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Expansion of the polyglutamine (polyQ) tract in exon 1 of the
huntingtin protein (Httex1) leads to Huntington’s disease
resulting in fatal neurodegeneration. However, it remains
poorly understood how polyQ expansions alter protein struc-
ture and cause toxicity. Using CD, EPR, and NMR spectroscopy,
we found here that monomeric Httex1 consists of two co-exist-
ing structural states whose ratio is determined by polyQ tract
length. We observed that short Q-lengths favor a largely ran-
dom-coil state, whereas long Q-lengths increase the propor-
tion of a predominantly �-helical state. We also note that by
following a mobility gradient, Httex1 �-helical conformation is
restricted to the N-terminal N17 region and to the N-terminal
portion of the adjoining polyQ tract. Structuring in both regions
was interdependent and likely stabilized by tertiary contacts.
Although little helicity was present in N17 alone, each Gln res-
idue in Httex1 enhanced helix stability by 0.03– 0.05 kcal/mol,
causing a pronounced preference for the �-helical state at path-
ological Q-lengths. The Q-length– dependent structuring and
rigidification could be mimicked in proteins with shorter
Q-lengths by a decrease in temperature, indicating that lower
temperatures similarly stabilize N17 and polyQ intramolecular
contacts. The more rigid �-helical state of Httex1 with an
expanded polyQ tract is expected to alter interactions with cel-
lular proteins and modulate the toxic Httex1 misfolding pro-
cess. We propose that the polyQ-dependent shift in the struc-
tural equilibrium may enable future therapeutic strategies that
specifically target Httex1 with toxic Q-lengths.

Huntington’s disease (HD)6 is one of nine known neurode-
generative, protein aggregation-associated disorders that are
caused by a heritable polyglutamine (polyQ) expansion in the
etiological protein (1, 2). HD patients carry a dominant muta-
tion in the gene that encodes huntingtin (Htt) such that the
polyQ tract in the first exon is expanded to contain 36 or more
Q repeats (3, 4). HD progression is characterized by toxicity to
neurons in the neostriatum as well as a variety of other brain
regions (5). Although studies implicate specific monomeric,
oligomeric, and fibrillar species of mutant Htt in neuronal tox-
icity (6, 7), the bounty of functions served by Htt and the variety
of pathways possibly relevant to toxicity in HD have made the
exact mechanism or mechanisms by which polyQ expansion
leads to cell death difficult to pinpoint (8).

Several mechanisms for Htt toxicity have been proposed,
ranging from misfolding and aggregate formation to toxicity
due to differences between polyQ-expanded and nonexpanded
Htt monomers (6, 7, 9 –12). Increased Q-length has been
observed to alter interactions with different cellular binding
partners (13, 14), which could, at least in some cases, be the
result of structural differences in the monomer. A number of
N-terminal fragments of Htt occur naturally in neurons (1),
with a higher frequency of fragmentation and a broader range
of lengths occurring in HD brains (15). These fragments
include one that comprises the Htt region encoded by exon 1
(Httex1), with which in the presence of the expanded polyQ has
been proven sufficient to cause HD-like symptoms in trans-
genic mice (16). Thus, understanding how polyQ-length
impacts the structure of the naturally occurring Httex1 mono-
mer is important for understanding the potential pathogenic
roles of Httex1 and Htt monomers. It may also provide insights
into misfolding, as the monomer is the starting structure for
this process.

Httex1 is composed of three domains: an N-terminal region
(N17); a central polyQ region; and a C-terminal Pro-rich
domain (PRD) (17). Several studies have found that Httex1
loses its conformational flexibility when the Q-length expands
above disease threshold (17–19), and the reduced flexibility
resulting from expanded polyQ has been suggested as a poten-
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tial contributor to Htt toxicity (9). The N17 region plays a cru-
cial role in the structural changes and altered cellular behavior
conferred by polyQ expansion. Phosphorylation of serine resi-
dues 13 and 16 in the N17 modulates its secondary structure,
slows down aggregation, and alters nuclear targeting of Httex1
aggregates (20). Phosphomimicking mutations at those sites
furthermore proved neuroprotective in Htt-Q97 transgenic
mice (21) underscoring the importance of this region for dis-
ease. Other post-translational modifications on N17 were also
shown to regulate polyQ-expanded Httex1 aggregation (22).
Although N17 and N17–polyQ interactions are critical for mit-
igating HD progression, the structural basis for this mitigation
is only partly understood. Recent studies show that Httex1 as
well as other N-terminal Htt fragments have a partial �-helical
structure that is augmented by increased Q-length as well as
decreased temperature (18, 19). Two recent NMR analyses, one
performed on an Httex1-based peptide fragment containing 17
Gln residues and the other mostly performed on Httex1 con-
taining 16 Gln residues, found �-helical propensity in the N17
region that extends into the polyQ region (23, 24). Similar
results were obtained in crystallographic studies of fusion pro-
teins containing Httex1-like sequences (25). However, these
studies mostly employed short polyQ-lengths and, aside from
FRET measurements and computational models (26 –28), little
experimental information is available for how the important
pathogenic Q-lengths affect monomer structure. A more
recent NMR and hydrogen– deuterium exchange (HDX) study
compared structural behaviors of Httex1 between wildtype and
disease Q-lengths and found both to adopt heterogeneous con-
formational ensembles lacking stable hydrogen bond forma-
tion, suggesting the secondary structures formed were tran-
sient or unstable (29). Ultimately a tadpole-like structural
ensemble is envisioned, where the N17 and polyQ take up a
more collapsed yet poorly defined structure, whereas the PRD
projects away from this structure (27, 29).

Understanding potential Q-length– dependent conforma-
tional differences in the structural states of Httex1 would be
important, as they could affect protein–protein interactions,
which could in principle contribute to toxicity. Even if the
monomer does not directly contribute to toxicity, a better
understanding of Q-length– dependent structural differences
could potentially be exploited for generating molecules that
specifically target mutant, but not WT, huntingtin or Httex1.
Here, we use a combination of circular dichroism (CD), elec-
tron paramagnetic resonance (EPR), and NMR to further inves-
tigate the Q-length dependence of the underlying structural
states in Httex1 monomers.

