving long o-helices of variable length and stability, depending on the residues
preceding the tract. This observation is in line with the recurrent presence of coiled-coils in protein

fragments containing poly-Q tracts as well as in their corresponding partners(Fiumara et al., 2010).
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Multiple post-translational modifications have been described for N17, including phosphorylation,
acetylation, ubiquitination and SUMOylation, and it has been shown that their presence perturbs the
function, aggregation properties and toxicity of huntingtin(Chiki et al., 2017; Ehrnhoefer et al., 2011).
According to our observations, modifications that decrease the helical propensity of N17 or break the
hydrogen-bond network will induce an increase in disorder in the poly-Q tract. In a recent study, it
was demonstrated that mono-phosphorylation on S13 or S16 and di-phosphorylation strongly disrupt
N17 helicity. Interestingly, these post-translationally modified forms of httex] are less prone to
aggregation than the unmodified form(DeGuire et al., 2018). These observations can now be
rationalized in the light of our results, indicating a strong link between the level of structure,
aggregation and modulation through post-translational modifications.

It is well known that due to the limited conformational variability and the inability to form hydrogen
bonds, proline is considered to be a structure-breaking residue with the capacity to extend its structural
influence towards neighboring residues(Theillet et al., 2013). Previous CD experiments on httex1-
mimicking peptides demonstrated the enrichment of polyproline-II conformations in poly-Q tracts
preceding poly-P(Darnell et al., 2007). Here, we could demonstrate this effect at residue level through
the NMR-driven molecular modeling of httex] and by monitoring the CS changes in the H16-5G
mutant. Moreover, our NMR analysis enables the assessment of the extent of structural perturbation
exerted by the poly-P over the poly-Q tract. The last five glutamines of the tract preferentially adopt
random coil or slightly extended conformations due to the influence of the proline tract(MacArthur
and Thornton, 1991). However, this influence extends much further and causes the smooth decay of
the helicity along most of the poly-Q tract in H16. Indeed, recent CD experiments as well as partial
NMR assignments of httex1 variants with longer homo-repeats show that the helical content of httex1
systematically increases with the length of the poly-Q(Bravo-Arredondo et al., 2018; Fodale et al.,
2014; Newcombe et al., 2018). The ensemble of these observations suggests that the perturbation
exerted by the poly-P tract has a defined range of influence and, therefore, the poly-Q homo-repeat
remains helical in the region preceding the perturbed segment. According to the ensemble of these
studies, we can estimate that the conformational influence of the poly-P tract extends to the last 13
glutamines of httex1. Glutamines lying in this perturbed region sense a distinct structural influence
from both sides, the helical propagation from the N-terminus and the helix-breaking tendency from the
C-terminus. These opposing influences are captured in a different balance between a-helix and
extended conformations in the individual Ramachandran plots displayed in Figures 3a,b and S3.
Sequence analyses also demonstrate that the presence of prolines at the C-terminal flanking region of
glutamine-rich segments is common in eukaryotic proteins and especially significant in the positions
immediately adjacent to poly-Q tracts(Ramazzotti et al., 2012). Here we show that in human proteins
the extent of this proline compositional bias is poly-Q length dependent, meaning that proteins having
longer poly-Q tracts have a higher probability to be followed by prolines. Interestingly, an

examination of huntingtin orthologs shows that the poly-P occurs only in species with four or more
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consecutive glutamines, suggesting that these two homo-repeats have coevolved(Schaefer et al., 2012;
Tartari et al., 2008). The consecutive presence of glutamine and proline repeats is also observed in
ataxin-2 and ataxin-7, two proteins whose abnormal poly-Q expansion causes spinocerebellar ataxias
SCA2 and SCA7, respectively(Darling and Uversky, 2017). This concatenation of glutamine- and
proline-rich regions in unrelated proteins from different organisms suggests a strong selective pressure
at the molecular level and a common structure/function mechanism(Ramazzotti et al., 2012). For many
of these proteins this mechanism might be the protection from aggregation of the expanded poly-Q
tracts that arises from the conformational influence exerted by proline-rich regions. Prolines at the C-
terminus shorten the length of the helical fragments of the poly-Q tract, reducing the stability of the
intermolecular interactions and the subsequent aggregation.

