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ABSTRACT: Huntington’s disease is a neurodegenerative disorder resulting from
an expanded polyglutamine (polyQ) repeat of the Huntingtin (Htt) protein.
Affected tissues often contain aggregates of the N-terminal Htt exon 1 (Htt-Ex1)
fragment. The N-terminal N17 domain proximal to the polyQ tract is key to
enhance aggregation and modulate Htt toxicity. Htt-Ex1 is intrinsically disordered,
yet it has been postulated that under physiological conditions membranes induce
the N17 to adopt an α-helical structure, which then plays a key role in regulating
Htt protein aggregation. The present study leverages the recently available
assignment of NMR peaks in an N17Q17 construct, in order to provide a look into
the changes occurring in vitro upon exposing this fragment to various brain extract
fragments as well as to synthetic bilayers. Residue-specific changes were observed
by 3D HNCO NMR, whose nature was further clarified with ancillary CD and
aggregation studies, as well as with molecular dynamic calculations. From this
combination of measurements and computations, a unified picture emerges, whereby transient structures consisting of α-helices
spanning a fraction of the N17 residues form during N17Q17−membrane interactions. These interactions are fairly dynamic,
but they qualitatively mimic more rigid variants that have been discussed in the literature. The nature of these interactions and
their potential influence on the aggregation process of these kinds of constructs under physiological conditions are briefly
assessed.

KEYWORDS: Huntingtin, NMR spectroscopy, N17Q17 Htt-terminus, membrane-N17Q17 interactions,
transient α-helical structures, Exon-1 folding landscape

■ INTRODUCTION

Huntington’s disease (HD) is an inherited neurodegenerative
condition characterized by chorea, behavioral abnormalities,
and brain atrophy.1,2 HD is marked by the accumulation of
amyloid aggregates in the brain,3 consisting of a mutated form
of the protein Huntingtin (Htt). Htt is a ubiquitously
expressed, 350 kDa protein whose function is not fully
understood, but which is known to be implicated in
transcription regulation, vesicular transport, and neurogene-
sis.4−8 The Htt mutation leading to HD involves an extended
polyglutamine (“polyQ”) tract in the first exon of the protein,9

whose length is correlated with Htt’s aggregation propensity in
vitro and in vivo, as well as with the severity of the disease.10

PolyQ length in unaffected individuals ranges between 6 and
17, yet exceeding a threshold of 37 glutamine residues leads to
clinical pathogenicity. Strikingly, this Q-length is also a
threshold for aggregation in vitro,10 highlighting the corre-
spondence between Htt’s in vitro and in vivo aggregation and
toxicity. In affected neurons, HD aggregates are primarily
formed by a truncated N-terminal form of Htt, often
comprising only the first exon of Htt, which contains the
polyQ tract.11−14 Studies of this exon1 fragment of Htt (Htt-

Ex1) have proven relevant to disease phenotypes, as it appears
that Htt-Ex1 actually accumulates in affected neurons and
becomes a major component of the neuronal aggregates.
Htt-Ex1’s polyQ tract is flanked by a short N-terminal

domain, called N17, and a short C-terminal proline-rich tract
(Figure 1). Recent studies have highlighted the important
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Figure 1. Domain structure of Htt-Ex1 illustrated for N17Q17. N17,
N-terminal domain; polyQ, poly-Gln tract; P, Pro-rich region with six
proline residues; C, short C-terminal linker region and hexahistidine
tag. N17 sequence properties: gold, hydrophobic; red, negatively
charged; blue, positively charged; green, polar Ser/Thr. In the present
study, the construct included 17 glutamine residues, in order to
temper the aggregation process and the NMR peak overcrowding
arising for longer polyQs.
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contribution of these flanking domains to Htt’s conformation,
aggregation, and toxicity. In particular, many studies have
noted the pivotal role that the so-called N17 domain, the N-
terminal first 17 residues, has in promoting Htt’s aggrega-
tion.15−21 N17 not only promotes formation of early stage
intermediates that rapidly enhance the rate of Htt aggregation,
but is also a site of interaction with cellular factors that
modulate Htt’s aggregation and toxicity.14,22,23 These include
post-translational modification factors14,22,23 such as phosphor-
ylation22,24 and SUMOylation,25 as well as the chaperone
TRiC/CCT,18 and possibly Hsp70.26 The mechanism by
which N17 regulates Htt conformation, cellular interactions
and overall function has remained elusive, and therefore
remains a topic of active investigation. Htt-Ex1 is itself largely
unstructured, but it aggregates with a structured beta spine
conformation akin to those arising in other amyloid diseases.3