Results

To study Httex1 structure, it was important to stabilize the
monomeric conformation. We previously found that the thi-
oredoxin huntingtin exon 1 fusion protein (Trx–Httex1) is a
convenient and robust model system for studying Httex1 mono-
mers at low micromolar concentrations (19). The presence of
the fusion partner prevents the oligomerization and aggrega-
tion that would otherwise complicate the analysis of Httex1
with expanded Q-lengths. Although most of the work pre-
sented here was performed using this fusion protein, our model

system was also compared with Httex1 lacking thioredoxin
(Trx). The constructs used throughout this study are listed in
Fig. S1.

Httex1 folding depends on temperature and Q-length

We previously used CD to investigate the secondary struc-
ture of Trx–Httex1 with Q46 and Q25 (19). These studies
found that Trx–Httex1, but not Trx alone, exhibited temper-
ature-dependent structural changes in the range between 37
and �10 °C, indicating that the temperature-dependent struc-
tural changes were solely attributable to Httex1. Moreover, the
structural changes in this entire temperature range were inde-
pendent of concentration and not caused by oligomerization, in
agreement with previous analytical ultracentrifugation data
(30) and small-angle X-ray scattering data (31), which indicated
that the Trx–Httex1 fusion protein with expanded Q-length is
monomeric at low micromolar concentrations. Here, we used
the CD approach to systematically test the influence of
Q-length on Trx–Httex1 structure. Toward this end, we
recorded additional CD spectra of Trx–Httex1 with 7, 16, and
55 Gln residues at different temperatures (Fig. 1, a–c). As in our
previous study (19), we included supercooled temperatures
(�10 °C) to increase the temperature range available for order-
ing, and we visually confirmed that samples were not frozen,
even in the absence of a cryoprotectant. Clearly detectable
temperature-dependent spectral changes were observed in all

Figure 1. CD of Trx–Httex1 with different Q-lengths as function of tem-
perature. The CD spectra for Httex1 with Q7 (a), Q16 (b), and Q55 (c) deriva-
tives of Trx–Httex1 were obtained at the indicated temperatures. The data
were normalized to give MRETrx–Httex1. d shows the difference spectra (differ-
ence between �10 and 37 °C) for the spectra shown in a– c. All difference
spectra exhibit double minima at 208 and 222 nm that become more nega-
tive with increasing Q-length. e shows MREHttex1 values at 222 nm for each
temperature tested. All data are represented as mean � S.D. of three inde-
pendent experiments. Data for Q25 and Q46 were from Ref. 19. f provides an
estimate of the number of amino acids that become more helical upon low-
ering the temperature from 37 to �10 °C. Estimates were obtained using a
helix-coil transition model (19, 49, 50).
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cases. The difference spectra for the highest (37 °C) and lowest
temperatures (�10 °C) gave pronounced minima at 208 and
222 nm (Fig. 1d), consistent with an increase of �-helical struc-
ture at the lower temperature. In our previous study, we dem-
onstrated that, after subtraction of the Trx contribution, the
�-helical content of Httex1 could be estimated from its mean
residue ellipticity (MREHttex1) at 222 nm (19). This measure was
plotted in Fig. 1e for the studied Q-lengths. In all cases,
MREHttex1 values became more negative with decreasing tem-
perature and/or increasing Q-length, indicating that both of
these factors promote the �-helical structure. Additionally, the
temperature-dependent increases in �-helix became larger for
longer Q-lengths. Next, we used the MREHttex1 values to esti-
mate the number of nominal residues that convert from a ran-
dom coil into an �-helical conformation when transitioning
from 37 to �10 °C. These estimates were gradually increasing
with Q-length and ranged from 11 amino acids for Q7 to 32
amino acids for Q55 (Fig. 1f). Inasmuch as the number of resi-
dues becoming �-helical was often larger than 17 (for Q25 and
higher), regions outside of the N17 must have contributed to
the observed helicity.

Co-existing populations of different structures characterize
the N17 and the N-terminal region of polyQ

To locate the regions in which the temperature and Q-
length– dependent structural changes occur, we employed site-
directed spin labeling of 14 Trx–Httex1(Q46) derivatives and
performed EPR spectroscopy at 10 temperatures from �10 to
37 °C. As illustrated in Fig. 2a, these derivatives harbored single
spin labels at selected sites in the N17 (5R1, 9R1, 11R1, and
17R1), polyQ (21R1, 30R1, 35R1, 48R1, and 63R1), and PRD
(66R1, 76R1, 81R1, 91R1, and 101R1). To ensure the mono-
meric nature of the spin-labeled proteins, all samples were sub-
jected to ultrafiltration at 4 °C immediately prior to EPR mea-
surements. Fig. 2b shows spectra for representative derivatives
for each of the three regions. The spectra for 11R1 (N17) and
35R1 (polyQ) shared the interesting similarity that they had
multiple components that became more clearly resolved at
lower temperatures. One of these spectral components indi-
cated a highly mobile structural state (Fig. 2b, denoted m),
whereas another one is characteristic of a more immobilized
and stable structural state (denoted i). In contrast, 81R1 lacked
the immobilized spectral component and was dominated solely
by the mobile spectral component. Inspection of the spectra
from other labeling sites (Fig. S2) revealed the general trend
that all labeling positions in the N17 (5R1, 9R1, and 17R1) and
the more N-terminally located sites in the polyQ (21R1 and
30R1) exhibited two-component spectra. In contrast, all sites in
the C-terminal region of the polyQ (48R1 and 63R1) as well as
all sites in the PRD (66R1, 76R1, 91R1, and 101R1) lacked the
strongly immobilized components, and their spectra were
dominated by high mobility only. The lack of immobilization
for these sites indicated relatively dynamic regions that do not
engage in significant tertiary packing interactions. The collec-
tive occurrence of pronounced multicomponent EPR spectra
that were exclusively found at all N-terminal sites up to residue
35 strongly suggested that this region was characterized by at
least two co-existing structural populations. One of these pop-

ulations was dynamic and largely disordered, and the other was
more ordered, likely corresponding to the �-helical structure
observed by CD.

