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*S Supporting Information

ABSTRACT: Many neurodegenerative diseases are characterized by
misfolding and aggregation of an expanded polyglutamine tract (polyQ).
Huntington’s Disease, caused by expansion of the polyQ tract in exon 1 of
the Huntingtin protein (Htt), is associated with aggregation and neuronal
toxicity. Despite recent structural progress in understanding the structures of
amyloid fibrils, little is known about the solution states of Htt in general, and
about molecular details of their transition from soluble to aggregation-prone
conformations in particular. This is an important question, given the
increasing realization that toxicity may reside in soluble conformers. This
study presents an approach that combines NMR with computational
methods to elucidate the structural conformations of Htt Exon 1 in solution.
Of particular focus was Htt’s N17 domain sited N-terminal to the polyQ
tract, which is key to enhancing aggregation and modulate Htt toxicity. Such
in-depth structural study of Htt presents a number of unique challenges: the
long homopolymeric polyQ tract contains nearly identical residues, exon 1 displays a high degree of conformational flexibility
leading to a scaling of the NMR chemical shift dispersion, and a large portion of the backbone amide groups are solvent-exposed
leading to fast hydrogen exchange and causing extensive line broadening. To deal with these problems, NMR assignment was
achieved on a minimal Htt exon 1, comprising the N17 domain, a polyQ tract of 17 glutamines, and a short hexameric
polyProline region that does not contribute to the spectrum. A pH titration method enhanced this polypeptide’s solubility and,
with the aid of ≤5D NMR, permitted the full assignment of N17 and the entire polyQ tract. Structural predictions were then
derived using the experimental chemical shifts of the Htt peptide at low and neutral pH, together with various different
computational approaches. All these methods concurred in indicating that low-pH protonation stabilizes a soluble conformation
where a helical region of N17 propagates into the polyQ region, while at neutral pH both N17 and the polyQ become largely
unstructuredthereby suggesting a mechanism for how N17 regulates Htt aggregation.

■ INTRODUCTION

Huntington’s Disease (HD) is one of nine known progressive
neurodegenerative diseases where expansion of a CAG
trinucleotide repeat beyond a threshold length leads to
pathogenesis, predominantly through a gain-of-function mech-
anism.1 Disease risk and age of onset correlate with length of
the polyglutamine (polyQ) tract encoded by the trinucleotide
repeat. The aggregation propensity of these disease-linked
proteins also correlates with the polyQ repeat length,
suggesting that either Q-length dependent aggregation, or
some conformation populated along the aggregation pathway,
are linked to disease pathology.2 In fact, studies have suggested
that the large amyloid aggregates may be protective, and that
toxicity arises from soluble misfolded species, including
misfolded versions of the monomer and higher-order
oligomers.3,4 This raises the important question of what are
the soluble conformations populated by the polyQ tract in

general, and by polyQ in the ∼347 kDa huntington protein
(Htt) in particular. Htt is composed of ∼3144 amino acids, and
the polymorphic polyQ tract near its N-terminus typically
consists between approximately 6 and 35 glutamines.5−11 A
mutation in the Htt gene that extends the polyQ tract beyond
36 residues leads to the development of Huntington’s disease.12

Despite the large size of the protein, the first exon, which
contains the polyQ tract (herein Htt-ex1), suffices by itself to
induce many of the pathological features of Huntington’s
disease in cell and animal models.2 A growing body of evidence
suggests that in vivo generation of a fragment containing this
exon 1 is necessary for Htt toxicity.13 The regions flanking the
polyQ have been found to modulate Htt aggregation and
pathogenicity.14−18 In particular, Htt-ex1 aggregation is
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profoundly influenced by the N-domain flanking the polyQ
tract:14,15,19−22 N17, which comprises the first 17 residues of
the protein, stimulates aggregate formation of polyQ-expanded
Htt both in vitro and in vivo. This domain also influences the
interaction of Htt with cellular components, including
membranes and chaperones.14,15,23,24

