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ABSTRACT The first exon of Huntingtin—a protein with multiple biological functions whose misfolding is related to Huntington’s disease—modulates its localization, aggregation, and function within the cell. It is composed of a 17-amino-acid amphipathic segment (Htt17), an amyloidogenic segment of consecutive glutamines (QN), and a proline-rich segment. Htt17 is of
fundamental importance: it serves as a membrane anchor to control the localization of huntingtin, it modulates huntingtin’s function through posttranslational modifications, and it controls the self-assembly of the amyloidogenic QN segment into oligomers
and fibrils. Experimentally, the conformational ensemble of the Htt17 monomer, as well as the impact of the polyglutamine and
proline-rich segments, remains, however, mostly uncharacterized at the atomic level due to its intrinsic flexibility. Here, we unveil
the free-energy landscape of Htt17, Htt17Q17, and Htt17Q17P11 using Hamiltonian replica exchange combined with welltempered metadynamics. We characterize the free-energy landscape of these three fragments in terms of a few selected collective variables. Extensive simulations reveal that the free energy of Htt17 is dominated by a broad ensemble of configurations
that agree with solution NMR chemical shifts. Addition of Q17 at its carboxy-terminus reduces the extent of the main basin to
more extended configurations of Htt17 with lower helix propensity. Also, the aliphatic carbons of Q17 partially sequester the
nonpolar amino acids of Htt17. For its part, addition of Q17P11 shifts the overall landscape to a more extended and helical
Htt17 stabilized by interactions with Q17 and P11, which almost exclusively form a PPII-helix, as well as by intramolecular
H-bonds and salt bridges. Our characterization of Huntingtin’s amino-terminus provides insights into the structural origin of
its ability to oligomerize and interact with phospholipid bilayers, processes closely linked to the biological functions of this protein.

INTRODUCTION
Huntingtin is a large, ubiquitous protein of >3000 amino
acids (1,2). It is essential to embryonic development (3), interacts with many proteins through its 36 HEAT repeats
(4,5), and is involved in intracellular organelles and vesicular trafficking, (6) as well as transcription and axonal transport (7). The exon 1 of huntingtin—consisting of an
amphipathic sequence of 17 amino acids (Htt17), an amyloidogenic polyglutamine region (QN), and a segment of 36
amino acids rich in prolines—is closely linked to Huntingtin’s functions. This segment contains a nuclear export
sequence that controls the localization of huntingtin between the cytoplasm and the nucleus (8,9), it can undergo
posttranslational modifications affecting the localization
and function of huntingtin (10–14), and it is responsible
for the localization of huntingtin to the mitochondria and
the Golgi (15,16).
Over the past years, Huntingtin has attracted considerable
attention, as it is an amyloid protein associated with Huntington’s disease, an autosomal dominant genetic disorder
(17). Its assembly into amyloid fibrils is triggered in vivo
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by the expansion of the consecutive segment of glutamines
at its first exon above a specific threshold. This characteristic behavior, which is shared by at least 10 other proteins,
is termed the polyglutamine/CAG repeat disorder and is
associated with several disorders (18–20). More specifically
to Huntington’s disease, the huntingtin protein misfolds,
self-assembles, and mislocalizes in the cell when the QN
region has >36 repeats, causing deleterious effects by
gain- and loss-of-function through various nuclear and
extranuclear pathways (21–23). Huntingtin amino-terminus
fragments, which can be generated in vivo by proteolytic
cleavage, are found in postmortem brain tissue (24) and
are involved in the pathogenesis of Huntington’s disease
(25,26). The first exon, more precisely, is closely linked to
the cytotoxicity, as it is sufficient to cause Huntington’s
phenotype both in vivo (27,28) and in vitro (29–31). This
segment also controls the toxicity, localization, and clearance of mutant huntingtin through posttranslational modifications (10–14). It furthermore interacts with the TRiC
chaperonin mainly through its Htt17 segment suppressing
the misfolding and aggregation of huntingtin (32).
The neighboring regions of QN in the first exon are crucial
to control of its misfolding and amyloidogenesis (33). In
fact, the aggregation of full-length huntingtin exon 1 is
very similar to that of Htt17QNP10, showing the importance
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of the amino acids right next to QN (34). For instance, the
presence of the Htt17 segment accelerates the fibrillation kinetics of QN (35,36), whereas the PN segment decelerates it
(37,38). The nucleus size, as well as the overall aggregation
pathways of QN, is also strongly affected by the presence of
Htt17 (32,39–41). Some experimental results indicate that it
causes the aggregation to split into two main pathways in
direct kinetic competition: it proceeds either 1) through
the formation of a-helical tetrameric bundles of Htt17 that
increase the local concentration of QN, favoring the nucleation of b-sheeted structures in it, or 2) through an unfavorable nucleation in the monomeric QN (40). The Htt17
segment could also facilitate the formation and stability of
b-sheeted structures in QN by interacting directly with it
(32,42). A less direct role for Htt17 has also been suggested,
where it could destabilize nonfibrillar aggregates by
reducing the entanglement of QN (43), thus accelerating
the formation of fibrils (41).
Given the importance of Htt17, a characterization of its
conformational ensemble at the monomer level could shed
light on the atomistic features responsible for its aggregation.
Experiments suggest that Htt17 samples transient helical
configurations in aqueous solution, as circular dichroism
(CD) data indicate the presence of helical structures
(15,35,44,45), and as solution NMR suggests no stable secondary-structure motif (35). Due to its intrinsic flexibility
and the absence of a stable secondary-structure motif, the
Htt17 monomer yields too few NMR constraints in aqueous
solution to extract any viable three-dimensional structural
model (35). An x-ray model of the chimeric maltose-binding
protein-huntingtin exon 1 (MBP-Htt17Q17-Ex1) protein also
suggests that Htt17 can adopt helical structures, whereas the
QN region is mostly disordered and the P11 is a polyproline
type-II helix (46). A few notable simulations of Htt17 complemented these experimental results by describing, to
some extent, its conformational ensemble using 1) allatom, explicit-solvent simulated tempering molecular dynamics (47), 2) all-atom, implicit-solvent Monte Carlo
(44), or 3) all-atom, explicit-solvent bias-exchanged metadynamics (48) simulations. All agree that Htt17 samples a broad
ensemble of helix/coil structures. Other simulations were
aimed at characterizing the overall effect of increasing the
QN length in the context of huntingtin exon 1 (44,49,50).
The Htt17 is also crucial for the localization of huntingtin
in the cell, in part through direct membrane interactions
(15,16). More recently, the structure of Htt17 in the presence
of dodecylphosphocholine (DPC) micelles has been
resolved using solution NMR: it is an a-helix from residues
6 to 17, whereas the rest of the sequence is disordered and
highly flexible (45,51). Results from solid-state NMR (51)
and Hamiltonian replica-exchange (HREX) all-atom simulations (52) indicate that Htt17 is also an a-helix in the
context of a membrane bilayer. As the formation of a-helical structures in Htt17 before its binding seems to favor its
membrane partitioning (53), understanding the conformaBiophysical Journal 110(5) 1075–1088
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tional ensemble of Htt17 in aqueous solution could then unveil motifs beneficial to membrane binding. In the context of
exon 1, the effect of QN and P11 on the occurrence of such
motifs could explain their modulation of Htt17 binding affinity, as observed experimentally (54).
Focusing on the identification of Htt17’s structural features
at the origin of its oligomerization and membrane partitioning, we investigate the free-energy landscape of the
monomeric Htt17 using all-atom, explicit-solvent HREX
metadynamics (MetaD). Such a simulation protocol favors
correct sampling of the entire conformational space physically available to the protein. We also quantify the effect on
Htt17’s global free-energy landscape of adding the amyloidogenic QN region as well as the P11 segment. Overall, such
detailed information is necessary to rationalize the importance of Htt17 in addition to paving the way for the investigation of the oligomerization and membrane-binding processes
per se using such a similarly stringent simulation protocol.