Structural ordering in Httex1 occurs in N17 and the N-terminal
region of the polyQ

Next, we sought to further summarize the 140 EPR spectra
(Fig. 2c) from the different derivatives at several temperatures
with a simple semi-quantitative measure of mobility. Two com-
mon measures of mobility are the width and the amplitude of
the central line. As mobility increases, the central line becomes
sharper, and consequently, the amplitude increases. Here, we
chose to use the amplitudes of EPR spectra normalized to the
same number of spins. This was done because amplitudes are
more sensitive to the presence of multicomponent spectra than
line widths, which are generally dominated by the most mobile
component in a spectrum. As such, both i and m spectral char-
acteristics will be captured by this approach. Fig. 2c shows that
the normalized amplitudes of all spectra strongly depended on

Figure 2. EPR measurements of spin-labeled Trx–Httex1(Q46) deriva-
tives at different temperatures. a, schematic representation of the Httex1
domain organization illustrating the location of spin-labeled sites. b, EPR
spectra for representative sites from each domain (11R1, 35R1, and 81R1). The
dashed lines (labeled i and m) denote spectral components arising from
immobile and mobile components, respectively. To better visualize the line
shapes, the EPR spectra are arbitrarily scaled to the same amplitude. They are
not normalized to the same concentration or number of spins. c, 3D plot of
spin-normalized EPR spectral amplitude obtained from double integration
for all spin-labeled Trx–Httex1 derivatives as a function of temperature. In
general, the amplitude, which is a measure of mobility, increases with increas-
ing residue number and temperature.
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labeling position and temperature. In accordance with an
increase of random-coil conformations, the amplitudes from all
derivatives progressively increased with temperature. When
comparing amplitudes obtained at the same temperature, the
labeling sites in the N17 (Fig. 2c, blue) tended to have the lowest
amplitudes, indicative of lowest mobility/highest order in this
region. In contrast, the largest amplitudes (highest mobilities)
were found in the PRD. The amplitudes in the polyQ region
gradually increased from the N- to the C-terminal end. These
data indicated the presence of a mobility gradient where mobil-
ity progressively decreased with increasing distance from the
N17. The generally reduced mobility in the N-terminal region
of the protein was consistent with the finding that N-terminal
residues up to position 35 had immobilized spectral compo-
nents, but the more C-terminal sites did not. Thus, this mobility
gradient likely reflected the different degrees of �-helix forma-
tion along the Httex1 sequence.

To corroborate our results, we ascertained whether the Trx
moiety modulated the Httex1 structure and perhaps even con-
tributed to the two different spectral components for the N-ter-
minal sites. Toward this end, we resorted to another way to
stabilize its monomeric form and prevent it from aggregating
over time. This was achieved by binding Trx-free Httex1 deriv-
atives to nickel beads (His-60 nickel superflow resin) via a
C-terminal His tag. This modification left the N terminus tag-
free. The EPR spectra of bead-bound Httex1 and Trx–Httex1
from selected sites in the N17 (11R1), in the polyQ tract (35R1),
and in the PRD (81R1) were essentially superimposable (Fig.
S2). Thus, the presence of the Trx moiety did not measurably
affect the local structure and was not responsible for the more
immobile components in the spectra of 11R1 and 35R1.

NMR demonstrates inhomogeneous, temperature-dependent
helical structure in polyQ of Trx–Httex1(Q46) and Httex1(Q46)

To further characterize the conformational preferences of
the polyQ region, we next performed solution NMR measure-
ments of Trx–Httex1(Q46) at pH 7.4 and 5 °C. If all polyQ res-
idues of Trx–Httex1(Q46) were structurally homogeneous, a
single intense resonance would dominate the NMR spectra. In
Trx–Httex1(Q46), dominating backbone HN and side-chain
H2

N resonances were indeed detected (Fig. S3). However, the
strongest HN backbone resonance clearly was not 46 times
stronger than signals from other residues, suggesting that the
polyQ region was not structurally homogeneous. The exchange
of backbone amides with the solvent may have contributed to
the relatively weak polyQ signal intensities. When slowing
exchange by reducing the pH to 6.0, the polyQ signals became
stronger, but their broad dispersion remained (Fig. 3a). In con-
trast, when adding 8 M urea as denaturant at pH 7.4, essentially
one strong Q signal resulted at both the backbone and side-
chain level (Fig. S3). In accordance with a polyQ mobility gra-
dient, the dispersion of Q signals in the absence of urea con-
firms the polyQ region of Trx–Httex1(Q46) to be structurally
inhomogeneous.

To expand our findings, we next studied the 13C� chemical
shifts of polyQ in Trx–Httex1(Q46) and also Trx-free
Httex1(Q46) at pH 6.0. These shifts correlate with backbone
torsion angles (32) and identify the secondary structural pro-

pensities of resolved polyQ segments. For both proteins, we
experienced a progressive loss of signal over time, reflecting
their self-aggregation during the 20-h NMR experiments.
Nonetheless, this did not affect their apparent spectral features
(Fig. 3a). We ascribe this observation to the dependence of
solution NMR line width on isotropic correlation time, i.e. any
oligomers formed will have broader resonances than the mono-
mer, which renders their contribution small or undetectable,
allowing even the direct study of Httex1(Q46).

At 10 °C, at least four different polyQ resonances were
detected, which were similar for Trx–Httex1(Q46) and Httex1
(Q46) (Fig. 3, a and b). This similarity further illustrates that the
Trx fusion tag does not have a major impact on Httex1 struc-
ture. The resonances exhibited positive but varying secondary
13C� chemical shifts, termed ��(13C�) (Fig. 3c and Table S1),
indicative of different degrees of helical content. Stable helical
structure would be reached at ��(13C�) �3 ppm, showing that
all observed segments were only partially helical in accordance
with the continued increase in helicity at temperatures below
10 °C (Fig. 1, a–c). At 25 °C, some polyQ resonances detected at

Figure 3. NMR spectra of Trx–Httex1(Q46) and Httex1(Q46) at pH 6.0. a,
comparison of HN–N correlation spectra obtained at 10 or 25 °C for Trx–
Httex1(Q46). Spectral regions with the most intense resonances, correspond-
ing to polyQ, are shown. b and c show the corresponding HN–N and HN–C�

spectra for Httex1(Q46). The spectra were recorded in 25 mM MES, pH 6.0, 25
mM NaCl at 700 MHz using protein concentrations of 20 and 12 �M for Trx–
Httex1(Q46) and Httex1(Q46), respectively.
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10 °C apparently merged (Fig. 3, b and c) and exhibited reduced
��(13C�) values (Table S1), i.e. structural inhomogeneity and
helical content decreased. These findings not only identify the
polyQ region as a source of the temperature-dependent varia-
tions in Httex1 helical content but also show that polyQ segre-
gates into regions of different helical contents in a temperature-
dependent manner. It is even conceivable that individual
resonances were detected for the co-existing polyQ popula-
tions at 10 °C.