The structural impact of N17 on the polyQ tract
conformation remains elusive. N17 can form an amphipathic
helix, and many studies have suggested that N17 helicity
contributes to the aggregation and pathology of Huntington’s
disease.25−28 Since Htt has been shown to associate with
membranes, the structure of the N17 domain has been explored
in micellar mixtures. Here it adopts a helical conformation, with
the hydrophobic side chains contained between residues 6 and
17 oriented toward the hydrophobic core of the micelles.29 This
suggests that N17 can behave as a reversible membrane anchor
for Htt. Membrane association could create a high local
concentration of polyQ at a membrane surface that promotes
aggregation.30 Solid-state NMR studies of an N-terminal Htt
fragment resembling the exon 1 segment showed that N17 in
amyloid fibrils feature β-sheets at their core, and detected two
distinct polyQ folding motifs proximate in space.31−38

Furthermore, since the N17 domain contains a coiled-coil
like sequence, it has been suggested that a helical N17
conformation nucleates aggregation through formation of a 4-
helix bundle that brings the polyQ tracts into close
proximity.31−36 However, recent studies have challenged the
role of N17’s helicity in promoting polyQ aggregation.25,26,36

Notably, exchanging the N17 domain of Htt for a canonical
coiled-coil domain actually suppressed Htt aggregation.25 These
studies suggest that a disordered N17 domain may participate
in structural “cross-talk” with a disordered polyQ tract, to
promote the amyloid’s aggregation. Furthermore, the electro-
statics of the regions flanking the polyQ domain may also play
an important role in promoting polyQ aggregation. Highly
charged sequences flanking the polyQ have been shown to
suppress aggregation,25,26,39 and phosphorylation of serines 13
and 16 in the N17 domain have been shown to impact
Huntingtin aggregation and toxicity in vivo and in vitro.27,28

Thus, understanding the conformational dynamics of the N17
domain is essential to elucidate and eventually control the
conversion of Htt to neurotoxic conformations.
The regular structure of amyloid fibrils enables their

structural characterization by solid-state NMR, electron
microscopy and even crystallography.15,29−32,37−45 However,
many studies have questioned the relevance of fibrillar
aggregates to cellular toxicity,3,4 highlighting the importance
of defining the structural properties of soluble Htt con-
formations. The flexible, structurally heterogeneous and
intrinsically disordered nature of soluble Htt exon 1 poses
many challenges to structural analyses. The application of high-
resolution NMR to Htt’s exon 1 fragment in aqueous solution
could be highly informative, but is still limited by a lack of 15N
and 13C assignments. These assignments could open multiple
routes for structural and dynamic investigations, but obtaining
them presents several challenges, related to the large number of
very similar glutamine residues in the polyQ tract, and to the
high degree of mobility observed in the backbone of this
fragment.46−49 A consequence of this high degree of peptide
disorder is a fast conformational exchange, which dramatically
reduces the chemical shift dispersion and results in extensive
spectral overlap. Additionally, as disorder causes the peptide’s
backbone to be fully solvent exposed, labile amide hydrogens

efficiently exchange with the solvent, broadening their spectral
NMR lines and further reducing resolution and sensitivity. For
peptides that display a high degree of dynamism, these
difficulties might be alleviated using a combination of low pH
and/or temperature conditions that suppress hydrogen
exchange, and partially mitigate the effects of rapid conforma-
tional exchange.50−56

Using the above strategies and relying on a portfolio of 3D-
5D NMR experiments proceeding in combination with
nonuniform sampling methods, this work succeeded in
assigning backbone 13C and 15N resonances for a 49 residue
variant of exon 1 containing the N17 segment, a 17-mer polyQ
fragment, a hexaproline tract, and a hexahistidine tag (the
“N17Q17” construct; Figure 1). With the aid of variable