Our results point to an overall extended structure of httex1 that is in contrast to the tadpole-like model
where N17 and the poly-Q tract form a compact structure stabilized by fuzzy contacts from which the
semi-rigid PRR sticks out(Newcombe et al., 2018; Warner et al., 2017). The compact httex1 structure
has been derived from computational studies and sparse distance restrains derived from
smFRET(Warner et al., 2017; Williamson et al., 2010). Although our experimental data do not report
on long-range contacts, the hydrogen network involving N17 and the poly-Q tract, as well as the
absence of the spectroscopic features of a turn in the interphase between both domains, strongly
privileges the extended model over the compact one. Despite the overall extendedness, our data show
that httex1 remains highly disordered, especially the last glutamines of the poly-Q tract and the PRR
region. This flexibility would allow transient contacts between remote parts of the protein that could
be at the origin of the long-range contacts observed in smFRET experiments(Warner et al., 2017). This
extended structure supports the ‘linear lattice’ model of toxicity in which the number of exposed
glutamines increases with the length of the tract. However, the emergence of a toxic conformation,
appearing after the formation of soluble oligomers as previously suggested(Shen et al., 2016), is also
compatible with our model, which focuses in the monomeric form of httex1.

The relatively low stability of helical conformations observed in H16, where multiple low-populated
helices of different length co-exist, most probably regulates the capacity of httex1 to recognize its
partners through coiled-coil interactions(Fiumara et al., 2010). When the number of glutamines
exceeds the pathological threshold, the protective effect of prolines does not impede the presence of
long a-helices. We can speculate that these long poly-Q helices could form coiled-coil interactions
with other non-biological partners, sequester them and perturb natural signaling or metabolic
pathways. This phenomenon could explain the long list of symptoms observed in HD patients(Walker,
2007). In terms of the oligomerization capacity, longer helices can form more stable assemblies, which
could eventually nucleate the formation of the B-stranded amyloidogenic fibrils found in patients’
brains. The correlation between poly-Q length, disease severity and age of onset could be explained by
the enhanced stability of these long poly-Q oligomers.

From a practical point of view, our observations warn about the use of isolated poly-Q peptides
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disregarding the sequence context to predict the biophysical/structural behavior and the aggregation
propensity of glutamine-rich proteins(Crick et al., 2006; Walters and Murphy, 2009). We demonstrate
that the chemical and structural features of poly-Q flanking regions govern the conformational
behavior of the homo-repeat. Therefore, biophysical studies on poly-Q containing proteins must be
performed with fragments including the relevant neighboring elements. With the SSIL approach these
protein-specific properties can be now addressed at high resolution in order to unveil among other
features the origin of the different pathological thresholds observed in poly-Q related diseases(Zoghbi
and Orr, 2000).

Altogether, our data demonstrates that the poly-Q tract in httex1 is exposed to opposing structural
effects from both flanking regions. Notably, the enrichment in hydrophobic residues and the a-helical
conformations in the N-flanking region, as well as the downstream enrichment in prolines, are shared
by many eukaryotic glutamine-rich proteins. This suggests that many proteins exploit these structural
properties, which are centered on the structural flexibility and versatility of poly-Q tracts, in order to

perform specific biological functions while avoiding aggregation and toxicity.
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Experimental Model and Subject Details

BL21 (DE3)

Starter cultures in LB medium supplemented with kanamycin (50 pg/mL) were incubated at 37°C
overnight and used for inoculation of the expression culture. For protein expression, cells were
cultured overnight in ZYM 5052 auto-inducing medium supplemented with 50 ug/mL kanamycin in

shaker flasks at 25°C with constitutive shaking. Cells were harvested the next day.