MATERIALS AND METHODS
In this study, we use HREX and parallel tempering (PT) combined with
well-tempered MetaD (55–59) simulations to investigate the free-energy
landscape of the 17-amino-acid amino-terminus segment (Htt17) of the
Huntingtin protein in aqueous solution. We also quantify the impact on
Htt17’s free-energy landscape of adding the amyloidogenic polyglutamine
(Q17) and polyproline (P11) segments. The amino acid sequence of Htt17 is
MATLEKLMKAFESLKSF and an amidated carboxy-terminus is used for
all peptide constructs. All simulations are summarized in Table 1. We focus
on the HREXMetaD simulations in the main text, whereas the PTMetaD
simulations are presented in the Supporting Material.

Simulations protocols
Our molecular dynamics simulations are done with the Gromacs package
version 4.6.5 (60–63) combined with the PLUMED plug-in version 2.0.2
(64) to perform the well-tempered MetaD (56) and HREX (59) parts of
our simulations, as described below. We use the all-atom forcefield
AMBER99sb*-ILDN (65–67), as it offers helix/coil-balanced sampling
for the conformational ensemble of small and mostly disordered peptides
with transient a-helical structures (66,68), which is similar to Htt17 in
aqueous solution (15,35,44,45). It is also recognized as one of the best force
fields for studying protein folding (69–72). Our simulations are performed
in the NVT ensemble and the temperature is maintained by the BussiDonadio-Parrinello thermostat with a coupling constant of 0.1 ps (73).
The cutoff for van der Waals and short-range electrostatic interactions is
1.0 nm. Long-range electrostatics are computed using smooth particlemesh Ewald (74,75). Bond lengths and TIP3P water geometry are constrained using LINCS (76) and SETTLE (77), respectively, allowing an
integration time step of 2 fs. The center-of-mass motion is removed every
20 fs. Configurations are saved every 4 ps for analysis.
We use HREXMetaD to efficiently sample the conformational ensemble
and unveil the free-energy landscape of Htt17 in aqueous solution. This
method combines two sampling enhancing techniques, HREX (78,79)
and MetaD (55,56). MetaD introduces a history-dependent bias constructed
by adding gaussians in the energy space to previously visited states along a
set of specified collective variables (CVs). This increases the overall sampling at the same time as it reconstructs the free-energy landscape along
those CVs ð~
SÞ as the introduced history-dependent biased potential converges to
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Summary of the Performed Simulations

Simulations

Type

Htt17_nmr
Htt17_coil
Htt17Q17
Htt17Q17P11
Htt17_nmr_remd
Htt17_coil_remd
Htt17_grf
Htt17Q17P11_pro

Initial
Time per
Conformation Replica (ms) Time (ms)

HREXMetaD
NMR
HREXMetaD
coil
HREXMetaD
NMR/coil
HREXMetaD NMR/coil/coil
PTMetaD
NMR
PTMetaD
coil
HREXMetaD
NMR
HREXMetaD NMR/coil/coil

0.9  16
0.9  16
0.9  24
0.9  24
0.9  64
0.9  64
0.25  16
0.2  24

14.4
14.4
21.6
21.6
57.6
57.6
4
4.8

All simulations are done in the NVT ensemble in a rhombic dodecahedron
periodic cell (a ¼ 60+ ; b ¼ 90+ ; g ¼ 60+ ; a ¼ b ¼ c ¼ 5:35 nm and 3500
water molecules for Htt17, a ¼ b ¼ c ¼ 6:80 nm and 7000 water molecules
for Htt17Q17, and a ¼ b ¼ c ¼ 8:12 nm 10000 water molecules for
Htt17Q17P11). This set-up is sufficient to ensure that our system, which is
monomeric, interacts very little with its periodic image. Despite a formal
dilution of 3.5 mM, it is therefore largely equivalent to a highly diluted system, allowing comparison to NMR studies done at 40 mM concentrations.
We combined well-tempered MetaD to two other sampling enhancing
simulation types, HREX and PT. The simulations on Htt17 are started
from two different initial configurations, a fully random-coil structure
and its NMR model in the presence of DPC detergent micelles (PDB:
2LD2). The latter configuration is disordered from residues 1 to 5 and
an a-helix for the rest of the sequence (45,51). In the initial state of
the simulations on Htt17Q17 and Htt17Q17P11, Htt17 is taken as the
NMR model, whereas Q17 and P11 are completely disordered. We focus
on the HREX simulations in the main text, and we present the PT simulations in the Supporting Material. The last two simulations, Htt17_grf and
Htt17Q17P11 _pro, are tests on the validity of the potentials and are presented and discussed in the Supporting Material.