temperature and pH titration NMR experiments, chemical shift
changes were then mapped from low pH to physiological pH
conditions, allowing nearly all residues to be identified. These
chemical shifts, in combination with numerical calculations,
revealed insights into the fragment’s structural motifs. At low
pH, chemical-shift-based CS-ROSETTA and TALOS+ calcu-
lations revealed that the exon 1 fragment possesses significant
α-helix propensity in its core region, especially in the transition
between the N17 to polyQ region. As the fragment approached
physiological pH, however, secondary structure was no longer
present: NMR-based CS-ROSETTA and other structural
predictors indicate that the peptide collapsed into a disordered
conformationeven if encompassing a number of conserved
distances. The structural aspects revealed by these data
concerning the peptide’s solution-phase behavior support the
perspective that a disordered N17 domain may promote polyQ
aggregation while a highly charged or structured N17 domain
may be inhibitory for aggregation. Thus, these results have
implications for the development of therapeutics that may
stabilize a structured domain for N17 to prevent generation of
toxic oligomer or aggregate conformations.

■ EXPERIMENTAL SECTION
Protein Preparation. The fragment illustrated in Figure 1,

henceforth N17Q17, was overexpressed in a Nico E. coli BL21 strain.
Overnight cultures were diluted 40-fold in Lysogenic broth and growth
to an OD of 0.6 at 37 °C. Thereafter, expression was induced with 1
mM IPTG for 4h at 37 °C. Cells were harvested by spinning at 4000g
for 20 min at 4 °C; pellets were washed with PBS, then respun, flash
frozen in LN2, and stored at −80 °C. Pellets were resuspended in
Buffer A (50 mM K-Hepes/pH 7.4, 20 mM Imidazole, 8 M urea),
sonicated 3x (50% output, 1 s on/off, 1 min), and incubated at room
temperature for 30 min. Lysates were cleared by 12 000 rpm spin for
45 min. The supernatant was incubated with Ni-Sepharose beads (GE)
for 30 min at room temperature. Protein was purified from the lysate
by first washing the beads with Buffer A, then 50 mM K-Hepes/pH
7.4, 20 mM Imidazole with no urea, and finally eluted with 50 mM K-
Hepes/pH 7.4, 500 mM Imidazole. Protein was dialyzed against 50
mM Ammonium Formate/pH 3.5 three times for 3 h each. Protein
was then lyophilized and stored at −20 °C.

NMR Backbone Resonance Assignments. Backbone resonance
assignment experiments were performed on uniformly [13C, 15N]
labeled N17Q17 sample dissolved in 10% aqueous formic acid solution

Figure 1. Exon 1 fragment of huntingtin containing the entire N17
domain, a polyQ tract with 17 glutamines, a short polyproline region
and an LEC linker before the hexahistidine tag at the C-terminus.
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with 10% D2O at pH = 1.66 and 25 °C. These experiments were
performed on an 800 MHz Agilent DD2 spectrometer equipped with a
HCN cold probe. The 1H, 13C and 15N resonances were assigned
using 3D HNCO, 5D (H)NCO(NCA)CONH,57 and 5D HNCO-
CACB57 experiments. In the (H)NCO(NCA)CONH experiment
sequential links with N(i)CO(i−1) chemical shifts pair are established.
N and CO chemical shifts provide the highest resolution and thus
reliability in performing backbone assignment in intrinsically
disordered peptides. HNCOCACB allows easy identification of
amino acid type. All 5D experiments used sparse random sampling
of the indirectly detected time domains,58 and were processed by
multidimensional Fourier transformation using the home written
software package (http://nmr.cent3.uw.edu.pl/software). The 3D
HNCO spectra were processed using the cleaner3d59 program to
remove sampling artifacts, and later used as base spectra for Sparse
Multidimensional Fourier Transform processing of higher dimension-
ality experiments.60 Spectra were inspected using Sparky,61 and their
resonance assignment was performed manually. The parameters used
for these higher-dimensional experiments are listed in Table 1.
Variable Temperature Experiments. Variable temperature

experiments were performed using a Bruker AVANCE III 800 MHz
spectrometer on a 110 μM uniformly 15N-labeled N17Q17 sample
dissolved in a 50 mM NaPi buffer solution with 10% D2O, prepared at
a pH of 1.75. 15N1H HSQC spectra were recorded at 25 °C, 20 °C,
15 °C, 10 °C, and 4 °C, with a recycle delay of 300 ms and 96 scans
using a data size of 768 (1H) × 36 (15N) points (Table 2). Each
experiment was preceded by a 15 min delay to allow for temperature
stabilization and shimming was optimized prior to each experiment.
pH Titrations. Titration experiments were performed on the 110