BL21 Star (DE3)::RF1-CBD;

In BL21 Star (DE3)::RF1-CBDj cells the genomic release factor 1 (RF1) is tagged with three chitin
binding domains (CBDs). Starter cultures in Z-medium supplemented with kanamycin (50 pg/mL)
were incubated at 37°C until an ODggyy of ~1 was reached and used to inoculate the fermenter. Cultures
to obtain lysate were grown at 37°C in a fermenter with 3 L of Z-medium with added 110 mM
glucose, 10 mg/L thiamine, 1 mM MgSO, and 50 pg/mL kanamycin. When the ODggo reached ~1, 1
mM of isopropyl B-D-1-thiogalactopyranoside (IPTG) was added to induce T7 RNA polymerase

synthesis. The cells were harvested in the mid-log phase to proceed with lysate preparation.
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Key Resources Table

Contact for Reagent and Resource Sharing
Further information and requests for resources and reagents should be directed to and will be fulfilled

by the Lead Contact, Pau Bernad6 (pau.bernado@cbs.cnrs.{r).

Method Details

Huntingtin exonl constructs

All plasmids were prepared as previously described(Urbanek et al., 2018). Briefly, synthetic genes of
wild-type huntingtin exonl with 16 consecutive glutamines (H16) or H16 carrying the amber codon
(TAG) instead of the glutamine codon, e.g. Q18 (H16Q18), were ordered from Integrated DNA
Technologies (IDT). Following this strategy, 22 amber mutants were ordered: 16 within the poly-Q
tract and six outside. Synthetic genes of the structural mutants (LKGG-H16, LKAA-H16, LLLF-H16
and H16-5G) and their corresponding amber codon mutants (Q18, Q20, Q21 and Q30) were ordered
from GeneArt®. The synthetic genes were cleaved by Ncol and Kpnl endonucleases and cloned into
pIVEX 2.3d by an In-Fusion® (Clontech) reaction, giving rise to p[VEX-H16-3C-sfGFP-Hiss and
mutants. The sequence of all plasmids was confirmed by sequencing by GENEWIZ®.

Preparation of glutamine ligase GLN4

Glutamine ligase GLN4 from Saccharomyces cerevisiae was expressed in E. coli BL21 (DE3) cells.
To this end, a synthetic gene coding for GLN4, based on UniProt ID P13188, was ordered from IDT
and subcloned into pET22 between the Ndel and Xhol restriction sites to yield the pET22-GIn4
vector. The final GLN4 construct carried a HRV 3C protease recognition site followed by GST-Hisg at
its C-terminus. Cells were grown overnight at 25°C in ZYM 5052 auto-inducing medium(Studier,
2005) supplemented with 50 pg/mL kanamycin and harvested by centrifugation (6,000 xg, 20 min,
4°C). The pellet was resuspended in 20 mM Tris-HCI pH 7.5, 300 mM NaCl and 2 mM f-
mercaptoethanol (GLN4 buffer A) supplemented with a cOmplete™ EDTA free protease inhibitor
tablet (Roche) and lysed by sonication. The lysate was cleared by centrifugation (40,000 xg, 30 min,
4°C) and imidazole was added to a final concentration of 10 mM before loading it onto a gravity
affinity column (Ni sepharose 6 FF 5 mL, GE Life Sciences) equilibrated with GLN4 buffer B (GLN4
buffer A + 10 mM imidazole). The column was washed with 50 mL GLN4 buffer B and the target
protein was eluted with GLN4 buffer C (GLN4 buffer A + 250 mM imidazole). Fractions were
analyzed by SDS-PAGE and fractions containing GLN4 were pooled and dialyzed against GLN4
buffer A overnight at 4°C. To further purify the protein, the dialysate was loaded on a 5 mL gravity
GST column (glutathione sepharose 4B, GE Life Sciences) equilibrated in GLN4 buffer A. The resin
was washed with GLN4 buffer A and GLN4 was eluted with GLN4 buffer D (GLN4 buffer A +
10 mM glutathione). Protein fractions were analyzed by SDS-PAGE and fractions containing GLN4
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were pooled, dialyzed against GLN4 buffer E (20 mM Tris-HCI pH 7.5, 150 mM NacCl, 2 mM DTT)
and concentrated to 6 mg/mL with Vivaspin centrifugal concentrators (Sartorius Stedim Biotech).