Longer Q-lengths shift equilibrium toward ordered state

After systematic analysis of Httex1(Q46), we next tested how
the identified structural features were affected by Q-length. We
therefore generated additional spin-labeled derivatives for
Trx–Httex1 with Q7, Q16, Q25, and Q55 and compared the
EPR spectra of equivalent labeling positions. For representative
sites in N17 (5R1), polyQ (21R1 and 35R1), and PRD (3rd posi-
tion in PRD, equivalent to residue 66R1 in Httex1(Q46)), spec-
tra were compared. Low temperature was chosen for this com-
parison, as the mobile and immobile spectral components in

the N-terminal region were best resolved here (Fig. 4a). The
greatest similarities were found for the PRD sites where nearly
identical single-component EPR spectra were obtained for all
Q-lengths. The spectra for 5R1, 21R1, and 35R1 were also qual-
itatively similar in exhibiting two-component EPR spectra. Yet,
they all showed an interesting quantitative difference, as the
relative populations of the mobile and immobile components
(designated m and i in Fig. 4) correlated with Q-length. Specif-
ically, the immobile component increased with increasing
Q-length, suggesting that long-range effects in elongated polyQ
segments promoted the formation of the more ordered, struc-
tural state. This effect was strongest for the polyQ sites but also
clearly discernible for the N17 site.

To examine the structuring of polyQ on a quantitative level,
we used spectral subtractions (see “Experimental procedures”)
to generate the underlying mobile and immobile components
of the EPR spectrum of 21R1 (Fig. 4, e and f). Quantifying the
amounts of the mobile and immobile components normalized
by double integration then allowed us to estimate free energy
(�G0) values for the interconversion between the two different
states. As shown in Fig. 4g, the �G0 values decreased essentially
linearly with Q-length, meaning that the conversion from the
mobile to the immobile state became increasingly more favor-
able with increasing Q-length. The magnitude of this slope was
approximately �0.03 kcal/mol per Q. When analyzing 35R1
analogously (Fig. 4h) for all Q variants except Q7, where this
position falls outside of the polyQ region, a similar slope of
�0.05 kcal/mol per Q was obtained. Thus, at �0.03 to �0.05
kcal/mol, the per residue contributions of individual Glns are
relatively small, rationalizing the significant increase in the
number of Qs required to achieve the changes in �-helical
polyQ content.

Structures of N17 and polyQ are interdependent

To examine secondary structural propensities at shorter
Q-lengths, we studied Trx–Httex1(Q7) by solution NMR.
Compared with Trx–Httex1(Q46), this construct could be
studied at 10-fold higher concentrations without significant
signal loss. The higher solubility allowed an essentially com-
plete backbone assignment. As a simple measure of relative
backbone dynamics along the Trx–Httex1(Q7) sequence, we
compared signal intensities (Fig. 5a). The linker resonances
exhibited the highest intensities, verifying the efficient uncou-
pling of the Trx domain from Httex1(Q7) already indicated in
the aforementioned EPR (Fig. S2) and NMR (Fig. 3) experi-
ments. The PRD also exhibited high albeit variable dynamics in
overall accordance with EPR analysis (Fig. 2). Surprisingly,
intensities for the N17 and polyQ regions were lower than for
Trx despite their smaller domain sizes. This behavior indicates
that these regions experienced additional dynamic events such
as inhomogeneous folding or oligomerization. Their secondary
13C� shifts were virtually identical at 10 and 25 °C (Fig. 5b),
documenting a loss of temperature-induced folding. Moreover,
��(13C�) of N17 and polyQ was near zero (Fig. 5b), which indi-
cates mostly random-coil structure. In other words, in the
absence of a sufficiently long polyQ, both N17 and polyQ lost
�-helical propensity. This conclusion is consistent with the CD
spectrum of a peptide corresponding to the N17 region (Fig.

Figure 4. Q-length dependence of Httex1 EPR spectra. a– d, EPR spectra of
spin-labeled Httex1 derivatives where the indicated equivalent positions are
labeled in proteins with different Q-lengths. Again, residues in the N17 (5R1
(a)) and the N-terminal portion of the polyQ (21R1 (c) and 35R1 (d)) give rise to
spectra with immobile (i) and mobile (m) components. Only a mobile compo-
nent can be seen for the third residue in the PRD (b). For sites with two mul-
ticomponent EPR spectra, the immobile component increases with increas-
ing Q-length. Spectra were obtained at �10 °C. Through spectral subtraction
it was possible to obtain the immobile (e) and mobile (f) components shown
for the example of 21R1. From the ratio of the respective components, �G0

values were obtained as function of Q-lengths for 21R1 (g) and 35R1 (h). The
dashed lines are fits with the indicated parameters.
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S4), which is dominated by random-coil characteristics in aque-
ous buffer. In conclusion, the folding of N17 depends on a suf-
ficiently long polyQ sequence, identifying long-range interac-
tions between these regions.

Temperature modulates the N17–polyQ interaction in analogy
to Q-length variation

The CD spectra of the different Q variants (Fig. 1) show
that shifts in temperature can compensate for expansions in
Q-length. To examine whether this “temperature Q-length
compensation” was contributed to by a shift in the order–
disorder equilibrium, we compared EPR spectra from proteins
with different Q-lengths but identical spin-label positions.
Indeed, it was possible to obtain good spectral overlaps for
Httex1 with different Q-lengths when appropriate tempera-
tures were compared. This is illustrated for 21R1 in the shortest
(Q7) and longest (Q55) Httex1 variant. Nearly superimposable
spectra could be obtained when the Q55 spectra were recorded
at temperatures that are 15 °C higher than those used for Q7
(Fig. 6a). A slightly reduced “temperature shift” of 10 °C was
found when 21R1 spectra from Q25 and Q55 proteins were
compared (Fig. 6b). An identical behavior (10 °C temperature
shift between Q25 and Q55) was also observed for 35R1 where
the shortest Q-length was Q25 (Fig. 6c). Together, these data
indicate that proteins with different Q-lengths can take up

related structural states and that temperature can compensate
for the effects of Q-length by shifting the order– disorder equi-
librium. We find that a difference of 48 Gln residues (for Httex1
with Q55 and Q7) corresponds to a temperature shift of 15 °C,
whereas a difference of 30 Gln residues (for Httex1 with Q55
and Q25) results in a temperature shift of 10 °C. Thus, both
cases lead to the estimate that addition of �3 Gln residues shifts
the order– disorder equilibrium analogous to decreasing the
temperature by 1°. In other words, increasing Q-lengths
freeze out Httex1 motions and cause rigidification of the
protein, thereby likely increasing the lifetime of intramolec-
ular contacts.