μM uniformly 15N-labeled N17Q17 dissolved in 50 mM NaPi buffer
with 10% D2O and 5 mM DTT at 4 °C, on a Bruker AVANCE III 800
MHz spectrometer. Thirteen different pHs were monitored by adding
10 μL aliquots of 0.2 M aqueous NaOH in 10% D2O directly into the
Shigemi NMR tube. Before and after each aliquot of NaOH was
added, a pH value was measured using an SI Analytics microelectrode;
the values hence achieved were 1.75, 1.80, 0.197, 2.09, 2.26, 2.52, 2.82,
3.24, 3.87, 4.26, 5.44, 6.55, and 7.08. Each experiment was preceded by
a 15 min delay to allow for temperature stabilization at 4 °C.
Shimming and pulse calibrations were optimized prior to all
experiments; the number of scans acquired varied from 48 to 160,
with an increased number of scans were required at higher pH. By
comparison with the assigned 15N1H HSQC spectrum acquired at
pH = 7.08, 15N and 1H resonances were identified in a pH = 7.4
dissolved in 50 mM NaPi buffer (with 10% D2O and 5 mM DTT)
acquired at 4 °C. HN, N, Cα, Cβ, and CO chemical shifts were
identified in this sample by means of BEST62 HNCA, HN(CO)CA,
HNCACB, HN(CO)CACB, HN(CA)CO, and HNCO experiments.

The acquisition parameters for these experiments are given in Table 2.
Data were processed with NMRPipe63 and analyzed using Sparky.61

CS-ROSETTA Structure Predictions. Chemical shift derived
structures were generated using the CS-ROSETTA64,65 Web server, on
the WeNMR66 grid. Structure predictions were done for the low and
neutral pH conditions, each one of them generating 14000 models.

■ RESULTS AND DISCUSSION
Backbone Resonance Assignment. The first step in this

N17Q17 study included assigning the backbone resonances of
the amino acids belonging to the N17 region, and to the 17-
glutamine residues of the polyQ. Due to the peptide’s
conformational flexibility and fast exchange of its labile amide
hydrogens with the solvent, the chemical shift dispersion was
very limited when such experiments were carried out at
physiological pH. This is illustrated by the black contours in
Figure 2, which show N17Q17’s 15N1H HSQC spectrum
recorded on an aqueous solution at pH = 7.08. Despite the
slowing down of the proton amide−solvent exchange rates at
the low temperature at which this spectrum was acquired, there
is a significant loss of spectral information that prevents
establishing the sequential connectivity needed for an NMR

Table 1. List of Parameters Used for the Assignment of N17Q17 in Vitro at Low pH

evolution times [ms]

experiment total time [h] N CO N CO CB CA indirect-domains points

HNCO 6.5 100 100 1000
(H)NCO(NCA)CONH 46 40 40 40 40 3175
HNCOCACB 18 40 40 14 10 690

Table 2. List of Parameters Used for the Assignment of N17Q17 in Vitro at Neutral pH

number of points spectral width (ppm)

experiment F1H F2N F3C F1H F2N F3C no. of scans recycle delay (ms)

HNCA 768 56 28 3 17 30 8 250
HN(CO)CA 768 56 28 3 17 20 8 250
HN(CA)CO 768 16 28 3 17 8 24 250
HNCO 768 36 28 3 17 60 8 250
HN(CO)CACB 768 56 28 3 17 57 16 100
HNCACB 768 82 28 3 17 30 96 300
HSQC 574 28 3 17 160 300