Solid-state NMR studies of an N-terminal fragment of Htt
showed that N17 is helical in amyloid fibrils;16,27−31 solid state
NMR and biochemical studies have suggested that there may
be distinct polyQ folding motifs, proximate in space.38,39 Still,
it is increasingly suspected that these amyloid aggregates have a
protective, rather than toxic function.32 In cultures of neuronal
cells, formation of Htt-inclusion bodies lowers the risk of
death, suggesting that the inclusion body itself is protective,32

or that only certain types of inclusions are toxic.33,34

Furthermore, an HD mouse model forms many inclusion
bodies but exhibits no neuronal dysfunction.35 This has led to
the idea that other aberrant species are linked to neuronal
toxicity, including monomeric or oligomeric polyQ-expanded
Htt species.36−38 These so-called prefibrillar intermediates
have been the subject of extensive studies,36−38 yet under-
standing the nature of these soluble Htt species and how they
contribute to pathological mechanisms has remained challeng-
ing, largely due to their transient and dynamic nature, that has
made these fragments refractory to conventional structural
biology approaches.
High-resolution NMR could be highly informative to

unravel the nature of these monomeric and oligomeric
fragments, yet such studies are challenging. A recent
communication demonstrated their usefulness in a short
polyQ construct, by analyzing changes observed in its CEST
NMR and EPR spectra upon titrating it with lipids in ca. 1:2
ratios.39 Obtaining the assignments required for a compre-
hensive solution NMR investigation of longer polyQ
constructs requires dealing with a large number of very similar
residues present in the homopolymeric polyQ segment, and
with a high degree of mobility and disorder which reduces the
chemical shift dispersion of the N-terminal fragment, and
broadens the spectral lines of the amide protons by exposing
them to a rapid exchange with water. We recently managed to
overcome these challenges for a Htt-Ex1 variant containing
N17; a Q17 polyQ tract; a short region of six prolines,
followed by a His6 purification tag (herein Htt N17Q17). For
this domain, which produces fibrillar Thio-T-positive aggre-
gates at 100 μM and can seed aggregation of Htt-Ex1-Q50, the
methodological NMR difficulties mentioned above could be
alleviated by (i) using suitable pH and temperature ranges to
slow down hydrogen exchange, and (ii) relying on a portfolio
of high-field 3D, 4D, and 5D NMR experiments capable of
separating even very closely spaced resonances. Using such
strategies we succeeded in assigning the non-proline backbone
13C and 15N and several side-chain 13C resonances, for the 49-
residue Htt N17Q17.40 This atomic level information is here

leveraged to explore how this construct interacts with cellular
and cellular-like components. Toward this end, NMR spectra
were titrated with different fractions arising from brain extracts,
revealing site-specific changes when the titrations involved
membrane-containing components. To further clarify the
meaning of these changes, experiments were repeated upon
titration with small unilamellar vesicles (SUVs) mimicking
large membrane components; the site-specific changes were
then qualitatively recapitulated, even if at much lower
membrane/Htt ratios. The driving force of these site-specific
changes was sought utilizing biochemical assays, and further
clarified utilizing computational (MD) simulations. The latter
suggested that the fully disordered N17Q17 forms transient α-
helical structures throughout parts of the polypeptide, in
agreement with previously conducted computations on the
N17 fragment and with the 3D HNCO data that we observe.
The consequences that these integrated computational and
experimental approaches provide on the interplay between the
transient conformations that N17Q17 will adopt in the
presence of brain components and the propensity of Htt to
form aggregates, are briefly discussed.

■ RESULTS AND DISCUSSION

Solution NMR Evidence of Residue-Specific Inter-
actions with Membrane-Containing Environments.
Since Htt exerts its deleterious effects in neuronal tissues, we
sought to characterize cellular interactions of Htt, by
incubation of N17Q17 with mouse brain extract (BE). The
most evident change observed upon titrating N17Q17 with BE
is the disappearance of certain peaks in the corresponding
NMR spectra. Figure 2 illustrates this with representative 2D
projections (13C/15N, 13C/1H, 1H/15N) taken out of a series of
BEST-HNCO 3D data sets recorded for increasing concen-

Figure 2. Superimposed projections (partial regions) arising from a
series of 3D HNCO spectra collected on a N17Q17 fragment, as a
function of different concentrations of brain extract (BE) externally
added to the peptide solution. Indicated with an asterisk is a
resonance arising from the BE itself. All measurements were
performed at 20 °C and pH 7.2 on a 180 μM protein solution, on
a cryoprobe-equipped 800 MHz NMR spectrometer.
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trations of unfractionated BE. Notice that the changes in
chemical shifts are relatively minor, yet the differential changes
in line widths (and thereby in peak intensities) are easily
observable. Similar resonance/residue-specific changes, notice-
able in the intensities but weak in chemical shift displacements,
are also observed in 2D 13C/1H HSQC BE titration
experiments when focusing on the side chain resonances
(Supporting Information Figure S1). In order to better
appreciate these changes, Figure 3A illustrates how the