Aliquots were stored at -20°C.

Lysate preparation

Lysate was based on the Escherichia coli strain BL21 Star (DE3)::RF1-CBDs, a gift from Gottfried
Otting (Australian National University, Canberra, Australia)(Loscha et al., 2012). E. coli lysates were
prepared as described by Apponyi et al. and Loscha et al., but with slight modifications(Apponyi et al.,
2008; Loscha et al., 2012). The cells were grown at 37°C in a fermenter with 3 L of Z-medium
(41.2 mM potassium phosphate monobasic, 166 mM potassium phosphate dibasic, 10 g/L. yeast
extract) with added 110 mM glucose, 10 mg/L thiamine, 1 mM MgSO, and 50 ug/mL kanamycin.
When the ODgg reached ~1, 1 mM IPTG was added to induce the expression of T7 RNA polymerase.
Cells were harvested in the mid-log phase (ODgo ~3-4) and washed with S30 o buffer (10 mM Tris-
acetate, pH 8.2, 16 mM potassium acetate, 14 mM magnesium acetate, 0.5 mM PMSF, 1 mM DTT
and 7.2 mM B-mercaptoethanol) before storing the pellets at -80°C. The thawed cells were suspended
in S30 o buffer (1.3 mL of buffer per gram of cells) and disrupted in a French press cell (Emulsiflex
C-3, Avestin) at a constant pressure of 20,000 psi. The lysate was cleared by centrifugation twice (30
min; 30,000 xg; 4°C) before genomic chitin-tagged release factor 1 (RF1-CBDs) was removed from
the lysate by passing it over chitin resin (New England Biolabs). The lysate was then dialyzed against
buffer S30 B (S30 a buffer without PMSF and B-mercaptoethanol) using SpectraPor 4 dialysis tubing
(12-14 kDa MWCO, Spectrum Laboratories Inc.) for 3x 1 hour. In a next step, the lysate was dialyzed
against 50% PEG 6000 in S30 buffer until the volume of the extract was reduced to half. Residual
traces of PEG were removed by a short dialysis against S30 B (~15 min) before changing to buffer S30
v (S30 B with 400 mM NaCl) overnight. All dialysis steps were performed at 4°C. Subsequently, the
dialysis tubes were placed into a 250 mL Pyrex glass bottle filled with pre-warmed buffer S30 y
(42°C), and incubated for 45 minutes at 42°C in a water-bath with gentle shaking. The lysate was then
dialyzed against buffer S30 B for 4 h. The extract was cleared by a final centrifugation (10 min; 30,000

xg; 4°C) and the supernatant was aliquoted, flash frozen and stored at -80°C.

Preparation and aminoacylation of suppressor tRNAcya

The artificial suppressor tRNAcya (5 GGUCCUAUAG UGUAGUGGUU AUCACUUUCG
GUUCUAAUCC GAACAACCCC AGUUCGAAUC CGGGUGGGAC CUCCA 3’) was transcribed
in vitro and purified by phenol-chloroform extraction. Prior to use, the suppressor tRNAcya was
refolded in 100 mM HEPES-KOH pH 7.5, 10 mM KCI at 70°C for 5 min and a final concentration of
5 mM MgCl, was added just before the reaction was placed on ice. The refolded tRNAcya was then
aminoacylated with [°N, "*C]-glutamine (CortecNet) in a standard aminoacylation reaction: 20 pM

tRNAcua, 0.5 pM GLN4, 0.1 mM [N, ®C]-GIn in 100 mM HEPES-KOH pH 7.5, 10 mM KCI,
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20 mM MgCl,, 1 mM DTT and 10 mM ATP(Walker and Fredrick, 2008). After incubation at 37°C for
1 hour GLN4 was removed by addition of glutathione beads and loaded suppressor tRNAcys was
precipitated with 300 mM sodium acetate pH 5.2 and 2.5 volumes of 96% EtOH at -80°C and stored
as dry pellets at -20°C. Successful loading was confirmed by urea-PAGE (6.5% acrylamide 19:1, 8 M
urea, 100 mM sodium acetate pH 5.2)(Walker and Fredrick, 2008).