Figure 2. Comparison between the 15N1H HSQC spectra obtained
for N17Q17 in a 10% formic acid solution at 25 °C and pH = 1.66
(red), and in a neutral pH NaPi buffer at 4 °C and pH = 7.08 (black).
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resonance assignment. Direct methods of detection based on
13C and even 15N NMR were also assayed,67 but also in these
instances line broadening was excessive. Only at lower pH was
this loss of spectral information substantially mitigated, as can
be seen in the 15N1H HSQC spectrum recorded for N17Q17
in a 10% formic acid solution (red contours in Figure 2).
Assignments were therefore obtained for N17Q17 at a pH of
1.7, and the resonances thus identified were mapped to their
neutral pH counterparts by acquiring NMR spectra while
gradually varying the solution’s acidity. Still, conventional 2D
and 3D NMR sequences proved incapable of providing an
unambiguous peak assignment even at the lowest pH; to
implement these assignments, a series of sparsely sampled 3D/
5D NMR experiments had to be performed. The 5D
experiments focused on two aims: an HNCOCACB served to
separate each residue according to a specific spectral signature
that revealed its chemical nature; a 5D (H)NCO(NCA)CONH
then enabled us to correlate consecutive residues, despite the
overlap. With these sequences, the nature of all residues as well
as the ensuing chemical shift values of their HN, N, Cα, Cβ, and
CO sites in every (nonproline) residue could be elucidated
i.e., a complete “backbone walk” from one end of the
polypeptide to the other was feasible (see Figure 3 and

Experimental Section for details). Figure 4 shows a thus
assigned 2D 15N1H HSQC spectrum of N17Q17 in formic
acid; a list of the resonance assignments measured for the Cα,
Cβ, and CO sites as well as the shifts for the amides’ 1H and
15N, are given in Table S1 of the Supporting Information.
As mentioned, exchange broadening and extreme peak

overlapping prevented us from extending this assignment
strategy to N17Q17 at physiological pH: neither at low nor
room temperatures, could a walk along the peptide’s back-
boneand therefore a traditional assignment procedurebe
performed. In fact at physiological-like conditions, numerous
peaks disappeared from the HSQC spectrum, and the data were

of little use. Therefore, a variable temperature and variable pH
titration approach was used to correlate the assigned chemical
shifts obtained under low pH conditions at 25 °C, to those
arising at physiological pH and 4 °C. 15N1H HSQC spectra
were first recorded at pH = 1.7 in order of decreasing
temperatures: 25 °C, 20 °C, 15 °C, 10 °C, and 4 °C. The
chemical shifts of the resonances assigned at 25 °C could thus
be followed, enabling us to assign the majority of the
resonances identified in the low pH, 4 °C 15N1H HSQC
spectrum. Figure 5 (left) shows a superposition of spectra
acquired at this series of temperatures, highlighting the clear
chemical shift trends exhibited by certain residues. By following
this trend, a full extrapolation of the high-temperature 15N1H
HSQC assignment could be performed; this is shown in Figure
5 (right).

Figure 3. Unambiguous (NCO)i‑1 → (NCO)i connectivities between
consecutive N17Q17 residues arising from 5D (H)NCO(NCA)-
CONH NMR at 800 MHz and pH = 1.66. Arrows show correlations
observed within the relevant 4D NCOi‑1 (red contours)−CONi (green
contours) space, for 16 of the polyQs residues (the 17th residue was
omitted, and the presentation shown as two-dimensional connectiv-
ities to simplify the Figure’s graphics).

Figure 4. 15N1H HSQC spectrum of N17Q17 acquired at 25 °C in
10% formic acid (pH = 1.66), showing the assigned backbone amides
of all but the first two residues.