normalized 3D peak volumes that each of the backbone
amide peaks exhibits, varies as a function of increasing BE
concentration. Notice that this graph only describes the
changes for the N17Q17 residues that can be unambiguously
identified under neutral pH and 10 °C; notice as well that peak
intensities in these (and throughout the remaining) titrations
were normalized to a common scale using an external reference
(13C/15N-urea) whose HNCO peak intensity was found
indifferent to the titrants. We ascribe the progressive
disappearance of the Htt peaks that these results evidence to
the peptide’s binding to large macromolecular components
present in the BEs. The slow rotational tumbling of such
macromolecular binding would be associated with a pro-
gressive line broadening of the peptide peaks, which would
make these increasingly difficult to detect by the HNCO 3D
acquisitions. It is interesting to contrast this behavior with that
observed when exposing N17Q17 to PEG, a commonly used
crowding agent. Also the addition of this macromolecule
promotes a decrease in the Htt peak intensity (Figure 3B), but
suitable renormalization makes it clear that the decrease is not
residue specific, but rather affects the correlation tumbling time
of the peptide as a whole. It is also interesting to contrast this
behavior to that observed by NMR for shorter N17-polyQ
constructs when titrated with lipid-based micellar nano-
particles, where much smaller signal intensity changes are
seen for the peptides, even at considerably higher lipid/peptide
ratios.39 To further clarify the origin of the changes observed
upon titrating Htt with BEs, the latter were fractionated
through sequential centrifugation steps into a number of
components−ranging from large membranes and organelles to

soluble protein solutions. 3D HNCO experiments performed
upon titrating Htt with various amounts of these fractions
showed that, apart from an overall increased affinity for the
larger cellular components, qualitatively similar spectra were
obtained in the presence or absence of the soluble protein
components (see Figure S2 for a summary of these results).
The membrane-rich fractions led to the disappearance of
specific residues, in a behavior reminiscent of that seen upon
titrating with intact BEs. By contrast, experiments performed in
buffer solutions led to minor, attenuations in signal. In view of
this, titrations were repeated using membrane-like structures;
these were mimicked by relying on SUVs,41 vesicles that could
then serve to assess Htt-membrane interactions at precisely
known micellar/protein ratios. As in the BE case, addition of
SUV led to negligible changes in the peak positions (Δδ ≈
0.06 ppm for 1Hs; Δδ ≈ 0.6 ppm for 13C or 15N). Instead,
SUVs led to dramatic and concentration-dependent decreases
in the residues’ peak intensities even at ppb w/w
concentrations. Figure 3C illustrates representative results of
these titration experiments. Clearly, as in the case of the BE
titrations, the effects of the SUVs are not uniform, and affect
certain residues more strongly than others. To a large extent
these changes are akin to those reported on the binding of
another intrinsically disordered neurodegeneration-linked
protein to SUVs.42

In an effort to place this binding specificity in a framework
affording a more quantitative measure of each residue’s binding
affinity, we assayed to represent it as a simple association
whereby numerous peptide residues can interact with the
larger SUV particle. Thus, the binding of a particular peptide
residue P to the macromolecular (e.g., SUV) substrate S, was
represented by an equilibrium

nP S P Sn ⇔ + (1a)

which will be defined by a dissociation constant
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where Kd reflects the ratio between the concentration of the
various species, [S]0 and [P]0 are the (known within a scaling
constant) initial concentration of SUV and protein added, and
[P] is the concentration of free residue, which can be estimated
from the relative NMR peak intensity under the assumption
that the bound “PnS” species will be invisible in the NMR due
to the large sizes of the SUVs. Although eq 1 should provide a
description of a residue’s relative binding affinity vis-a-̀vis, the
affinities of other residues in the construct, no fitting algorithm
provided reasonable parameters for the Kd and n values,
neither for the BE nor for the SUV titration experiments. That
this will be the case for the latter can be appreciated by the fact
that, although extremely low [SUV] concentrations suffice to
affect substantially most residues’ signals, these concentrations
need to be increased by orders of magnitude, in order to effect
further changes. This inconsistency probably means a change
in the nature of the binding with increasing SUV
concentration; for instance a change from an SUV-catalyzed
but Htt/Htt-dominated binding interaction, to an SUV/Htt-

Figure 3. Changes in the relative peak intensity ratios identified for
different N17Q17 residues in HNCO experiments, when titrated by
(A) raw brain extracts, (B) PEG, a crowding mimicking agent, and
(C) small unilamellar vesicles, mimicking a membrane environment.
All measurements were done at 10 °C and pH 7.2 using urea as
internal standard added for the sake of uniform quantitation.
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dominated binding interaction. Alternatively, the log-like
nature of the changes observed could reflect the elimination
of distortions in the SUV structure as its ratio to the protein
concentration increases. Still, given the clear message of site
specificity being conveyed by the NMR, we decided to
qualitatively describe the binding affinity of Htt’s residues by
describing, for each residue observed in these titrations, the
[SUV] or [BE] required to bring the intensity of its NMR peak
down by 50%. The results of such fits are summarized in
Figure 4. Notice that although the quantitative values

associated with each residue do not necessarily reflect a well-
defined dissociation process like that given in eq 1, nor one
whose thermodynamic parameters can be univocally defined,
they serve to highlight the residue-by-residue specificity of the
Htt binding vis-a-̀vis the two titrating entities. Interesting and
important to note then are the parallelisms observed for the
behaviors of the various residues, particularly the faster
attenuation experienced by residues in the edge of the N17
fragment, in both sets of titration experiments.
The Influence of SUVs on Htt’s Secondary Structure