 


DT
F~
S þ C;
V ~
S; t/N ¼ 
T þ DT

(1)

where Vð~
S; tÞ is the biased potential, Fð~
SÞ is the free energy, T is the temperature, C is an irrelevant constant, and DT is a parameter that controls
the extent of barrier heights sampled in the well-tempered flavor of MetaD
(56). It is also possible, as we do in this study, to reconstruct the free-energy
landscape along any omitted CV given sufficient sampling (57,80). The
free-energy landscape is normalized so that all free energies are measured
with respect to the most stable structure for each simulation, which is set
at 0 kJ/mol.
For correct free-energy landscape reconstruction, all slow CVs need to be
considered, but the maximum number of CVs computationally accessible
for MetaD is ~2–3, which is clearly not enough to model protein folding
(81–83). One of the most efficient ways to avoid this limitation is to couple
MetaD with a replica-exchange scheme such as HREX, as this technique,
which is widely used to simulate protein folding on its own, increases the
probability of escaping free-energy minima by allowing exchanges between
simultaneous MD simulations at different Hamiltonians (59,78). Using
replica-exchange schemes such as HREX and PT together with MetaD allows correct sampling of other CVs not explicitly taken into account by the
time-dependent biased potential, as demonstrated for proteins with conformational ensembles similar to that of Htt17 (84–86).
For the MetaD part of our hybrid simulations, we use two CVs to bias the
a-helical character (Sa) and the radius of gyration (Sgyr) of the peptide:

 6
di
13 1 
X
d0
Sa ¼
 12
di
i¼0
1
d0

(2)

Sgyr ¼

i ¼ 0 jri  rCOM j
P17
i ¼ 0 mi

2

!
;

(3)

where the sum in Sa is over the 13 possible a-helix hydrogen-bond distances, di, between main-chain HN-O couples separated by four residues,
d0 is 0.3 nm, the sum in Sgyr is over all Ca atoms, ri and mi are the current
Ca coordinate and mass, respectively, and rCOM is the center-of-mass coordinate. Note that by construction maxðSa Þ ¼ 13, but the single a-helix has
Sa  12.0, as di is ~0.20–0.25 nm for a hydrogen bond. This choice of CVs
is motivated by the fact that the Htt17 peptide in aqueous solution has an
average a-helix probability of 10–55% according to circular dichroism
(CD) spectroscopy measurements (15,35,44,45), but no stable a-helix, as
determined by solution NMR experiments (35). The free-energy landscapes
of peptides with conformational ensembles similar to that of Htt17 were
also characterized using this set of CVs (84–86). During our simulations,
a new gaussian is added to the biased potential every 4 ps, with standard
deviations of 0.1 and 0.01 nm along Sa and Sgyr, respectively, and the initial
height of these gaussians is 0.5 kJ/mol. The bias factor of the well-tempered
scheme is set to 15.
The HREXMetaD simulations are performed at 303 K using 16 scales for
Htt17 and 24 scales for Htt17Q17 and Htt17Q17P11 spanning 1.0 to 0.3 with
intermediate scales specified by a geometric distribution. as previously
done (59). Exchanges between neighboring scales are attempted every
4 ps, resulting in an exchange rate of ~20–40%.

Simulated systems
All performed simulations are summarized in Table 1. The three investigated fragments of the huntingtin amino-terminus—Htt17, Htt17Q17, and
Htt17Q17P11—are simulated using HREXMetaD at 303 K. The P11 segment
corresponds to the first complete proline repeat sequence of the 36-aminoacid proline-rich segment connected to QN in huntingtin. Addition of both
Htt17 and P11 are sufficient to reproduce the main characteristics of the aggregation of Huntingtin’s first exon (34). The two initial states for Htt17 are
a random-coil structure and the solution NMR model (PDB: 2LD2) determined in the presence of DPC micelles (45,51). In this latter state, Htt17 is
an a-helix from residues 6 to 17 and disordered for the first five residues.
For Htt17Q17 and Htt17Q17P11, Htt17 is the NMR model and Q17
and P11 are disordered. Random-coil configurations are generated with
100 ns high-temperature (600 K) simulations starting from initially totally
extended structures.
Peptides are solvated in a rhombic dodecahedron periodic cell and
neutralized by the addition of two chloride ions. All systems are energy
minimized using the conjugate gradient algorithm and are equilibrated in
the NPT ensemble at 303 K for 5 ns, restraining the protein backbone atoms
to their initial positions using a harmonic potential. All replicas are further
independently equilibrated at their respective Hamiltonian scale in the NVT
ensemble for 10 ns.
Our analysis is performed using in-house GROMACS and PLUMED
utilities. The secondary structure is computed using STRIDE (87) and
chemical shifts using SPARTAþ (88) and Camshift (89). All computed
quantities are reweighted to remove the bias introduced during the MetaD
simulations, as previously described (80), using a python implementation
by Ludovico Sutto that is available to the PLUMED community. The free
energies are reweighted using a recently developed time-independent
free-energy estimator (80). GROMACS utilities are used to compute the
structural clusters using the gromos algorithm with a root mean-square deviation (RMSD) cutoff of 0.15 nm on the backbone atoms (g_cluster) (90),
the solvent-accessible surface area (SASA) of the nonpolar residues (g_sas)
(91), and the occurrence of H-bonds using a cutoff of 0.35 nm on the donoracceptor distance and of 30 on the hydrogen-donor-acceptor angle
(g_hbond). Salt bridges are considered when the distance between two
oppositely charged moieties is <0.4 nm (92).
Biophysical Journal 110(5) 1075–1088
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Errors correspond to one statistical standard deviation computed on the
converged interval with 20 ns subsets.

Convergence
We assess the convergence of our simulations using three quantitative
criteria, as shown in Fig. S1 for Htt17, Fig. S2 for Htt17Q17, and Fig. S3
for Htt17Q17P11. First, we track the evolution of the global uncertainty
on the free energy to identify the time at which it becomes small enough.
Second, we monitor the total free-energy bias added each 10 ns as a function of time to confirm that the added biases become small enough at some
time. Third, we compute the two-dimensional free-energy uncertainty landscape as a function of Sa and Sgyr on the time interval of convergence determined from the two previous criteria to confirm that the errors are located in
unimportant regions of the landscape.
We confirm that the choice of initial state does not impact our results on
Htt17, as described in detail in the Supporting Material. To do so, we
confirm that the convergence analysis and free-energy landscape generated
starting from the NMR model obtained in the presence of DPC micelles and
a random-coil state are very similar (compare Figs. S1 and S4). Moreover,
as described in detail in the Supporting Material, we ensure that our results
on Htt17 are mostly independent of the sampling method by comparing
HREXMetaD to PTMetaD, since the latter is the one most often used. Additional simulations probing the effect of a generalized-reaction field on
Htt17 (Htt17_grf) and the effect of the AMBER99sb*-ILDNP force field,
with revised proline parameters, on Htt17Q17P11 (Htt17Q17P11_pro) were
done using slightly modified parameters to accelerate the simulation; a
new gaussian is added to the potential every 1 ps (instead of 4 ps) and
the standard deviation of Srg was increased to 0.03 nm (instead of
0.01 nm). An in-depth discussion on these simulations can be found in
the Supporting Material.
In complement, we probe the quality of the sampling of our HREX simulations by monitoring the replicas visiting the first scale that is used in our
analysis, as well as the secondary-structure content as a function of the
scaling (Fig. S5). We find great diffusion in the replica space and a more
disordered peptide at larger scales.
Overall, our convergence evaluation indicates that the following analysis
time intervals are suitable: 400–900 ns for Htt17_nmr (Fig. S1); 500–900 ns
for Htt17Q17 (Fig. S2); and 500–900 ns for Htt17Q17P11 (Fig. S3). Thus, all
analyses presented are performed using these intervals.