Figure 5. (Left) Superposition of 1H15N HSQC spectra recorded at
different temperatures, following the chemical shift evolution of
residues in the green box that is zoomed out in the right-hand panel.
Only for the purpose of illustrating these chemical shift changes the
variable-temperature spectra in this plot are displayed shifted along
both the 1H and 15N dimensions (so as to enable a clearer observation
of the trends); the displaced colored ticks along the two axes of the
zoomed panel, illustrate the extent of these shifts. The chemical shift
range for each spectrum is 7.98 to 8.37 ppm for 1H and 119.7 to 122.3
for 15N. (Right) 15N1H HSQC spectrum acquired on N17Q17
dissolved in aqueous buffer at pH = 1.75 and T = 4 °C, with assigned
backbone amides labeled.
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Following the assignment of the low-temperature, pH = 1.75
structure, NMR titration experiments were repeated at constant
temperatures; starting at this low pH and concluding at pH =
7.1. Figure S1 illustrates how this process allowed us to map the
assignments in the low pH spectrum to their counterparts at
physiological pH. In the spectra shown in that Figure, four
resonances were tracked using 15N1H HSQC spectra
recorded at 5 different pH values. The black arrows in Figure
S1 highlight resonances whose chemical shifts experience
relatively large changes upon increasing sample pH. Using this
protocol, a majority of resonances could be identified; an
assigned HSQC of N17Q17 at physiological pH is shown in
Figure 6. A list of assigned chemical shifts deriving from this

assignment and of ancillary HNCO, HNCA, and HNCACB
experiments for the backbone and side-chain sites of N17Q17
at neutral pH, is provided in Table S2.
NMR-Derived Structural Information. The availability of

1H, 15N, and 13C chemical shifts for various residues enables
one to estimate the fractional populations of secondary
structural elements in N17Q17. This analysis was initially
accomplished using the Secondary Structure Propensity (SSP)
program68 with the 13C chemical shift values identified for the
Cα and Cβ sites of the various residues as inputs, as it has been
demonstrated before that these chemical shifts are more
relevant for predicting secondary structure propensities of
intrinsically disordered proteins.68 As a reminder, in folded
proteins consecutive residues with SSP values of +1 indicate α-
helical structure, and consecutive residues with SSP values of
−1 indicate a β-strand. Consecutive residues with positive or
negative SSP values reveal a disordered protein, with the
weighted average of the local fractional populations being the
secondary structures (α-helix or β-strand) exhibited by the
ensemble of conformers. Figure 7a shows SSP scores for the
assigned residues of N17Q17; in black for the low pH and in
red for the neutral pH structure. At low pH, the N17Q17

ensemble of conformers exhibits a clear propensity for α-helical
structures forming in the central region of the peptide. This
trend changes as pH increases, culminating with a structurally
disordered structureeven one exhibiting slight β-sheet
propensityat physiological pH. To complement these shift-
based propensity analyses, the naturally disordered regions in
N17Q17 were explored using the PONDR72,73 algorithm. A
PONDR score above 0.5 indicates disorder, while a score below
0.5 indicates order in the protein. Out of the 49 residues in
N17Q17, 36 were found to be disordered, constituting ∼75%
of the peptide’s backbone (Figure 7b). A higher degree of order
is predicted for residues 10−22 (AFESLKSFQQQQQ) at the
junction of the N17 headpiece and the polyQ domain.
Such strong pH effects on the conformation and degree of

order in a protein have been interpreted in terms of
electrostatics.71−76 For Htt exon 1, electrostatics have been
shown to modulate the effect of the N17 domain on the
proximal polyQ tract, as exchanging N17 for a highly charged
lysine-containing domain in an Htt chimera construct inhibited
polyQ aggregation.26 Indeed, the introduction of negative
charge via phosphorylation of Serines 13 and 16 (or via Ser-to-
Asp mutations) in N17, reduces Htt aggregation propensity,
changes aggregate morphology, and importantly, abrogates
disease symptoms in a mouse model of Huntington’s disease.27

Figure 6. Peak assignments of the 15N1H HSQC spectrum acquired
on N17Q17 dissolved in aqueous buffer at pH = 7.08 and T = 4 °C,
with assigned backbone amides labeled according to residue. The
Histidine residues disappear with increasing pH; the two unassigned
peaks are ascribed to residues from the LEC fragment positioned next
to the polyP tract.