and Aggregation Propensity. As complement to these
NMR studies, we tested the impact of the SUVs on the
aggregation propensity and the secondary structure displayed
by the N17Q17. Htt aggregation kinetics were measured by
ThioflavinT (ThT; Figure 5A).21 Addition of SUVs in the
concentration range observed to fully bind N17Q17 by NMR
had a negligible effect on the kinetics of aggregation and, if
anything, it slightly retarded formation of ThT-binding species.
Similar results were observed using a pathogenic length Htt-
Exon1 with a Q51 tract (Figure S5). Circular dichroism
analyses of N17Q17 were consistent with a molten globule
structure. Analysis of the N17Q17 CD spectra in the absence
of SUVs with the K2D3 neural network analysis algorithm
indicated an ∼5% helical and ∼20% β-sheet content with 75%
disorder. Addition of SUVs followed by immediate analysis
produced a slight but clear alteration in secondary structure
(Figure 5B). Compared to Htt in buffer, addition of the SUVs
increases in helical content as measured by changes in elipticity
at 222 nm (Figure 5C) and by analysis with the K2D3
algorithm (Figure 5D).43 These changes are time dependent,
and over the course of hours evidence a decrease in α−helicity;
presumably reflecting the onset of Htt oligomerization (Figure
S7).
MD Sheds Light on the Experimental Changes

Observed upon Titrating N17Q17 with Bilayers. In a
recent study, the chemical shift values arising from a variety of
multidimensional NMR experiments were used in order to

derive structural information regarding the N17Q17 construct
used in this study. Computation predictors applied to that data
coincided in concluding that at low pH, a central region
(Ala10-Gln22) of the construct possesses a significant α-helical
secondary structure propensity. However, this feature dis-
appears for the neutral pH environments used in the present
study. Furthermore, while the titrations in Figures 3 and 4
significantly changed the intensities of backbone resonances,
barely any changes in the backbone’s (or for that matter in the
side chain’s) chemical shifts were noticed along any of the
interrogated dimensions. Hence one can conclude that, despite
the residue specificity highlighted in the previous paragraph,
exposing N17Q17 to membranes or to membrane-containing
BEs introduces at most a subtle change in the otherwise largely
disordered structure adopted by the protein in solution−at
least judging by the “free” fraction [P] that is detectable by
NMR. This analysis is fully consistent with the CD
measurements just presented. Yet it is also clear that, unlike
the situation observed in titrations with PEG, there is a residue
specific change triggered by the addition of BEs and SUVs to
Htt N17Q17. While CD measurements suggest a slight
increase in α-helical content, these measurements cannot
provide detailed structural insight into this change. In order to
investigate what is the structural meaning of this specificity, a
series of independent MD calculations were carried out. We
refer to these as “independent” calculations to reflect the fact
that no residue-specific information arising from the NMR data
was used as input or constraint for these simulations. Instead,
the sole input extracted from these experiments and utilized in
order to guide the MD calculations, was the global observation
that NMR detected a site-specific, discriminating and attractive
interaction between the zwitterionic surfaces exposed by SUVs
and the Htt peptide. Discriminating, in the sense that it did not
erase the NMR signatures of all residues simultaneously; and
attractive, in the sense that the binding of the peptide to the

Figure 4. Color-coded residue dependence of binding interactions
with (A) SUV and (B) brain extracts, as derived from an analysis of
the HNCO NMR titrations as described in the text. Grayed residues
correspond to unassigned backbone positions.