Discussion

Here, we combined CD, EPR, and NMR spectroscopy to
investigate the structural features of monomeric Httex1 as a
function of polyQ-length. The bulk of the data were obtained
using the readily accessible Trx–Httex1 fusion protein in solu-
tion with key results confirmed using Trx-free Httex1 either on
beads or free in solution. The CD data show that �-helical con-
tent of Httex1 increases with decreasing temperature and
increasing Q-length. NMR spectroscopy further reveals that
polyQ partakes in this temperature-dependent �-helix forma-
tion. However, helical structure is not uniformly adopted
throughout the polyQ region. Rather, multiple NMR reso-
nances are observed for the polyQ region, each arising from
sequence populations of different helical content. Moreover,
EPR amplitudes of spin-labeled residues in Trx–Httex1(Q46)
document a mobility gradient ranging from a more structured
and presumably more helical N17–polyQ border to a dynamic
C-terminal end (Fig. 7a). This mobility gradient is also consis-
tent with the structuring present in flanking regions. EPR
amplitudes show that polyQ is flanked by a relatively ordered
N17 and a highly dynamic PRD, which is known to contain PPII
helical structure and random coil structure (25, 33, 34). Our
results concur with prior NMR and X-ray studies (23–25,
35–38), most of which were performed on Httex1-mimicking
proteins with short, nonpathogenic polyQ segments. The so far
discussed structural and dynamic features would be compatible
with a simple model of Httex1 in which a stable N17 �-helical

Figure 5. NMR spectral properties of Trx–Httex1(Q7). a, HN–N resonance
intensities as a function of residue number. b, secondary C� chemical shifts,
termed �� (13C�), for the linker N17–polyQ segment of Trx–Httex1(Q7). The
data were recorded in 25 mM MES, pH 6.0, 25 mM NaCl at 700 MHz a using a
protein concentration of 200 �M.

Figure 6. EPR data showing temperature Q-length compensation. Good
spectral overlap can be obtained when 21R1 or 35R1 spectra are compared
from Httex1 proteins with different Q-lengths if the higher Q-length–
containing proteins have their spectra recorded at higher temperature. This
“temperature shift” between Q7 and Q55 is 15 °C (a), and the shift between
Q25 and Q55 (b and c) is 10 °C. These shifts correspond to about 1/3 °C per Gln.
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structure propagates into polyQ, where helical structure then
begins to fray (Fig. 7a). Perhaps surprisingly, the notion that the
N17 is the sole dominant player for structuring proved insuffi-
cient for explaining our further results.

N17 by itself or within Trx–Httex1(Q7) did not exhibit sig-
nificant �-helical structure as determined by CD and NMR.
Only in the context of longer Q-lengths could ordering be
detected in N17 and polyQ. This means that a polyQ of suffi-
cient length is required for both regions to adopt helical struc-
ture. In addition, a mutual stabilization of N17 and polyQ struc-
turing exists, which must be long-range in nature as it is
sensitive to the extension of polyQ at its C-terminal end. EPR
spin-labeling analysis of Trx–Httex1(Q46) reveals the co-exist-
ence of two structural states in the N17 and the adjacent N-ter-
minal portion of polyQ. One of these states is highly dynamic
and largely disordered, whereas the other state is ordered, con-
sistent with �-helical structure. The folding– unfolding transi-
tion is governed by temperature and Q-lengths, which affect
the relative populations of the respective states. We were able to
estimate that each additional Gln residue in the polyQ stabilizes
the folded state by �0.03 to 0.05 kcal/mol. It follows that the
Gln contacts in the folded state are only slightly more favorable
than those in the unfolded state (presumably with water).
Although this free energy difference was relatively small on a
per residue basis, the large number of Gln residues present in
Httex1 with pathogenically expanded Q-lengths was sufficient
to decisively shift the folding equilibrium toward the folded
state. This cumulative effect of multiple Gln residues can be
substantial. We found a difference of more than 1 kcal/mol for
the stability of the folded state when high and low Q-lengths are
compared. Thus, although there is no drastic or highly cooper-
ative conformational change at a particular Q-length threshold,
there is a significant cumulative energetic effect when compar-
ing high and low Q-lengths. A similar cumulative effect can also
be observed for the temperature–Q-length compensation. We
found that the Q-length– dependent shift in equilibrium could
be compensated by a temperature increase of about 1 °C for
every three added Gln residues. When comparing Httex1 with
Q7 to Q55, this temperature-Q-length compensation required
a temperature differential of 15 °C. Thus, enhancing the

Q-length was equivalent to a substantial freezing out of molec-
ular motions, as long Q-length and low temperature similarly
promote structuring and tertiary contact formation. What
could be the structural origin for the synergy between N17 and
polyQ during helix formation? It cannot be fully excluded that,
as added Gln residues enhance polyQ �-helicity, a continuous
N17–polyQ helix emerges via a coil– helix transition. However,
the possibility of tertiary contacts between domains is better
supported by the data in this study and previous studies (17, 19,
29). In such a model, folded N17 and polyQ residues engage in
intramolecular contacts that become more extensive and stabi-
lizing as Q-length increases and/or as temperature decreases
(Fig. 7b). The relatively strong immobilization seen for the
immobile components in the EPR spectra of residues in the N17
and the N-terminal portion of the polyQ (Fig. 2 and Fig. S2) is
consistent with this notion. Similarly, tertiary contacts are also
part of the tadpole model proposed by Warner et al. (27) and
Newcombe et al. (29). Moreover, the distinct changes in NMR
spectra of polyQ at 25 and 10 °C (Fig. 3) are compatible with an
increased lifetime of such contacts at lower temperatures (slow
exchange kinetics). Selective Q-labeling of polyQ further sup-
ports this view (24), and we note that a lifetime in the millisec-
ond range may give rise to slow exchange on the NMR chemical
shift time scale. The ordered conformations that we found
Httex1 to adopt must still be transient and not stable for min-
utes, as indicated by HDX data showing a lack of persistent
hydrogen bonding in both WT and expanded Httex1 on this
time scale (29).