Standard batch mode cell-free expression conditions

Cell-free protein expression was performed in batch mode as described by Apponyi et al.(Apponyi et
al., 2008). Briefly, the standard batch mode reaction mixture consisted of the following components:
55 mM HEPES-KOH (pH 7.5), 1.2 mM ATP, 0.8 mM each of CTP, GTP and UTP, 1.7 mM DTT,
0.175 mg/mL E. coli total tRNA mixture (from strain MRE600), 0.64 mM cAMP, 27.5 mM
ammonium acetate, 68 uM 1-5-formyl-5,6,7,8-tetrahydrofolic acid (folinic acid), 1 mM of each of the
20 amino acids, 80 mM creatine phosphate (CP), 250 pg/mL creatine kinase (CK), plasmid
(16 pg/mL) and 22.5% (v/v) S30 extract. 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. The reactions were carried out in a

reaction volume of 50 pL dispensed in 96-well plates and were incubated at 23°C for 5 hours.

Cell-free H16Qx position screen

Plasmids of all 22 amber mutants of wild-type H16 were tested for possible position specific effects of
the amber codon placement on the suppression efficiency at a final concentration of 10 pM tRNAcya.
The time-course of H16 protein synthesis was monitored using a fluorescence read-out (sfGFP) and a
plate reader/incubator (Gen5, BioTek Instruments, 485 nm (excitation), 528 nm (emission)). Assays
were carried out as triplicates in a reaction volume of 50 uL dispensed in 96-well plates. The reactions

were incubated at 23°C for 5 hours.

Preparation of NMR samples

Samples for NMR studies were produced at 5-15 mL scale and incubated at 23°C and 750 rpm in a
thermomixer for 5 hours. Uniformly labeled NMR samples were obtained by substituting the standard
amino acid mix with 3 mg/mL [°N, "C]-labeled ISOGRO®(Kigawa et al., 1999) (an algal extract
lacking four amino acids: Asn, Cys, GIn and Trp) and additionally supplying ["°N, *C]-labeled Asn,
Cys, Gln and Trp (1 mM each). Furthermore, potassium glutamate was substituted by 80 mM
potassium acetate to enable the labeling of glutamates. To produce site-specifically labeled samples,
10 uM of [°N, *C]-GlIn suppressor tRNAcya were added to the standard batch mode reaction mixture

(see above).

Protein purification
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The cell-free reaction was thawed on ice and diluted 2-3 fold with buffer A (50 mM Tris-HCI pH 7.5,
500 mM NacCl, 5 mM imidazole) before loading onto a Ni gravity-flow column of 1 mL bed volume
(cOmplete™ His-Tag Purification Resin, Sigma Aldrich). The column was washed with buffer B (50
mM Tris-HCI pH 7.5, 1000 mM NaCl, 5 mM imidazole) and the target protein was eluted with buffer
C (50 mM Tris-HCI1 pH 7.5, 150 mM NacCl, 250 mM imidazole). Elution fractions were checked under
UV light and fluorescent fractions were pooled and dialyzed against NMR buffer (20 mM BisTris-HCI
pH 6.5, 150 mM NacCl) at 4°C using SpectraPor 1 MWCO 6-8 kDa dialysis tubing (Spectrum Labs).
Dialyzed protein was then concentrated with 10 kDa MWCO Vivaspin centrifugal concentrators
(3500 x g, 4°C) (Sartorius). Protein concentrations were determined by means of fluorescence using
an sfGFP calibration curve. Final NMR sample concentrations ranged from 4 to 11 uM. Protein

integrity was analyzed by SDS-PAGE.