Figure 5. Effect of SUVs on N17Q17 aggregation kinetics and
secondary structure. (A) Normalized aggregation kinetics of 20 μM
N17Q17 measured using ThT fluorescence in the absence or
presence of the indicated SUV concentrations (%w/w). (B) CD
spectra recorded for 20 μM N17Q17 in the absence or presence of
the indicated concentrations of SUVs. Baseline readings of Buffer
−/+0.01% SUV also shown. (C) Impact of SUVs on the MRE values
at 222 nm of the N17Q17 CD spectra. (D) Helicity for N17Q17 in
the absence or presence of SUVs calculated using the K2D3 algorithm
for CD-based predictions of secondary structure.
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slowly tumbling membrane-like structures, did eventually
impart on the former the particles’ long correlation time.
Furthermore, these simulations were designed to provide a
qualitative microscopic insight on the changes evidenced by
the NMR spectra, and hence its membranes were modeled for
simplicity as beads based on Ar atoms. Also assumed in these
MD simulations (see Methods for further details) were: (i)
ROSETTA-derived initial peptide conformations according to
what we had previously observed for N17Q17 at neutral pH;
(ii) water molecules; (iii) membranes that were mimicked by
two flat, extended square surfaces: an upper one that although
neutral overall possesses alternating fractional charges centered
at periodic lattice sites; and a lower one that is fully neutral and
mimicked the membrane’s hydrophobic core. Under these
conditions the MD runs revealed, after consistent runs
converging in about 300 ns, that moderate attractive
interactions between the peptide and membrane could be
observed when the latter was endowed with small (<0.1)
fractional charges: larger charge values would reflect in an
immediate collapse of the peptide onto the synthetic
membrane surface, whereas if fully neutral, membranes actually
repulsed the Htt peptide. The rationale for considering small,
alternating fractional charges reflects the possibility that the
polar heads in the vesicles seeking to interact with the Htt, be
shielded by counterions present in the medium. This guided
our choice for the upper, zwitterionic lattice layer onto a ...
−0.05/0/+0.05/0/−0.05... alternation. With this choice, a
clearly very dynamic picture of the peptide-membrane
interaction emerged; Videos S1 and S2 give an idea of this
for initial N17Q17 structures in the presence and absence of a
membrane. As these runs also evidence, a significant helicity
repeatedly emerges between residues 3−10 of the peptide.
Figure 6A illustrates this with 3 prototypical structures arising
upon averaging simulations over 300 ns assuming different
initial conditions; Figure 6B further describes this with the
average helicity of each residue in the polypeptide. Despite the
qualitative nature of these simulations, energy-based consid-
erations (Figure 6C) reveal that these structures arise due to
interactions between the weakly charged membrane and
certain charged and neutral residues partaking of the peptide
N17 fragment, particularly Met1, Leu4, Leu7, Met8, Phe11, and
Leu14; a significant interaction is also measured close to the His
tag for Leu41. This is in accordance with our CD measurements
as well as with previous theoretical and experimental
reports,44,45 which give evidence of a helical region emerging
in Htt interacting with membranes as a result of N17’s
amphipathic nature. As shown by the structures in Figure 6,
the membrane-facing side of this helix is mostly formed by
hydrophobic residues, while charged residues (Glu5, Lys6, Lys9,
Glu12, Lys15) form the helix’s opposite side. These analyses also
reveal substantial conformational dynamics remaining in the
residue; however, this is much reduced over what the same
simulations predict for the peptide in absence of the
membrane. This is summarized in Figure 6D, which indicate
that helical N17 conformations span more residues and are
formed more rapidly when the peptide interacts with
membranes. These membrane-less predictions are also in
agreement with those described by Zhang et al. for the isolated
N17 peptide.45

■ CONCLUSIONS
Ex1’s N17 fragment can deeply affect and modulate the
aggregation propensity of the proximal polyQ tract.18,19,21,46

The intrinsically disordered nature of N17 in physiological
solutions, however, raises questions regarding the structural
mechanism underlying this modulation. The conditions in the
cell could affect this process through interactions with cellular
components. Given the interactions that have been docu-
mented between Htt-Ex1 N-terminal domain and vesicles, the
endoplasmic reticulum (ER) and mitochondria,47−50 cellular
membranes are natural starting points for such potential
structural changes. Driven by this possibility, changes in both
the N17 and the various polyQ constructs upon being exposed
to membrane-like components, have been investigated in
r ecen t ye a r s by theo re t i c a l and expe r imen ta l
means.39,44,45,51−55 These investigations extended to mutant
Htt Ex1 and peptide derived fragments, which were shown to
increase binding to numerous phospholipids, in both Q-length
and bilayer-dependent manners.51,52 Isolated N17 fragments
exposed to micellar mixtures were found to gain a helical
propensity, with side chains of its hydrophobic residues
oriented toward the hydrophobic core of the micelles.56 This
formation of an α-helical structure by the N17 terminus has
been suggested to arise with the onset of amphiphilic peptide-
membrane interactions.31 Studies on the anchoring of just the
N17 peptide to a POPC bilayer have also been done using all-
atom molecular dynamics, which showed that this fragment
became largely α-helical, particularly from residues 7 to 16.44

This was rationalized as part of a membrane-anchoring
mechanism involving nonpolar residues, as well as the putative
formation of hydrogen bond or salt-bridges with the phosphate
group of the phospholipids. Tryptophan fluorescence results
also supported this, while indicating a penetration into the
bilayer of the first residue of Htt.53 Experimental evidence for
the formation of this structure upon exposure to lipids also

Figure 6. MD calculation of the Htt-membrane interaction. (A)
Representative conformations of Htt interacting with a coarse-grained
membrane, parametrized on the basis of a fractionally charged upper
layer and a lower neutral layer. (B) Averaged helicity characterizing
each residue in the analyzed peptide over its ensemble of
conformations, in the presence and absence of the model membrane.
(C) Computationally estimated free energies associated with the Htt
binding to the coarse-grained membrane (ΔΔGbinding, kcal/mol). The
figure represents the average values from three 300 ns runs. (D) Time
evolution predicted for the system in the presence and absence of the
membrane. Error bars represent deviations arising from multiple runs;
notice the larger number of residues with helical propensity arising
upon establishing the interactions. See Supporting Information
Videos S3 and S4 for further insight.
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comes from recent CEST NMR measurements, even given the
orders-of-magnitude differences in the lipid concentrations
assayed and the different structure of such study’s construct.39