Regardless of the precise structure, the folded state of Httex1
must be different from that of a typical globular protein. Fold-
ing of the latter is driven by sequestration of hydrophobic resi-
dues into the interior of the protein in a process that is charac-
terized by a highly cooperative folding– unfolding transition
(39). The folding of Httex1 lacks such cooperativity, as evi-
denced by the gradual change in temperature-dependent struc-
turing and the lack of a clear transition temperature (Fig. 1).
Moreover, the formation of an extensive hydrophobic core is
not possible given that the polyQ consists of polar Gln residues
and that the N17 has many polar or charged residues. In lieu of
extensive hydrophobic interactions, we therefore expect that
the folded state is largely stabilized by electrostatic interactions,
including hydrogen bonds between Gln residues as well as
between Gln residues and the N17. The temperature–Q-length
compensation data and the striking similarities among the
spectral components from the same sites in different Q-lengths
show that similar local conformations are taken up in overlap-
ping protein segments (N17 and N-terminal polyQ regions
present in all constructs). Thus, the molecular interactions that
stabilize the folded Httex1 state must be similar among the
different Q-lengths. This is especially the case in the most
N-terminal regions of the polyQ (Fig. 7b). As polyQ-length
increases, additional amino acids are available for taking up
helical structure, further stabilizing the folded state (Fig. 7b).
Several lines of evidence support the notion that longer
Q-lengths not only shift the equilibrium toward the folded state
but that they also make the �-helical structure more extensive.
The CD data indicate that the number of residues becoming
helical for longer Q-lengths is larger than the total number of

Figure 7. Summary of Httex1 monomer structure. a, Httex1 domain orga-
nization with structural features highlighted. b, schematic illustration of the
Q-length and temperature-dependent equilibrium between unfolded and
folded states. Blue highlights residues in the N17, and orange is used for the
polyQ. Not shown is the PRD.
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N17 and Gln residues combined for the Q7 protein (Fig. 1f).
Furthermore, the 35R1 spectra indicate that significant
amounts of ordered helical structure are present for longer
Q-length (Fig. 4) even though this position is already outside
the Q-region in the Q7 protein. Thus, although the overall
structure in the N-terminal regions of the polyQ is similar
among the various Q-lengths, the extent to which structuring
can further propagate into the C-terminal region of the polyQ
increases with Q-length (Fig. 7b).

The Q-length– dependent formation of the folded state also
has important biological implications. Because of their drasti-
cally different structures, the folded and unfolded forms of
Httex1 are expected to have differences in their affinity to cel-
lular binding partners. Considering the wide range of Httex1-
interacting proteins (40 –42), polyQ-length– dependent fold-
ing may modulate these interactions and potentially contribute
to toxicity. Because the free energy of the folded state can be
more than 1 kcal/mol greater for longer Q-lengths, binding
affinities might be altered by this free energy as well. This could
lead to significant changes in binding interactions. The differ-
ence in monomer structures may also impact its aggregation
propensities. The aggregation of Httex1 proceeds via a stepwise
mechanism that is initiated by an oligomer predominantly sta-
bilized by �-helical structure in the N-terminal region in solu-
tion and on the membrane (37, 43, 44). Moreover, Wetzel and
co-workers found concentration-dependent helicity in the N17
(45, 46), signifying that this region becomes more helical with
oligomerization. Inasmuchas longerQ-lengthsaffect themono-
mer by shifting the local equilibrium toward higher helicities,
the increased helical propensity of the monomer may promote
the formation of helical oligomers during aggregation. Con-
versely, disruption of the helical structure in the monomer
could oppose Q-length– dependent alterations in binding
interactions and reduce Httex1 aggregation propensity. The
Q-length– dependent structural differences in Httex1 mono-
mer structure could also in principle be exploited in efforts to
specifically target the mutant Httex1 with expanded Q-length.
Considering that most Huntington patients have only one
mutant allele such a strategy could make it possible to only
target the mutant protein without interfering with the normal
cellular functions of the WT protein.

Experimental procedures

Protein expression, labeling, and purification

The Trx–Httex1 proteins with different Q-lengths (Q7, Q16,
Q25, Q46, and Q55) were expressed using pET32a or pET28a
vectors as before (19). Both cysteines of the thioredoxin moiety
were mutated to serine (34). Overnight cultures of BL21(DE3)
were grown at 37 °C and diluted 50-fold into LB medium con-
taining 100 �g/ml ampicillin (for pET32a) or kanamycin (for
pET28a) and grown at 37 °C to 0.6 A600. At this time, expression
was induced using 1 mM isopropyl 1-thio-�-D-galactopyrano-
side at 18 °C typically overnight. Pellets were collected by cen-
trifugation (4500 rpm, 20 min, 4 °C) and either used directly or
stored at �80 °C. Pellets were resuspended in 20 mM Tris-HCl,
pH 7.4, 300 mM NaCl with 10 mM imidazole containing 1%
TritonTM X-100 (Sigma) and 1 mM DTT (ThermoFisher Scien-

tific) for 20 min at room temperature on a rocker. Cell walls
were disrupted on ice by sonication using a model XL2000
ultrasonic cell disruptor (MICROSON) three times for 30 s
with pulse mode output of 10 watts or until clear lysate was
observed. After centrifugation (19,000 rpm, 15 min, 4 °C), the
supernatant was incubated for 1 h at 4 °C on a rocker with
nickel-nitrilotriacetic acid–agarose beads (Qiagen) packed into
an Econo-Pac chromatography column (Bio-Rad). The column
was washed with 3 column volumes of 20 mM Tris-HCl, pH 7.4,
300 mM NaCl, 50 mM imidazole, 1 mM DTT, and 2 column
volumes of 20 mM Tris-HCl, pH 7.4, 300 mM NaCl, 50 mM