RESULTS
Htt17
The two-dimensional free-energy surface (FES) of the Htt17
sequence in terms of the two biased CVs (Sa, number of helical H-bonds; Sgyr, gyration radius) for the Htt17_nmr
simulation is shown in Fig. 1. It is characterized by a single
large basin with the configurations below the 5 kJ/mol
isoline being bound by two to six helical H-bonds and a gyration radius between 0.6 and 0.8 nm. In this region, the
free-energy average is 4.8 kJ/mol and gradually rises to an
average of 9.1 kJ/mol as the number of helical H-bonds increases. These latter conformations are less collapsed than
those below the 5 kJ/mol isoline, as indicated by their larger
gyration radius.
The per-residue secondary structure of Htt17 is shown
in Fig. 2. We find that the first half of the peptide forms
an a-helix (residues 3–7, ~40–55%) more often than the second half (<35%). We also observe that residues 10–13 are
Biophysical Journal 110(5) 1075–1088
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very likely to form a turn, indicating a population of twohelix-bundle conformations. Overall, the peptide is mostly
unstructured, with only 29.3 5 0.7% a-helix probability,
in agreement with measurements from several CD experiments (15,35,44,45), and a negligible amount of b-sheet
and b-bridge totalizing 1.2 5 0.2%.
We also evaluate the presence of structural elements using
the secondary Ha chemical shift and nuclear Overhauser effect (NOE) signal sampled in our simulations (Fig. 3) to
compare with the solution NMR experiment of Wetzel and
co-workers (35). The secondary chemical shifts are in
very good agreement with the NMR measurements; except
for residues Lys9, Ala10, and Ser16, which are more
extended in our simulations. For the most part, the secondary chemical shifts are small and negative, indicating weak
helical features. The high HN(i)-HN(i þ 1) and low Ha(i)HN(i þ 2) NOE signals combined with small Ha(i)HN(i þ 3) NOE intensities indicate a global a-helix average
of ~30%, without any individual residue showing >55%
probability, which slightly overestimates the a-helical propensity but remains compatible with the NMR data (see
the Supporting Material for an in-depth discussion).
The main configurations sampled by Htt17 in basins
below the 5 kJ/mol isoline are depicted by their cluster’s
center in Fig. 1. In line with our previous analysis, the first
residues of the Htt17 peptide have a greater tendency to be
helical, whereas the last residues are mostly unstructured,
and the central part of Htt17 (residues 10–13) forms a turn
bringing the amino- and the carboxy-termini close to each
other (see clusters 1, 3, and 4). The nonpolar residues are
mainly accessible to the solvent This observation is
confirmed by the analysis of the two-dimensional FES as
a function of the SASA of Htt17’s nonpolar residues and
the number of helical H-bonds (Fig. S6).
The map of contacts between residues is indicative of the
mostly flexible and disordered tertiary structure of Htt17, as
most contacts are between neighboring residues (Fig. S7).
We observe, nevertheless, the presence of three electrostatic
contacts: Glu5–Lys9, Glu12–Lys9, and Glu12–Lys15, with
a probability of 50.3%, 42.3%, and 64.0%, respectively.
The formation of a stable salt bridge occurs less often, however, with a probability of 4.2 5 0.1%, 11.0 5 1.0% and
12.3 5 0.3%, respectively. We also note a long range
nonpolar contact between Met8 and Phe17 in 24.1% of
the sampled conformations that seems to be involved in
the formation of the turn between residues 10 and 13, as
well as in the destabilization of the secondary structure in
the second half of the peptide (see clusters 1 and 4 of Fig. 1).
Htt17Q17
We now investigate the changes induced on the FES of
Htt17 due to the addition of the Q17 segment at its carboxy-terminus. The two-dimensional FES of Htt17Q17 in
terms of Sa and Sgyr—only on the Htt17 region—is shown
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FIGURE 1 The free-energy landscapes of Htt17 (Htt17_nmr) (top left), Htt17Q17 (top right) and Htt17Q17P11 (bottom). The horizontal and vertical axes
represent the number of helical H-bonds (Sa) and the gyration radius (Sgyr), respectively. The number of helical H-bonds is computed on the first 13 residues
for Htt17 and the first 17 residues for Htt17Q17 and Htt17Q17P11 to include possible H-bond formation with the Q17 domain. The energy isolines are drawn
every 5 kJ/mol. The uncertainty on the free-energy landscapes of Htt17, Htt17Q17, and Htt17Q17P11 are shown in Figs. S1, S2, and S3, respectively. The
uncertainty is always <1 kJ/mol on the relevant parts of the landscapes. Also shown is the cluster analysis of the most representative conformations populating the FES below 5 kJ/mol and below 8 kJ/mol for Htt17Q17P11. The negatively charged, positively charged, nonpolar, and polar residues of Htt17 are
shown in blue, red, yellow, and green. The Q17 and the P11 segments are colored in green and orange, respectively. The backbone is colored in black, the
amino-terminus in pink, and the carboxy-terminus in teal. To see this figure in color, go online.

in Fig. 1. In the largest basin, we observe three distinct
minima characterized by a similar gyration radius around
0.8 nm, but with a different number of helical H-bonds
(either 0.0 or between 2.0 and 6.0). Addition of the Q17 region modifies key features of the FES of Htt17 as it becomes
more extended (more configurations having a larger gyration radius) and less structured (fewer configurations having
a large number of helical H-bonds), as shown in Fig. 1. More
precisely, the free energy of the conformations with a large
number of helical H-bonds significantly increases from an
average of 9.1 kJ/mol for Htt17 alone to 14.6 kJ/mol for
Htt17Q17.
In terms of secondary structure, we observe a significant
loss of helical propensity for residues 2–10, whereas that of
the remaining residues in Htt17 greatly increases upon addition of the Q17 segment (Fig. 2). Even though the Htt17
segment in Htt17Q17 has an overall a-helix probability