The present study attempted to shed further light into these
changes utilizing a multipronged experimental/computational
approach. Yet unlike what is commonly done, the former was
not utilized as starting point of the latter, apart from the
conceptually soft imposition of requiring the reproduction of a
residue-specific attraction between the peptide and the
modeled membrane. The NMR and MD can thus be seen as
parallel approaches, and it is thus interesting to evaluate the
pictures emerging from these complementary methods.
Modeling a simplified bilayer so as to fulfill the imposition
mentioned above, showed that interacting N17Q17 units
transitioned from a largely disordered and dynamic structure,
to a more ordered one. The rise in structural features is
evidenced by the changes in numerous indicators (Figure 6);
still, the MD runs reveal the presence of high residual
dynamics transforming the helices into disordered peptides,
something that would explain the absence of systematic NMR
chemical shift changes upon titration. The exact degree of
order induced by the addition of the membrane, however,
cannot be assessed from our MD runs, that lack the
sophistication of more involved models.57 Another feature on
which our experiments and computations independently
concur, concerns the location of the structural changes arising
when the peptide interacts with membranes. In both cases,
amino acids belonging to N17 are involved, with a relatively
weaker interaction of the polyQ region. Indeed, other reports
show that the N17 residues flanking the polyQ region are
crucial in polyQ association with membranes.58,59 In our study,
we observe an exact match between experiments and
calculations are thus seen for the behavior of residues 4, 7,
11, 14, and 15, and a partial match for residues 6, 8−10, 12,
and 13, and for the 17 glutamine residues of the polyQ. While
the kind of NMR experiments that were here presented cannot
reveal the nature of these structural changes, the MD ascribes
these to the formation of transient α-helices. This agrees well
with our CD measurements and with the residue-specific solid-
state NMR and the all atom simulations that have been
performed on the N17 residues,47−50 even if the extent and the
stability of the α-helical structures that we observe are slightly
more restricted and lower.
Interesting as well are the differences between the α-helices

that arise upon exposing the peptide to membranes, and the
N17Q17 structures observed by lowering the pH of the
solution.40 The latter exhibited a much higher helical
propensity, which also extended over a more extensive region
of the peptide than what is indicated by Figures 3−5. That
strong conformational pH effect was interpreted purely in
terms of electrostatics upon decreasing protonation,40 while
the structural transitions reported here upon introducing a
bilayer seem to be driven by a combination of hydrophobic
and electrostatic interactions, which may be more amenable for
seeding protein aggregation. In both cases, however, a unified
picture emerges whereby the N17 fragment is disordered, yet
on the threshold of adopting an α-helical structure. This is a
transition that can then occur if prompted by a number of
different environmental changes: slightly charged, zwitterionic
membranes can trigger such transition. The ensuing transient
structures have limited lifetimes and do not appear to extend
deeply into the polyQ chain, but they may be sufficient for
affecting aggregation. The extent of this process under

physiologically relevant conditions, however, remains to be
defined. At the SUV concentrations explored in this NMR
study (0.6−650 nM), the variations induced in N17Q17’s
helical propensities did not appear to enhance aggregation; this
was the case for both N17Q17 and N17Q51 Htt constructs.
Still, we note that, at much higher SUV concentrations (6−130
μM), the previously reported increase in aggregation kinetics55

was also observed (Figure S6). This suggests that membrane-
binding will induce conformational transitions in Htt and will
also impact Htt’s aggregation. The question that arises is
whether these two processes are related to one another.
Indeed, although the tendency of N17 to adopt an α-helical
structure has been now observed in several constructs and
detected by independent means,49,60 it is unclear how or even
if this propensity acts at a molecular level, to modulate Htt’s
aggregation.40 On one hand it has been argued that
transitioning from a disordered to a partly ordered structure
could discourage “cross-talk” between the ordered N17 and the
more mobile polyQ portions of the peptide, thereby preventing
aggregation.31,61,62 On the other hand it has been postulated
that the N17 α-helical propensity leads to an amphipathic
character, which promotes promiscuous interactions with other
Htt fragments and thereby accelerates Htt’s aggregation. It
remains to be seen which of these options dominates under
relevant in cell conditions. It also remains to be seen how this
N17-localized feature is preserved upon elongating the polyQn
chain toward n ≈ 35−40 aggregation threshold, and whether it
is enhanced, preserved or suppressed by post-translational
modifications which include phosphorylations of the two
serines in the N17 segment or acetylation, which has also been
shown to affect lipid binding.63 It also remains to be assessed if
these structural changes act as triggers for various molecular
interactions involving chaperones or other cellular mechanisms
of protein quality control, and how the local changes
mentioned above modulate the transport of monomers and
oligomers throughout the various cellular compartments. We
are currently pursuing these efforts using combinations of
native and mutated Ex1 targets, using NMR experiments that
focus on both the backbone and the side-chain resonances, via
relaxation-dispersion NMR experiments,64 as well as by a
variety of complementary biochemical and computational
tools.