Figure 7. (a) Secondary structure propensity (SSP) values68 derived
for the N17Q17 backbone in 10% aqueous formic acid solution (pH =
1.66; 25 °C; black) and in NaPi buffer (pH = 7.4; 4 °C; red). SSPs
were calculated using Cα and Cβ chemical shifts. (b) Dynamic disorder
analysis of the N17Q17 peptide, performed using the amino acid
sequence as input and using the VX-LT predictor of PONDR.69,70
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Our analyses find that at low pH, N17 tends to adopt a α-helix.
Interestingly, N17Q17 is also much more soluble at low pH
than at neutral pH (Figure S2). This suggests a correlation
between N17Q17’s low pH structure and the higher solubility
brought about by this Htt conformation. These results align
with recent reports according to which the electrostatics of
regions flanking the polyQ domain heavily influence domain
cross-talk and the readiness of the polyQ to adopt an
aggregation-prone, molten globule state.25,26,77 One could
expect that at low pH, the highly charged flanking sequences
will be less likely to engage in aggregation-prone “cross-talk”
between the polyQ domain and flanking sequences, thus
disfavoring the formation of a molten globule collapsed
state.25,77 Upon raising the pH, the overall charge of the entire
peptide, including that of the N17 fragment, will decrease; this
induces disorder in both the N17 and polyQ regions, leading to
an enhanced domain cross-talk between the N17 and polyQ
regions and promoting the generation of conformers that lead
to amyloid aggregation. Further investigations are necessary
and in progress, to fully understand and ascertain this role of
electrostatics in modulating the soluble Htt exon 1 fragment’s
behavior.
To deepen our structural understanding of these low and

neutral pH states of Htt, we compared the SSP and PONDR
results with models arising from CS-ROSETTA calculationsa
methodology that although based on homology modeling of
folded protein structures, has also been successfully applied to
understand disordered protein fragments.78,79 To this end, the
13CO, 13Cα, and 13Cβ chemical shifts extracted from 3D BEST
NMR experiments at low and neutral pH were fed into CS-
ROSETTA; Figure 8 shows the lowest score structures that
emerge from this program. As had been observed using SSP
and PONDR, this approach also reveals a low pH α-helical
structure in the core region of the peptide, between residues
Leu14 and Gln26 (Figure 8a). Also in agreement with the SSP
and PONDR calculations, CS-ROSETTA shows that N17
helicity is lost when moving to neutral pH, where two separate
sets of CS-ROSETTA simulations reveal disordered, coiled
conformations for the entire peptide (Figure 8b). Interestingly,
however, these two conformations are not entirely random:
different regions of the peptide remain connected via hydrogen
bonds, that according to these calculations still endow the
peptide with a globular shape at neutral pH. It remains to be
seen whether this is a result of Rosetta attempting to satisfy
hydrogen bond donors/acceptors, or a genuine molten globule
structure.
The peptide’s backbone dynamics was also probed via

molecular dynamics simulations, using as starting point the
lowest score CS-ROSETTA structures. 100 ns trajectories were
simulated for both the low pH and the neutral pH structures.
As can be appreciated in Figure S3, at low pH the backbone of
the peptide shows a more rigid central region where the
formation of a α-helical secondary structure can be recognized.
This is in agreement with the CS-ROSETTA, PONDR, and
SSP results. By contrast, at near physiological pH and low
temperature (Figure S4) MD indicatesalso in agreement
with the other computationsthat backbone secondary
structure is no longer presenteven if the peptide does not
depart from a globular character. It remains to be seen whether
this globular nature would persist at longer-time trajectories.
Therefore, another corroboration of this insight on the
backbone peptide dynamics was sought by a TALOS-based
chemical shift-based secondary structure analyses;80 this

corroborated the general picture provided by all other
computational approaches, showing that a helical stretch
extending from Lys15 to Gln25 at low pH, is substantially
lost at neutral pH (Figure S5). Finally, a variety of relaxation
and Overhauser enhancement measurements were performed
to assess how these structural changes affect the backbone’s
dynamics, but these proved too ambiguous due to the severe
peak overlap observed in 3D NMR experiments that
incorporated relaxation weightings (data not shown).