imidazole. Purified proteins were eluted using 25 ml of 20 mM

Tris-HCl, pH 7.4, 300 mM NaCl, 300 mM imidazole, and spin-
labeled by incubation with a 5–15-fold excess of MTSL spin
label (Toronto Research Chemicals, Inc., North York, Ontario,
Canada) for 1 h at room temperature to generate the new spin-
labeled side chain R1. Labeled proteins were diluted 1:10 into 10
mM Tris-HCl, pH 7.4, and then purified on a HiTrap Q XL
column (GE Healthcare) using an AKTA FPLC system (Amer-
sham Biosciences). The protein was eluted using 20 mM Tris-
HCl, pH 7.4, buffer and a salt gradient from 20 mM to 1 M NaCl.
The eluted protein was consequently diluted to �30 �M, and
then a PD10 column was used to buffer exchange it into 20 mM

sodium phosphate, pH 7.4, 150 mM NaCl.

Preparation of Httex1 monomer stably bound to nickel beads

Bead binding of spin-labeled Httex1 monomers was medi-
ated by a His tag that was appended at the C-terminal end of
Httex1 in the Trx–Httex1 fusion protein (19). For cleaving of
the Trx fusion partner, spin-labeled Trx–Httex1 derivatives
were adjusted to 5 �M concentration and subjected to EKMax
(Invitrogen) digestion for 50 min using 1 unit of enzyme/ml of
reaction volume. The reaction was stopped by addition of 4 M

urea, and samples were filtered through 0.2-�m syringe filters.
The subsequent purification of Httex1 monomer was per-
formed on a C4 column (15 �m, 300 Å, 250 � 4.60 mm) using
an AKTA FPLC system (Amersham Biosciences) with buffer A
(99.9% water, 0.1% TFA) and buffer B (90% acetonitrile, 9.9%
water, 0.1% TFA). The appropriate fractions were collected and
lyophilized followed by storage of lyophilized powder in a vac-
uum desiccator until further use. The lyophilized powder was
treated in 0.5% TFA (v/v) in methanol to disaggregate any pre-
formed seeds (43). The organics were removed under a gentle
stream of N2 gas, and the resultant film was resuspended in
buffer containing 4 M urea with nickel beads and kept on shaker
for 30 min for binding. The protein on the beads was further
washed three times with buffer without urea using the centrif-
ugation method, and the bead-bound protein was finally sus-
pended in the appropriate buffer at the desired concentration
prior to EPR measurements.

Continuous-wave EPR

All samples were freshly filtered using Amicon Ultra-4
100,000 MWCO centrifugal filters (Millipore) to remove
potential oligomers. This step was performed at 4 °C, as lower
temperature is the more stringent condition for oligomeriza-
tion (47, 48). Spin-labeled samples were prepared at 15 �M or
less in 20 mM sodium phosphate, pH 7.4, 150 mM NaCl, 25%
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glycerol and loaded into glass capillaries (0.6-mm inner diame-
ter � 0.84-mm outer diameter, VitroCom, Mt. Lakes, NJ). The
addition of glycerol, which was added to reduce tumbling, did
not affect the temperature-dependent secondary structure for-
mation according to CD. EPR spectra were recorded on an
X-band Bruker EMX spectrometer (Bruker Biospin Corp.)
equipped with an ER 4131VT temperature controller and HS
cavity. EPR spectra were recorded at an incident microwave
power of 3.20 milliwatts for �10, �5, and 0 °C and 12.60 milli-
watts for 5, 10, 15, 20, 25, 30, and 37 °C. All spectra are shown at
100 G scan width. In some cases, spectra were spin-normalized
by double integration, which was used to generate spectra that
are scaled to represent the same number of spins. The normal-
ized spectra were used for the amplitude plots as well as the
estimation of percentages of individual mobile and immobile
components, which were obtained by spectral subtraction.
Toward this end, the spectra for the same sites in different
Q-length– containing proteins were subtracted from each
other to generate the respective mobile and immobile compo-
nents. Using this basis set, spectral subtractions were per-
formed to obtain relative amounts of mobile and immobile
components in the respective EPR spectra. The relative contri-
butions of mobile and immobile components were then con-
verted into an equilibrium constant (Keq) for a simple two-state
system. Free energies were then determined using �G � �RT
ln Keq.

CD measurements

CD was performed using a Jasco 815 spectropolarimeter
(Jasco Inc., Easton, MD). Temperature was regulated by a Jasco
PFD-425S Peltier type FDCD attachment connected to a Poly-
Science recirculator (PolyScience, Niles, IL). For spectra at each
temperature, measurements were taken every 1 nm from 200 to
260 nm, scanning at 50 nm/min with an averaging time of 1 s.
Spectra were obtained from samples in 20 mM phosphate, pH
7.4, and 150 mM NaCl. For spectra spanning from 190 to 260
nm, the same protocol was used except that the buffer did not
contain NaCl. Ten scans, or 12 scans for 190 –260-nm readings,
were averaged for each sample spectrum; background spectra
were obtained by averaging 20 scans, and the appropriate
ones were subtracted from the respective sample spectra. Spec-
tra were smoothed by the Savitsky-Golay algorithm. Single-
wavelength readings at 222 nm were obtained at �10, 0, 4, 10,
20, 30, and 37 °C. In each case, MRETrx–Httex1 was measured
every 1 s for 300 s; the 301 readings for each sample at each
temperature were averaged, and MRETrx was subtracted. The
number of amino acids in each sample to experience a change in
helicity from �10 to 37 °C was estimated using a previously
developed helix– coil transition model, which gives the change
in fraction of helicity (�fHelix) by Equation 1 (19, 49, 50),

�fhelix � fhelix � 10°C � fhelix,37° C (Eq. 1)

where fHelix at each temperature is given as shown in Equation
2,

fhelix �
MREhttex1 � MREcoil

MREhelix � MREcoil
(Eq. 2)

where MREHttex1 describes the helix– coil transition in Httex1,
obtained from the difference between MRETrx–Httex1 at 222 nm
of the fusion protein at the given temperature and the pro-
duct of MRETrx at 222 nm at the same temperature and the
fraction of residues comprised by Trx in that particular con-
struct, see Equations 3 and 4,

MREcoil � 2220 � 53T (Eq. 3)

MREhelix � 	�44,000 � 250T
�1 �
3

Nr
� (Eq. 4)

where T is temperature in °C and Nr is the number of residues.
To calculate an equilibrium of the two-states model, percent

�-helicity was calculated using the relation of MREHttex1 � 0
and �34,700 (degrees cm2 dmol�1) for 0 and 100% helicity,
respectively.