■ METHODS
Protein Preparation. The fragment illustrated in Figure 1,

henceforth N17Q17, was isotopically labeled by overexpression in a
Nico E. coli BL21 strain. This was achieved by growing cells in M9
minimal media and salts (12.8 g/L of Na2HPO4, 3 g/L of KH2PO4,
0.5 g of NaCl, 1 mM MgSO4, 50 μM CaCl2, ammonium chloride (1
g/L), 0.4% (w/v) D-glucose) in glass-distilled, autoclaved H2O. For
15N-labeling, 15NH4Cl was used; for 15N−13C−2H-labeling,
13C−2H7−glucose was used as well. Cultures of cells inoculated
with the plasmid coding for N17Q17 were prepared in this media,
diluted 40-fold in Lysogenic broth, and growth overnight to an OD600
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, recentrifuged prior to snap-
freeze in liquid nitrogen, and stored at −80 °C. These were
resuspended in 50 mM K-Hepes/pH 7.4, 20 mM Imidazole, 8 M
GuHCl, sonicated three times for 1 min in ice, and incubated at room
temperature for 30 min. The crude lysates were centrifuged at 18 000
rpm for 30 min at 4 °C, and the supernatant was loaded into a Ni-
Sepharose column (GE) that had been previously charged and
washed to baseline UV absorbance. The bound protein was then
eluted using a 20−500 mM imidazole gradient in a buffer that
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included 50 mM K-Hepes (pH 7.4, no guanidine). The eluted
fractions were monitored for the presence of protein by U.V.
absorbance spectrometry at OD280, and for the presence of protein
with molecular weight consistent for N17Q17 by 4−12% sodium
dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE).
Protein was dialyzed against 50 mM ammonium formate (pH 3.5)
three times for 3 h each. After dialysis, the protein solution was spun
at 3000 rpm for 5 min to pellet any aggregates. The resulting
supernatant was then snap-frozen, lyophilized, and stored at −20 °C.
NMR Samples. Protein samples were investigated by preparing

180 μM solutions in 50 mM sodium phosphate buffers (pH 7.4). 10%
D2O was added for locking, and 0.001% DSS for spectral referencing.
In order to deal with sample preparation imperfections throughout
the titration experiments performed, 50 μM [15N−13C]-urea and 0.5
μM methanol was added for normalization of the Htt peak intensity
changes that were observed (the urea was judged to undergo
negligible intensity changes in these titrations, judging by its ratio to
the DSS peak). In addition, chaperone experiments were performed in
50 mM K-Hepes, pH 7.4, 300 mM NaCl, 5% glycerol, 1 mM DTT. In
all cases, 330 μL final volumes of titrand + titrant were placed in 5
mm Shigemi tubes, and final pH values were determined using a
meter within the tube before running the experiments.
The NMR spectra of the Htt samples were recorded under

different titrant concentrations. These included polyethylene glycol
(PEG-10000, SigmaAldrich) which was assessed as a crowding agent;
small unilamellar vesicles (SUVs) assessed as membrane-like models;
and a variety of fractionated brain tissue extracts (BEs). Added PEG
and BEs are reported as w/v fractions, whereas the SUV
concentration is reported as w/w fraction. PEG was used as received.
SUVs were prepared at a 5:3:2 DOPE/DOPS/DOPC molar ratio
(Avanti Polar Lipids) as chloroform solutions; this solvent was
evaporated under a stream of nitrogen gas, dried under vacuum to
yield a thin film, rehydrated with a 20 mM sodium Na2HPO4 pH =
7.0 buffer, vortexed, and subject to several freeze−thawing cycles and
sonications until the mixture became clear. The size of the resulting
micelles was measured by dynamic light scattering and ranged
between 40 and 70 nm. SUVs were stored at a 1% (w/w)
concentration, corresponding to about 13 mM. This was diluted to
ranges of 130 nM to 0.65 pM for the NMR experiments, and 130 μM
to 0.65 nM for the aggregation kinetics assays.
All animal procedures were carried in accordance with the

guidelines for animal experimentation from the ethical committee of
Stanford University; they were undertaken according to Stanford’s
regulatory bodies and AAALAC guidelines. Mice brain extracts were
produced from 250 mg of tissue material; this tissue was first
homogenized in 500 μL of phosphate buffer (pH 7.4) including
EDTA, PMSF, antipain, and leupeptine using a Potter homogenizer
spinning for 10 min at 4 °C, and then transferred in aliquots into
Eppendorfs. The Potter homogenizer was cleaned with water and
ethanol between samples, and all steps were performed on ice. These
brain tissue samples were then aliquoted, snap frozen and stored at
−80 °C until used. Further fractionation was done on these samples
including ultra centrifugation at 1000g (10 min) to separate whole
cells; 20 000g (20 min) to separate mitochondria/nuclei/cytoskele-
ton; and 150 000g (3 h) to extract microsomes and small vesicles; the
remaining supernatant is assumed to contain all soluble proteins.65 All
titrations were repeated multiple times, and the normalized peak
intensity changes reported below were found to agree throughout
these repeated titrations with R2 values better than 0.92.
NMR Experiments. Titration experiments were performed using a