■ CONCLUSIONS
Obtaining structural information on Htt and other polyQ tract
proteins in solution is necessary to understand their conversion
to pathogenic conformations. NMR measurements were here
combined with computations to obtain structural insights into
the dynamic soluble conformation of Huntingtin’s N-terminal
fragment. Thanks to a suite of high-dimensional 800 MHz
NMR experiments, 1H, 13C, and 15N backbone and side chain
resonances could be successfully assigned for most residues in a
49mer fragment of Huntingtin’s N-terminal exon 1 region at
acidic pH. Variable temperature and pH titration experiments

Figure 8. Lowest score CS-ROSETTA structures predicted from the
NMR data at (a) low pH and (b) neutral pH. Whereas the low pH
structure exhibits a clear α-helical core, at neutral pH all secondary
structure disappears. The structure, however, does not collapse into an
entirely random coil: hydrogen bonds between residues Lys15 and
Gln18 (1.9 Å), Ser16 and Gln28 (2.8 Å), Gln19 and Gln23 (1.98 Å),
and Gln20 and Gln29 (1.9 Å), remain even at neutral pH.
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mapped these assignments onto physiological pH conditions,
allowing us to identify many residue resonances at neutral pH
despite the worsening resolution. An interesting feature
revealed by these assignments is the monotonous change of
the backbone 13C chemical shifts along the polyQ tract (Tables
S1 and S2); given the considerable disorder that characterizes
this segment, this could reflect electrostatic differences between
the two edges of the homopolymer. The ensuing chemical shift
information was used, in combination with SSP, PONDR, CS-
ROSETTA, TALOS+, and MD calculations, to extract insight
on the solution conformation of the N17Q17 structure. Despite
their different database trainings these multiple approaches
coincided in concluding that at low pH, the central region of
N17Q17 adopts a α-helical secondary structure characterized
by reduced internal backbone mobility. Calculations also agreed
that helicity disappears at neutral pH, leading to an enhanced
disorder. This change in conformation between low and neutral
pH likely derives from the influence of electrostatics on the Htt
structure. These factors are also likely involved in N17Q17’s
different aggregation behavior as a function of pH/structure.
While this fragment is very soluble at low pH, when it is
charged and helical, it becomes more disordered and
aggregation prone at neutral pH. This suggests that loss of
N17’s ordered nature leads to enhanced aggregation, perhaps
by promoting the availability of N17 to structurally cross-talk
with the polyQ chain (e.g., Figures 8b and S4) and with similar
residues in other peptides. This enhanced ability of a disordered
N17 fragment to probe an ensemble of aggregation
conformations, may also facilitate Htt’s amyloidogenic
propensities. This could also explain why chaperones or ligands
that bind and stabilize N17, such as chaperonins and Htt
intrabodies, prevent Htt aggregation.15,81 If further confirmed,
then these structural perspectives might shed new light into the
factors promoting amyloidogenic conformations, and open
possible therapeutic avenues.
Our results resonate with a recent study that investigated the

effect of a tetraleucine (LLLL) segment N-terminally flanking
the polyQ25 tract of the androgen receptor (AR), which is
linked to another polyQ expansion neurodegenerative disorder
called Kennedy’s disease.82 In this case, the flanking LLLL
increased the helical propensity of the polyQ and, consistent
with our conclusions, decreased its aggregation propensity. It is
striking that observations for two different polyQ-expanded,
disease-linked proteins, Huntingtin, and AR indicate that an
increased helical propensity in the polyQ decreases its proclivity
to aggregation. Furthermore, both studies show that sequences
flanking the polyQ influence its aggregating nature by
modulating its secondary structure. This points to a shared
structural principle linking polyQ dynamics and formation of
toxic aggregates, and highlights the potential of therapeutics
that target these flanking sequences to stabilize polyQ
helicity.15,81
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(7) Hecímovic,́ S.; Klepac, N.; Vlasǐc,́ J.; Vojta, A.; Janko, D.; Škarpa-
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