that is unchanged with respect to Htt17 alone (30.4 5
1.4% vs. 29.3 5 0.7%, respectively), the per-residue probability is very different: there is a significant amino- to carboxy-terminus shift of the helical probability that is directly
due to the presence of the Q17 as the a-helix in Htt17 continues up to the first six glutamines. The remaining part of
the Q17 is, however, mostly disordered. We also note the
presence of a turn between Glu5 and Leu7 (~40–45%).
The amount of b-structure is still negligible (except for
Leu4).
A cluster analysis of the structures characterized by a free
energy <kJ/mol deepens the atomistic insights (Fig. 1). The
first five clusters can be classified in three main categories:
1) no helical H-bond in Htt17 and a fully disordered Q17
(cluster 2); 2) two small a-helix fragments at both ends of
Htt17 and a disordered Q17 (clusters 4 and 5); and 3) an
a-helix spanning the last residues of Htt17 and the first
Biophysical Journal 110(5) 1075–1088
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FIGURE 3 (Top) The Ha secondary chemical shift per residue computed
with SPARTAþ (red) and CamShift (green) are compared to the NMR
measurements (black) on Htt17 in aqueous solution (35). The secondary
shifts are obtained by subtracting the corrected coil value specific to each
amino acid type from its Ha chemical shift (98). (Bottom) The computed
intensities of the interproton NOEs for all residues between the Ha of residue i and the HN of residues i, i þ 1, and i þ 2, as well as between the HN of
residues i and i þ 1, are compared to the equivalent NMR measurements on
Htt17 in aqueous solution (35). To see this figure in color, go online.
FIGURE 2 From top to bottom are the per-residue secondary structures
of Htt17 (Htt17_nmr), Htt17Q17, and Htt17Q17P11. The probability of
a-helix, 3-10 helix, b-bridge and b-strand, and turn/coil are shown in red,
black, brown, and blue, respectively. The vertical black dotted lines for
Htt17Q17 and Htt17Q17P11 indicate the end of the Htt17 segment (center)
and the ends of the Htt17 and Q17 segments (bottom). To see this figure
in color, go online.

glutamines of Q17 (clusters 1 and 3). In these clusters, the
Htt17 segment adopts a u-shaped topology with a turn
around Leu7 bringing its nonpolar residues close together,
as shown by Htt17Q17’s contact map (Fig. S7). More precisely, we identify long-range nonpolar contacts between
Leu4 and Phe17 (20.8%), Met8 and Phe17 (20.4%), and
Phe11 and Phe17 (29.1%) that form a nonpolar cluster,
which is further isolated from the solvent by the aliphatic
carbons of the glutamines (for example, see clusters 1 and
3 of Fig. 1). As in Htt17 alone, we observe electrostatic contacts/salt-bridges between Glu5 and Lys9 (44.5%/6.9 5
0.2%), Glu12 and Lys9 (51.1%/23 5 2%), and Glu12 and
Biophysical Journal 110(5) 1075–1088

Lys15 (48.9%/12.9 5 0.2%). The charged residues Glu5,
Lys6, Lys9, Glu12, and Lys15 of the Htt17 domain also
interact with the Q17 domain with a probability of 54.6%,
50.8%, 48.2%, 40.7%, 83.9%, respectively. For its part,
the glutamines aliphatic carbons of the Q17 segment interact
a lot with the nonpolar residues of the Htt17 segment. As a
consequence, the resulting nonpolar SASA decreases in
contrast to Htt17 alone (Fig. S6). We also note the presence
of several main-chain/side-chain and main-chain/mainchain interactions between Htt17 and Q17 (~30%, Fig. S7).
The FES of the Q17 region shows that it is mostly disordered and collapsed (Fig. S8). A cluster analysis of the configurations below 4 kJ/mol shows that the first glutamines
are a-helical, whereas the remaining region is disordered
independently of Htt17’s structure, which is an a-helix
either from residues Ser13 to Phe17 (clusters 1, 4, and 5)
or from residues Ala2 to Met8 (clusters 2). At high helical
H-bonds, we note the presence of a very narrow minimum
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characterized by an almost fully a-helical Q17, with Htt17
adopting the same structure up to residue Glu12.
Htt17Q17P11
We finally probe the effects of the addition of the Q17 and
P11 segments on the FES of Htt17. The two-dimensional
FES of Htt17Q17P11 in terms of Sa and Sgyr—only on the
Htt17 region—is shown in Fig. 1. The resulting FES unveils
a striking shift toward the a-helix, as the FES is characterized by a single minimum with a number of helical H-bonds
between 12 and 14 and a gyration radius between 0.75 and
0.85 nm. Most of the structures sampled by Htt17 alone or
Htt17Q17 are therefore less stable upon the addition of P11.
Analysis of the secondary structure indicates that the
Htt17 region adopts an a-helical conformation 70.9 5
1.6% of the time, a drastic increase compared to both
Htt17 (29.3 5 0.7%) and Htt17Q17 (30.4 5 1.4%)
(Fig. 2). The probability is notably high for residues 5–9
at >90%. The Q17 domain has 44.8 5 2.5% of a-helical
content, with the residues near Htt17 (glutamines 1, 2, and
6–10) having the largest probability, whereas glutamines 3
to 5 and those near P11 mostly form turn/coil structures.
Finally, the P11 domain almost exclusively forms a PPIIhelix characterized by F and J dihedral angles near 75
and 150 , respectively, according to an analysis of the
Ramachandran plot for every proline (data not shown).
The addition of P11 causes drastic changes in structure, as
it doubles the helical content of both Htt17 and the Q17
domain. We further quantify its effect from a cluster analysis on the structures found below 8 kJ/mol. In contrast
to the important structural diversity of Htt17 and Htt17Q17
in solution, Htt17 within Htt17Q17P11 has a strong tendency
to form an a-helix, as the first cluster is composed of >25%
of the sampled structures. The depicted conformation for the
first cluster shows the Q17 as a fully formed a-helix and
the P11 region extends away from Htt17 and Q17. We note
a clear separation between the polar and nonpolar residues
of Htt17. The former are interacting mostly with Q17, as
shown on the Htt17Q17P11 contact map (Fig. S7). More specifically, there are contacts between Glu5, Lys6, Lys9,
Glu12, and Lys15 of the Htt17 domain and the glutamines
with a probability of 25.0%, 21.0%, 61.1%, 57.6%, and
85.7%, respectively. Salt bridges are also present between
Lys9 and Glu12 (45 5 4%) and Lys15 and Glu12 (14 5
2%) stabilizing the Htt17 conformation. For its part, the
P11 domain interacts mostly with residues surrounding
Lys9 (33.5%), Ser13 (50.0%), Leu14 (24.0%), and Phe17
(48.8%), mostly via their side chains. As for the nonpolar
residues in Htt17, they are all located on the same side of
the peptide and fully accessible to the solvent, as shown
by a drastic increase of the nonpolar SASA when compared
to the Htt17 and Htt17Q17 peptides (Fig. S6).
The FES of Q17 unveils three minima with distinct
numbers of H-bonds (0, 2.5, and 7.5), as shown in Fig. S8.
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A cluster analysis of the structures found inside those regions
(below 4 kJ/mol) shows that the most important cluster of
the Q17 domain has an important helical propensity up to
the 10th glutamine and that the remaining glutamines are
mostly unstructured. The other clusters depict the Q17
domain as fully unstructured independent of Htt17’s structure, which is either a fully formed a-helix (clusters 2, 4,
and 5) or mostly unstructured (cluster 3).
DISCUSSION
Numerous experiments indicate that the Huntingtin aminoterminus is crucial for its biological functions. More specifically, the first 17-amino-acid segment (Htt17), which is
right before the amyloidogenic polyglutamine segment
(QN), is directly involved in the membrane interactions
and aggregation of Huntingtin. In this study, we quantify
the conformational ensemble of three fragments of Huntingtin amino-terminus—Htt17, Htt17Q17, and Htt17Q17P11—
in terms of FES, secondary structure, contact maps, and
clusters. Our results demonstrate the effects of Q17
and P11 on the conformational ensemble of Htt17, and taken
together with those of other studies, they provide insights on
motifs at the origin of Htt17’s membrane binding and
oligomerization.
Htt17 samples a wide variety of coil/helix
structures
Experiments using CD indicate that Htt17 has a helical population of ~10–55% in aqueous solution (15,35,44,45), but
solution NMR measurements show no stable structural
motif (35). Recently, results from ion-mobility-spectrometry-mass-spectrometry coupled to molecular dynamics
simulations suggest that Htt17 populates two kinds of
helical monomer with an a-helix from the amino-terminus
to residues Lys9–Ala10: 1) a compact structure characterized by an unstructured region between residues Phe11
and Phe17 that turns back on itself and brings the aminoand carboxy-termini closer to each other; and 2) an
extended structure characterized by a 3-10 helix spanning
residues Ala10 to Glu12 and where the carboxy-terminus region is extended away from Htt17 (93). Taken together,
these observations suggest that the structural ensemble of
Htt17 consists of a wide variety of flexible helix/coil
conformations.
Previous simulations of Htt17 suggest such a conformational ensemble (44,47,48). More precisely, simulated
tempering simulations with the AMBER03 force field and
explicit-solvent (TIP3P) show that the conformational
ensemble of Htt17 contains ~70% of diverse two-helix
bundles with a loop around Ala10, whereas the rest of the
ensemble populates a single straight helix or disordered
configurations (47). In this work, residues 3–6 have the
highest a-helix propensity and the sampled configurations
Biophysical Journal 110(5) 1075–1088