NMR experiments and data analysis

All NMR samples contained final concentrations of 10% D,O and 0.5 mM 4,4-dimethyl-4-
silapentane-1-sulfonic acid (DSS). 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. "N-HSQC and "“C-HSQC were acquired for each sample in
order to determine amide ('Hy and "N) and aliphatic (‘Haiphase and "“Casiphatic) chemical shifts,
respectively. Spectra acquisition parameters were set up depending on the sample concentration and
the magnet strength. "N-HSQC spectra were acquired for 8 to 20 hours using 256-512 scans, 88-128
increments and a spectral width of 21 ppm in the indirect dimension. *C-HSQC spectra were acquired
for 10 to 24 hours using 256-512 scans, 96-128 increments and a spectral width of 60 ppm in the
indirect dimension. All spectra were processed with TopSpin v3.5 (Bruker Biospin) and analyzed
using CCPN-Analysis software(Vranken et al., 2005). Chemical shifts were referenced with respect to
the H,O signal relative to DSS using the "H/X frequency ratio of the zero point according to Markley
et al.(Markley et al., 1998).

Random coil chemical shifts were predicted using POTENCI, a pH, temperature and neighbor
corrected IDP library (https://st-protein02.chem.au.dk/potenci/)(Nielsen and Mulder, 2018).
Secondary chemical shifts (SCS) were obtained by subtracting the predicted value from the
experimental one (SCS=08.x,-0,red). For better reliability of the results regarding possible referencing
errors, we used the combined C, and Cg secondary chemical shifts (SCS(C,)-SCS(Cg)). In addition,
secondary structure propensities (SSPs) were calculated using the script developed by Marsh et

al.(Marsh et al., 2006) and the refDB database(Zhang et al., 2003).
Model building and experimental 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(Estafia et al., 2019),
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which uses a curated database of three-residue fragments extracted from high-resolution protein
structures. The averaged Ca and CP CSs for the 34 ensembles, 17 for each family, were computed
with SPARTA+(Shen and Bax, 2010) and used to refine a final ensemble in agreement with the
experimental data. Concretely, the optimized ensemble model of H16 was built by reweighting the
populations of the pre-computed ensembles, minimizing the error with respect to the experimental Ca
and CP 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 x> value. An optimal description of the complete CS profile was obtained
when Q28 was chosen as the last residue structurally connected with N17. Finally, an ensemble of
50,000 structures was built using the optimized weights and it was used to analyze the residue-specific
Ramachandran propensities and the secondary structure population using SS-map(Iglesias et al.,

2013).

Quantification and statistical analysis
In the cell-free H16Qx position screen data is represented as mean of triplicates = SD.

Notch plots were generated using the library "ggplot2" in R.
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Figure 1. Glutamine SSIL scanning of H16. (a) Sequence of H16 and scheme of the sfGFP-fused
construct used in this study. The color code identifies the individual glutamines throughout the study.
The box encompassing residues '‘LKSF'’ identifies the residues mutated to probe the structural
connection between N17 and the poly-Q tract. The position of the insertion of glycines between the
poly-Q and the PPR to structurally disconnect both regions is also displayed. (b) A scan probing the
suppression efficiency using 10 uM loaded tRNAcya showed no strong position-specific effects. The

experiments were repeated three times.
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Figure 2. NMR analysis of H16. (a) Overlay of fully labeled H16 (grey) with individually colored
SSIL "N-HSQC spectra. (b) Zoomed "N-HSQC overlay showing the poly-Q region with different
glutamine clusters (Q18-Q21; Q22-Q28; Q29-Q33; and PRR glutamines). (¢) Zoomed "“C-HSQC

overlay showing the poly-Q region with the same glutamine clusters as in (b). (d) Secondary chemical

shift analysis of H16 using experimental Ca and CP chemical shifts and a neighbor-corrected random-

coil library(Nielsen and Mulder, 2018) and (e) secondary structure propensity plot(Marsh et al., 2006;