NMR measurements

Trx–Httex1(Q46) samples were prepared at a concentration
of 20 �M in either 20 mM NaH2PO4/Na2HPO4, pH 7.4, 6% D2O
solution, or 25 mM MES, pH 6.0, 25 mM NaCl, 0.02% w/v NaN3,
6% D2O solution. In the MES buffer, samples of Httex1(Q46)
and Trx–Httex1(Q7) were also prepared at concentrations of
12 and 300 �M, respectively. NMR experiments on 15N- or 13C/
15N-labeled proteins were performed on a cryoprobe-equipped
Bruker Avance 700 spectrometer. For Trx–Httex1(Q46) and
Httex1(Q46), HSQC, HNCA, and CBCA(CO)NH experiments
were carried out. For Trx–Httex1(Q7), the HNCACB experi-
ment was additionally acquired. To increase spectral resolu-
tion, HNCA experiments of Trx–Httex1(Q7) were acquired
with 50 � 92 � 768 complex points (t1(C�) � 10.0 ms, t2(N) �
49.7 ms, and t3(HN) � 61.4 ms) in a semi-constant time mode
(51, 52). For Trx–Httex1(Q46) and Httex1(Q46), typical acqui-
sition times of HSQC and HNCA experiments were 2.5 and
20 h, respectively. NMR data were processed and analyzed with
the nmrPipe package (53). Backbone assignment of Trx–
Httex1(Q7) was carried out with the program CARA.
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access structural information at atomic resolution in polyglutamine ho-
morepeats. Angew. Chem. Int. Ed. Engl. 57, 3598 –3601 CrossRef Medline

25. Kim, M. W., Chelliah, Y., Kim, S. W., Otwinowski, Z., and Bezprozvanny,
I. (2009) Secondary structure of Huntingtin amino-terminal region. Struc-
ture 17,1205–1212 CrossRef Medline

26. Kang, H., Vázquez, F. X., Zhang, L., Das, P., Toledo-Sherman, L., Luan, B.,
Levitt, M., and Zhou R. (2017) Emerging �-sheet rich conformations in
supercompact Huntingtin Exon-1 mutant structures. J. Am. Chem. Soc.
139, 8820 – 8827 CrossRef Medline

27. Warner, J. B., 4th, Ruff, K. M., Tan, P. S., Lemke, E. A., Pappu, R. V., and
Lashuel, H. A. (2017) Monomeric Huntingtin Exon 1 has similar overall
structural features for wild-type and pathological polyglutamine lengths.
J. Am. Chem. Soc. 139, 14456 –14469 CrossRef Medline

28. Williamson, T. E., Vitalis, A., Crick, S. L., and Pappu, R. V. (2010) Modu-
lation of polyglutamine conformations and dimer formation by the N-ter-
minus of huntingtin. J. Mol. Biol. 396, 1295–1309 CrossRef Medline

29. Newcombe, E. A., Ruff, K. M., Sethi, A., Ormsby, A. R., Ramdzan, Y. M.,
Fox, A., Purcell, A. W., Gooley, P. R., Pappu, R. V., and Hatters, D. M.
(2018) Tadpole-like conformations of Huntingtin Exon 1 are character-
ized by conformational heterogeneity that persists regardless of polyglu-
tamine length. J. Mol. Biol. 430, 1442–1458 CrossRef Medline

30. Bennett, M. J., Huey-Tubman, K. E., Herr, A. B., West, A. P., Jr., Ross, S. A.,
and Bjorkman, P. J. (2002) A linear lattice model for polyglutamine in
CAG-expansion diseases. Proc. Natl. Acad. Sci. U.S.A. 99, 11634 –11639
CrossRef Medline

31. Owens, G. E., New, D. M., West, A. P., Jr., and Bjorkman, P. J. (2015)
Anti-PolyQ antibodies recognize a short PolyQ stretch in both normal and
mutant Huntingtin exon 1. J. Mol. Biol. 427, 2507–2519 CrossRef Medline

32. Spera, S. and Bax, A. (1991) Empirical correlation between protein back-
bone conformation and C-� and C-� C-13 nuclear-magnetic-resonance
chemical-shifts. J. Am. Chem. Soc. 113, 5490 –5492 CrossRef

33. Isas, J. M., Langen, R., and Siemer, A. B. (2015) Solid-state nuclear mag-
netic resonance on the static and dynamic domains of Huntingtin Exon-1
fibrils. Biochemistry 54, 3942–3949 CrossRef Medline

34. Bugg, C. W., Isas, J. M., Fischer, T., Patterson, P. H., and Langen, R. (2012)
Structural features and domain organization of huntingtin fibrils. J. Biol.
Chem. 287, 31739 –31746 CrossRef Medline

35. Kim M. (2013) � conformation of polyglutamine track revealed by a crys-
tal structure of Huntingtin N-terminal region with insertion of three his-
tidine residues. Prion 7, 221–228 CrossRef Medline

36. Peters-Libeu, C., Miller, J., Rutenber, E., Newhouse, Y., Krishnan, P.,
Cheung, K., Hatters, D., Brooks, E., Widjaja, K., Tran, T., Mitra, S., Arra-
sate, M., Mosquera, L. A., Taylor, D., Weisgraber, K. H., and Finkbeiner, S.
(2012) Disease-associated polyglutamine stretches in monomeric hun-
tingtin adopt a compact structure. J. Mol. Biol. 421, 587– 600 CrossRef
Medline

37. Sivanandam, V. N., Jayaraman, M., Hoop, C. L., Kodali, R., Wetzel, R.,
and van der Wel, P. C. (2011) The aggregation-enhancing huntingtin N
terminus is helical in amyloid fibrils. J. Am. Chem. Soc. 133, 4558 – 4566
CrossRef Medline

38. De Genst, E., Chirgadze, D. Y., Klein, F. A., Butler, D. C., Matak-Vinković,
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