1082

are mostly stabilized either by charged interactions or
sequestration of the nonpolar residues. Other simulations
performed using Monte Carlo with the ABSINTH implicit-solvent force field show that Htt17 has an a-helix
probability of 34% and that it is mostly collapsed upon itself
to sequester its nonpolar residues (44). Bias-exchange
MetaD, for its part, unveiled the free-energy landscape
of Htt17 using explicit-solvent, all-atom simulations
(AMBER99/TIP3P) (48). In this work, Carloni et al.
observe that the free-energy landscape using six CVs is
mainly made of four basins and that the transitions from
one basin to the others occur on the microsecond timescale.
The resulting conformational ensemble of Htt17 is largely
disordered (75%) and helical (25%) with a global a-helix
probability of 29%, notably for residues 1–7. They also
note that the disordered configurations of the largest basin
have their nonpolar residues largely accessible to the
solvent.
This is in line with the trend depicted by our simulations
in terms of the free-energy landscape (Fig. 1) and the
secondary-structure propensity (Fig. 2). Our predicted secondary structure is characterized by a global a-helix probability of 29.3 5 0.7%, which is similar to the values
obtained in the aforementioned simulations—43% (47),
34% (44), and 29% (48)—and CD experiments—10%
(45), 34% (44), 45% (15), and 55% (35)—on Htt17 in
aqueous solution. Our results also indicate that residues
3–5 have the highest helix propensity (Fig. 2, ~40–50%),
in agreement with other simulation protocols (47,48).
Finally, we find that Htt17 forms various two-helix, single
helix, helix/coil, and coil conformations, as previously
observed (47,48,93). The probability of structured conformations is, however, lower in our simulations than in
(47), which might be due to AMBER03 slightly overstabilizing helical structures in helix/coil peptides when
compared to the AMBER99sb*-ILDN force field, as indicated by other studies (66,68).
In terms of tertiary structure, our simulations indicate that
Htt17’s nonpolar residues are mostly accessible to the solvent (Fig. S6), in agreement with previous bias-exchange
MetaD simulations (48). In addition, mainly short-range
contacts between neighboring residues are populated in
Htt17. Still, a nonpolar contact between Met8 and Phe17 occurs in 24.1% of the sampled structures. It could be crucial
in the formation of the turn between residues Ala10 and
Ser13, therefore leading to the destabilization of the second
half of Htt17.
Finally, we provide a detailed analysis indicating that the
structural ensemble sampled in our simulations is consistent with the only solution NMR experiment done on
Htt17 in an aqueous environment (35) in terms of secondary Ha chemical shifts and interproton NOE distances
(Fig. 3 and Supporting Material). We are thus confident
that our results yield relevant insights into the structural
ensemble of Htt17.
Biophysical Journal 110(5) 1075–1088
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Addition of Q17 reduces solvent accessibility for
Htt17’s nonpolar residues
Fluorescence-based resonance energy transfer experiments
indicate that Htt17 is in a collapsed state and that it becomes
more extended upon addition of the polyglutamine segment
(35). CD spectra suggest an increase of helix propensity
with the polyglutamine length, but it is unknown whether
this is due to the QN or Htt17 segments (39). Data from
x-ray crystallography on a chimeric protein containing Huntingtin exon 1 supplement this by indicating that an a-helix
in Htt17 can extend to the QN region (46). In both studies,
absence of b-sheet is observed. For their part, Monte Carlo
simulations using the implicit-solvent ABSINTH potential
show that addition of the QN domain disorders Htt17 in a
length-dependent manner, whereas the QN segment itself
remains disordered (44). Pappu et al. also find that the
nonpolar residues of Htt17 lie in the interdomain interface
between Htt17 and QN.
Our results complement these experiments by showing
that the QN region in Htt17Q17 is mostly disordered, but
that it can sample a-helices with a probability of 27.8 5
1.3%, particularly for the first glutamines (Fig. 2). The QN
region also induces an amino-to-carboxy-terminus shift of
the helical probability in the Htt17 region but leaves unchanged its global a-helical probability from 29.3 5
0.7% to 30.4 5 1.4%. In line with experimental results,
we find a negligible amount of b structure for both the
Htt17 and QN regions at the monomer level. We also find
that the aliphatic carbons of the QN domain interact directly
with the nonpolar residues of Htt17, dramatically reducing
their solvent accessibility (Figs. S6 and S7), in agreement
with previous simulations (44).
Overall, we observe that the QN region modifies the
conformational ensemble of Htt17 already at the monomer
level, which could have a direct impact on its aggregation
and membrane-binding affinities, as discussed next. This indicates that not only does Htt17 influence QN, as previously
determined experimentally, but that the opposite also occurs
and that the interplay between Htt17 and QN might be more
complex than previously thought. As demonstrated in the
Supporting Material, these results are replicated qualitatively using a different electrostatic scheme as well as a
newly proposed set of proline parameters; they are not,
therefore, an artifact of the simulation conditions.