Bruker AVANCE III 800 MHz spectrometer equipped with a 5 mm
TCI Cryprobe, or on a Bruker AVANCE III 600 MHz spectrometer
equipped with a 5 mm Prodigy probe. The bulk of the data here
presented relied on 3D HNCO acquisitions performed using the
BEST (band-selective excitation short-transient) experiment, opti-
mized for minimal perturbation of aliphatic and water 1H spins.66 100
ms evolution time on both the 15N and 13C channels and ≈1000 total
indirect-domain time points were collected; with 24 suitably phase-
cycled scans this lead to experimental times of ∼4 h/titration point.
Data were processed and analyzed using NMRPipe67 and CCPN

scripts, in order to extract 3D volume values at the pertinent 1H, 13C,
and 15N chemical shifts. These resonance positions were correlated
with specific sites in the N17Q17 backbone based on the assignments
we have recently reported for this construct. In order to pinpoint
these sites, chemical shifts were referenced using the absolute 1H
frequency of the DSS signal by means of suitably setting the
spectrometer’s xCAR, yCAR, and zCAR values.

Aggregation Kinetics. Lyophilized HttQ17 was resuspended in
50 mM sodium phosphate, pH 7.0 to a final concentration of 20uM in
the presence of carious concentrations of SUVs and 12.5uM
ThioflavinT dye (Sigma-Aldrich, St. Louis, MO). Reactions were
placed in Costar 96-well plates (black with clear flat bottom
polystyrene) and the change in the ThT fluorescence signal with
time was monitored using a plate reader (Tecan Infinite M1000,
Tecan Systems, San Jose, CA). Plate reader conditions were 30 °C,
446 nm excitation, 490 nm emission, read every 15 min.

CD Spectroscopy. CD samples were prepared by incubating 20
uM Htt in the presence of various concentrations of SUVs in 50 mM
sodium phosphate buffer, pH 7.0. Far UV CD spectra were recorded
on an Aviv CD spectrometer model 62A DS at 25 °C. Quartz cuvettes
with path lengths of 1 mm were used, and CD spectra were obtained
by averaging five individual spectra recorded between 260 and 190
nm, with a bandwidth of 1 nm, an averaging time of 1 s, and a settling
time of 0.33 s. Each value of CD signal intensity reported at 222 nm
corresponds to the average of five measurements.

All-Atom Molecular Dynamics (MD) Calculations. To further
understand the meaning of the NMR titrations, all-atom MD
simulations were performed evaluating the potential interactions of
Htt with membranes. These calculations took the full peptide that was
studied, but assumed a coarse-grained representation of the
membrane. This consisted of two square layers of beads (30 × 30
beads per 2D layer); the beads in the lower layer were not charged
and mimicked the hydrophobic membrane portion, while beads in the
upper layer were given an alternating ... positive/neutral/negative/
neutral... electrostatic nature to mimic zwitterionic polar heads. In
order to simplify the scaling of nonbonded interactions (see below)
the beads were modeled based on Ar atoms (ma = 39.948) with a low
epsilon value for their Lennard−Jones potential (0.0274580 in
CHARMM27 force field). The membrane was restricted in space and
its atom coordinates were not updated in time, but peptide-membrane
interactions were allowed to fold into the latter’s periodic boundaries
by using the triclinic box approach. All atom molecular dynamics
simulations were then performed using GROMACS (Ver. 5.0.4) with
the CHARMM27 force field.68−71 The linear constraint solver
(LINCS) algorithm was used to control bond lengths during the
simulation.72 No ions were added due to system neutrality, and N and
C termini of the peptide were chosen to be neutral (−NH2 and
−COOH). For motion equations integration, the leapfrog algorithm
was used (2 fs steps); a modified Berendsen thermostat73 was used to
control the temperature at 300 K. We used explicit water molecules
using the extended simple point charge (SPC/E) model due to its
realistic behavior.74,75

Initial conformations of the N17 portion of the peptide were based
on the predictions that CS-ROSETTA made for the N17Q17
structure at low and neutral pH using Pymol (ver 1.7.0.576). The Q17
portion was originally modeled in an extended conformation and was
subject to a number of 100 ns simulations before the long simulations
were collected. We found that the initial conformations sampled by
the Q17 did not impact the final membrane-Htt results substantially−
probably reflecting the weak interaction that the Q17 fragment
showed with our model membrane. In the starting frame of the MD
calculations the peptide was located above the center of the
membrane at a distance of 10 Å, and the peptide conformation was
relaxed using a steepest descent method of energy minimization. The
peptide/membrane systems were equilibrated in two steps (100 ps/
phase): the first one was conducted assuming an NVT ensemble, and
the second an NPT ensemble. For scaling of nonbonded membrane
interactions we used 100 ns runs (one run per each chosen value of
the membrane bead charge with neutral/low pH based conformation
of the N17Q17) and the final production runs were 300 ns long
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(three runs) for the system with a membrane and 300 ns long (three
runs) for the system without a membrane. The peptide-membrane
binding free energy was calculated using the g_mmpbsa tool, with the
entropic term excluded from the free energy calculations due to its
high standard error vis-a-̀vis other terms.77 Furthermore, the rescaling
of the membrane bead charges required a corresponding rescaling of
electrostatic terms in the MM/PBSA calculations.
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