Zhang et al.,

2003). The positions of glutamine and proline residues in the primary sequence are

highlighted in grey and blue, respectively. Prolines and residues followed by prolines were not

considered in the SSP refDB analysis.
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Figure 3. NMR-derived ensemble model of H16. Residue-specific Ramachandran plots for (a) Q18-

Q21 and (b) Q30-Q33 obtained from the optimized ensemble. See also Figures S1 and S2. (¢)

Population of a-helix, extended and other conformations calculated from the Ramachandran plot for

all glutamines in H16 (see Figure S3a). The side panel Q-Q-Q shows these populations for glutamine

tri-peptides present in a coil database(Estaia et al., 2019). (d) Secondary structure map (SS-map)

displaying the length and the residues encompassing the a-helices found in the N-terminal region of

the optimized ensemble model of H16. The color code (right) indicates the population of the a-helices.

(e) Representative conformations of the four ensembles used to describe the NMR CSs measured for

H16. Only the region from M1 to Q28, optimized with the N->C ensembles, is displayed. The SS-

maps for these ensembles are displayed in Figure S3b.
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Figure 4
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Figure 4. Side chain NMR scanning. (a) CB-H, and Cy-H, regions of the "C-NMR spectra of
glutamines Q18, Q19, Q20, Q21, and Q31. The spectra of Q31 display the standard behavior of
disordered glutamines with a doublet and singlet for CB-H, and Cy-H,, respectively. (b) Zoom on the
Ne2-He2 side chain region of the "N-HSQC spectra measured for all glutamines in H16. Q20 and Q21

do not follow the trend displayed by the other glutamines due to their implication in the formation of

hydrogen bonds. See also Figure S4.
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Figure 5
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Figure 5. SSIL analyses of the structural effects of the flanking regions on the poly-Q tract of
H16. Overlay of the glutamine region of the "N-HSQC spectra of fully labeled wt H16 (grey) with the
N17 mutants LKGG-H16 (a, blue), LLLF-H16 (d, green), and LKAA-H16 (g, red). The same color-
code was used throughout the figure. Zoomed overlays of the °N- and *C-HSQCs for site-specifically
labeled Q18, Q20 and Q21 of wt H16 (grey) with LKGG-H16 (b), LLLF-H16 (e) and LKAA-H16 (h).
CB-H, and Cy-H, NMR peaks of the Q18, Q20 and Q21 glutamine side chains of the three N17
mutants LKGG-H16 (¢), LLLF-H16 (f) and LKAA-H16 (i) compared with those obtained for the wt
(grey). Zoomed “N- and “C-HSQC spectra for the H16-5G mutant, which probes the structural
perturbation exerted by the poly-P tract, displaying the N-H glutamine region (j, purple) overlaid with
the wt (grey), and the SSIL spectra measured for Q30 (k). (I) Histogram of the SCS analyses for the
different SSIL samples of the structural mutants measured: Q18, Q20 and Q21 for the LKGG-H16,
LLLF-H16 and LKAA-H16 mutants, and Q30 for the H16-5G mutant. The SSIL-derived SCS values
are compared to those obtained for the wt (grey area). Note that no SCS value was derived for Q18 in
the LLLF-H16 mutant due to the absence of the Ca-Ho peak in the *C-HSQC. See also Figure S5.
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Figure 6
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Figure 6. Primary and secondary structure context of human glutamine-rich proteins. (a)

Leucine and (b) proline abundance per position in region -10 to +10 of poly-Q regions in the context

of pure glutamine stretches of variable length. Horizontal dashed lines correspond to the percentage of

leucines (9.9%) and prolines (6.3%) found in the human proteome. An analysis of all 20 natural amino

acids is displayed in Figure S6. (¢) Secondary structural prediction (a-helix, extended and others) per

two-residue block in the N-terminal flanking regions of glutamine-rich fragments.
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