Htt17 is more structured upon addition of Q17P11
CD measurements show that the addition of a P10 domain to
Htt17Q37 reduces the a-helix probability from >50% to
~30% (39). However, CD is unable to tell the localization
of these structural changes. Using a high-performance liquid
chromatography sedimentation assay, Wetzel et al. also reported that the aggregation of Htt17Q35 is quicker than
that for Htt17Q37P10, although the latter is still much faster
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than a QN domain of similar length alone. A ThT fluorescence kinetic profile monitoring the growth of the fibril
showed mostly no difference between Htt17Q30 and
Htt17Q30C38, where C38 is the full-length proline-rich region starting with P11, indicating that the aggregation mechanism is dominated by Htt17 (44). It is also found that C38
acts as a solubilizing module that weakens the driving force
toward the formation of insoluble aggregates. X-ray crystallography on a chimeric protein containing Huntingtin
exon 1 suggests that the Htt17 can populate a-helix configurations, whereas the QN region is mostly unstructured
except for the first glutamines, which can populate an
a-helix (46). The first prolines in the proline-rich region,
for their part, are characterized by a PPII-helix.
Only one set of simulations has been performed on
Htt17QNP11 to our knowledge (50). These all-atom replicaexchange molecular dynamics simulations with the FF03
force field and implicit solvent suggested that both Htt17
and QN adopt mostly a-helical conformations, whereas the
P11 forms a PPII-helix. In these simulations, the a-helical
content is especially large between residues 4 and 17 of
Htt17, and the P11 region lies antiparallel to the Htt17 region
when there are 17 glutamines in QN, but not when there are
55 glutamines (above the pathological threshold of 36
repeats).
In our simulation, the P11 domain stabilizes Htt17 as an
almost fully formed a-helix with >70% helical content.
The Q17 domain adopts an a-helix conformation 44.8 5
2.5% of the time. Our results differ from the secondary-structure signal from CD (39) and are surprising overall. Indeed,
the increase of the nonpolar SASA and the decreased number
of contacts between Htt17 and Q17 are two strong destabilizing factors present in our simulations. The difference with
experiment is perhaps due to the length of the QN domain
used; longer QN (as in the CD experiment) might mitigate
the stabilizing effects of P11. Another simulation protocol
shows a similar a-helical population in Htt17 in the context
of Htt17Q17P11, but significantly more a-helix in Q17 (50).
Ultimately, other simulation and experimental protocol will
be needed to unveil the origin of this dissimilarity.
Motifs relevant to membrane binding and
oligomerization
Htt17 is crucial to the localization of Huntingtin in the cell
(8–16) and adopts an a-helical conformation in the presence
of micelles, vesicles, and phospholipid membranes, as
shown by CD spectroscopy (15,45), solution NMR (45),
solid-state NMR (51) and HREX simulations (52). Solidstate NMR and HREX simulations also indicate that the
amphipathic plane of Htt17 is aligned parallel to the membrane surface with its nonpolar residues facing the hydrophobic core of the membrane. The presence of a-helical
structures in Htt17 before membrane binding has been
shown to ease its insertion into the membrane (53).
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Htt17 also drastically modifies the aggregation of the
amyloidogenic QN segment. Three main models have
been proposed to describe Htt17’s role in the aggregation
mechanism of Huntingtin: 1) the formation of tetrameric
a-helical bundles of Htt17, which increases the local concentration of QN, favoring the nucleation of b-sheeted structures in the latter region (39); 2) the reduction in the
entanglement of QN destabilizing the nonfibrillar aggregates
(41); and 3) the direct interaction between Htt17 and QN
favoring formation of extended structures in the latter region (32). Solid-state NMR indicates, for its part, that the
core of a Htt17Q30P10K2 amyloid fibril is formed by QN,
whereas Htt17 and P10 form an a-helix and a PPII-helix,
respectively (94,95).
The first aggregation model, more specifically, is based
on sedimentation velocity experiments that indicate that
Htt17 and Htt17Q10K2 are mostly monomeric in solution
with a low level of compact oligomers that correspond to,
in decreasing order of population, tetramer, octomer, dodecamer, and so on (39). The aggregation-enhancing property of Htt17 with respect to QN alone can be then
explained by the formation of reversible a-helical tetrameric
bundles via Htt17. Namely, these tetramers assemble into
higher-order oligomers that increase the local concentration
of the amyloidogenic QN segment, easing the nucleation of
the b-sheeted structures necessary to the formation of amyloid fibrils.
These previous investigations indicate common motifs in
Htt17—the formation of helical structures and the sequestration of its nonpolar residues—that are fundamental to
both its aggregation and membrane-binding enhancing
properties. We now discuss how our observations on the
Htt17, Htt17Q17, and Htt17Q17P11 monomers are related
to these models.
We observe in our simulations the presence of a-helical
conformations (29.3 5 0.7%) in Htt17. We also quantify,
more specifically, the presence of highly a-helical structures
in Htt17 by comparing the sampled ensemble in aqueous solution to its membrane-bound state. We compute the RMSD
with respect to the a-helical structure sampled in a POPC
bilayer (52) and reconstruct the two-dimensional FES of
Htt17 in terms of this RMSD and the number of helical
H-bonds (Fig. 4). We observe a broad basin between 1.0
and 7.5 helical H-bonds and 0.3 and 0.7 nm RMSD, corresponding to structures that are different from their membrane counterpart. The free energy gradually rises as the
structural similarity to the membrane state increases, indicating that a highly a-helical structure similar to the membrane-bound state is not stable in aqueous solution.
We note, nonetheless, that some configurations in the basin below the 4 kJ/mol isoline possess a motif that could
initiate the membrane binding and the formation of the
tetrameric a-helical bundle: the first residues of Htt17,
particularly between residues Thr3 and Lys6, can form an
a-helix (~50%; Fig. 2). The presence of such a motif has
Biophysical Journal 110(5) 1075–1088
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FIGURE 4 Comparison of the conformational ensemble of Htt17 to the membrane-bound state (52). (A–C) The FES of the Htt17 segment as a function of
the backbone RMSD measured between Htt17 in solution and the membrane-bound state (vertical axis) and the number of helical H-bonds (Sa, horizontal
axis) are shown along with the representative principal conformation clusters. The membrane-bound state is depicted in (D). The negatively charged, positively charged, nonpolar, and polar residues of Htt17 are shown in blue, red, yellow, and green. The Q17 and P11 segments are colored in green and orange,
respectively. The backbone is colored in black, the amino-terminus in pink, and the carboxy-terminus in teal. Energy isolines are drawn every 4 kJ/mol. To see
this figure in color, go online.

also been observed in other simulations (48). Moreover, our
results show that the nonpolar residues of Htt17, particularly
Met8, Phe11, and Phe17, are mostly accessible to the solvent (Fig. S6), which could promote the association of
Htt17 with other Htt17 segments and its anchoring to a
phospholipid membrane.
Upon addition of Q17, the population of a highly helical
Htt17 segment is significantly reduced (Fig. 2), moving
away from the membrane-bound state (Fig. 4). This is explained by the a-helix motif between residues 3 and 7 being
less stable than for Htt17 alone, even though a new a-helical
motif is formed starting at residue 15 in Htt17 and extending
to the first glutamines of Q17. This shift of the position of the
a-helical motif could result in a shift of Htt17QN’s primary
interaction site with phospholipid membranes and its nucleation site for the tetrameric bundle formation during
oligomerization.
We also observe that the nonpolar residues of Htt17 are
globally less exposed due to interactions with the aliphatic
Biophysical Journal 110(5) 1075–1088

carbons of the glutamines (Figs. S6 and S7). Together
with the a-helical shift, this could affect the aggregation
and membrane-binding pathways, as the QN region needs
to move away from the Htt17 region to free the nonpolar residues for these events to proceed. This might be one of the
rate-limiting steps for the tetrameric bundle formation, as
intrapeptide Htt17-QN interactions need to be dominated
by interpeptide interactions between Htt17 and QN or QN
and QN during dimerization. Previous simulations indeed
indicate that QN-QN interactions dominate in the dimer (44).
Our results also suggest that the stability of Htt17 in a
fully formed a-helix state drastically increases with the
addition of the Q17P11 domain (Figs. 1 and 2). This results
in an important population of membrane-bound-like states
characterized by an RMSD <0.1 nm (Fig. 4) and a high solvent accessibility for the nonpolar residues of Htt17
(Fig. S6). Both the a-helical character and the nonpolar residue accessibility of Htt17 due to the combined addition of
QN and P11 could promote membrane binding, as observed
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experimentally (54) and numerically (96), as well as the formation of an Htt17 tetrameric bundle.
A priori, this observation from our simulation on the P11
role seems to contradict previous experiments. In some
studies, the addition of a P10 domain decreases the rate of
formation and the stability of amyloid-like aggregates, leaving the nucleation mechanism unchanged compared to the
QN domain alone (37). P10 would therefore stabilize conformations incompatible with aggregation. Other studies show,
however, that the proline-rich segment C38—starting with
P11 and located at the carboxy-terminus of QN—increases
the overall solubility of Htt17QNC38, weakening the driving
force toward the formation of insoluble aggregates but preserving a rate of fibril formation similar to that of Htt17QN
(41). Consequently, the formation of structural features that
could favor the aggregation of Htt17 in our simulations
might not be sufficient to enhance the overall oligomerization. The slowing effect of P11 could then occur later in
the aggregation process or be caused by another phenomenon, such as induced structural changes in the QN domain.
In that regard, our simulations on the monomer indicate
that the structural flexibility of QN is reduced by the incorporation of P11 (Fig. S8).
Other models have been proposed for huntingtin aggregation. In the first one, both Htt17 and C38—the proline-rich
segment starting with P11 and located at the carboxy-terminus of QN—modulate the aggregation of QN by controlling
the intrinsic structural heterogeneity of this amyloidogenic
segment (41). Such a model is corroborated by dynamic
light scattering experiments done on a polyglutamine
domain fused to a heterotetrameric coiled-coil system that
show that even a disordered N-terminal can facilite the
structuring of the polyQ domain (97). Fibrillation is promoted by Htt17 destabilizing the intermediate nonfibrillar
structures and P11 destabilizing the intermediate insoluble
aggregates. The role for Htt17 was unveiled using Monte
Carlo (44) and mesoscopic (43) simulations that investigated the dimerization and large-scale aggregation, respectively, of Htt17QN. The Htt17 segment would then reduce
the entanglement within the QN segment and introduces a
barrier to intermolecular associations that brings the formation of small spherical structures (soluble oligomers) and
large linear aggregates (insoluble fibrils) on a similar timescale. In the second model, the amyloidogenic QN segment
would interact directly with Htt17 to promote fibrillation
through the formation of extended motifs in QN (32).
The relations between our simulations and these models
remain, nevertheless, more limited, as we have focused our
investigation on the Htt17 segment and do not have a
simulation on the QN segment alone. We observe, nonetheless, that Q17 in the presence of Htt17 adopts a variety of
structures that are mostly disordered (Fig. S8). It also interacts directly with Htt17 (Fig. S7), as previously suggested experimentally (32). Addition of P11 leads to a
more compact Q17 region that interacts much more with
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itself, and this could reduce entanglement during
oligomerization.
CONCLUSIONS
We studied three fragments of the amino-terminus of Huntingtin—Htt17, Htt17Q17, and Htt17Q17P11—with special
consideration of the first 17-amino-acid segment (Htt17)
that is crucial for its oligomerization and membrane binding. We applied, to our knowledge, a novel combination
of two sampling enhancing techniques—HREX and welltempered MetaD (HREXMetaD)—to have a thorough understanding of the modifications on Htt17’s structural
ensemble due to the addition of the amyloidogenic QN
segment and the polyproline segment (P11).
We find that the structural ensemble of Htt17 is characterized by a wide variety of helix/coil conformations. The
addition of the Q17 domain results in an amino-to-carboxy-terminus shift of the helical content and it decreases
the solvent accessibility of Htt17’s nonpolar residues by interacting directly with it. The addition of both Q17 and P11
drastically changes the structural ensemble of Htt17 toward
more structured conformations with more exposed nonpolar
surfaces.
Careful comparison with experimental aggregation and
membrane-binding models reveals that Htt17 possesses
crucial features essential to these processes whether alone
or combined with Q17 or Q17P11. We find that the position
and the type of motifs are very different depending on the
adjacent sequences to Htt17, showing that all these neighboring regions strongly impact each other already at the
monomer level.
Our results also provide a strong basis for further study of
more complex situations, such as Htt17QNP11 oligomerization and membrane binding using a similar simulation protocol (HREXMetaD). We find that this, to our knowledge,
novel protocol offers good sampling at a moderate computational cost and scales very well with the number of particles, as it is essentially size independent.
SUPPORTING MATERIAL
Supporting Materials and Methods and thirteen figures are available at
http://www.biophysj.org/biophysj/supplemental/S0006-3495(16)00090-4.
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