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The N-terminal region of the huntingtin protein, encoded by exon-1,
comprises an amphiphilic domain (httNT), a polyglutamine (Qn) tract,
and a proline-rich sequence. Polyglutamine expansion results in an
aggregation-prone protein responsible for Huntington’s disease.
Here, we study the earliest events involved in oligomerization of a
minimalistic construct, httNTQ7, which remains largely monomeric
over a sufficiently long period of time to permit detailed quantitative
NMR analysis of the kinetics and structure of sparsely populated
(≲2%) oligomeric states, yet still eventually forms fibrils. Global fit-
ting of concentration-dependent relaxation dispersion, transverse
relaxation in the rotating frame, and exchange-induced chemical
shift data reveals a bifurcated assembly mechanism in which the
NMR observable monomeric species either self-associates to form a
productive dimer (τex ∼ 30 μs, Kdiss ∼ 0.1 M) that goes on to form a
tetramer (τex ≲ 25 μs; Kdiss ∼ 22 μM), or exchanges with a “nonpro-
ductive” dimer that does not oligomerize further (τex ∼ 400 μs; Kdiss ∼
0.3 M). The excited state backbone chemical shifts are indicative of
a contiguous helix (residues 3–17) in the productive dimer/tetramer,
with only partial helical character in the nonproductive dimer. A
structural model of the productive dimer/tetramer was obtained
by simulated annealing driven by intermolecular paramagnetic re-
laxation enhancement data. The tetramer comprises a D2 symmetric
dimer of dimers with largely hydrophobic packing between the he-
lical subunits. The structural model, validated by EPR distance mea-
surements, illuminates the role of the httNT domain in the earliest
stages of prenucleation and oligomerization, before fibril formation.
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Polyglutamine [poly(Q)] expansion, arising from mutations
that extend the length of glutamine-encoding CAG repeats, is

associated with a number of neurodegenerative diseases (1), the
best known of which is Huntington’s disease, an autosomal domi-
nant condition characterized pathologically by widespread neuro-
nal degeneration and clinically by involuntary jerky movements
(hence the name Huntington’s chorea), dementia, and ultimately
death (2, 3). The gene responsible is Huntingtin (HTT), and the
poly(Q) tract is encoded within exon 1 (3). Although the Hun-
tingtin protein (htt) is very large (∼350 kDa), proteolysis (4) and/or
incomplete mRNA splicing of HTT (5) generates mutated N-
terminal fragments that aggregate to form neuronal inclusion
bodies in pathological states (6). The N-terminal fragment (httEx1),
corresponding to the first exon of HTT, comprises three domains
(3): a 16-residue N-terminal amphiphilic sequence (httNT), a poly(Q)
tract of variable length, and a proline-rich domain (Fig. 1A). The
mean length of the poly(Q) repeat ranges from 17 to 20; lengths
of 36 or greater result in Huntington’s disease (3), with the age of
clinical onset being inversely correlated to the length of the poly(Q)
segment (2, 7).
HttEx1 self-assembles to form prefibrillar oligomers and fibrils,

both of which are neurotoxic in cell culture (2, 8). The rate of
poly(Q) aggregation is greatly accelerated by the presence of the

httNT sequence and down-regulated by the proline-rich domain
(9, 10). Solid-state NMR has shown that httEx1 fibrils consist of a
static polyglutamine β-hairpin/β-sheet core, connected by in-
terdigitating glutamine side chains (11–13) and surrounded by
httNT helices of intermediate dynamics (14–16). It has been
postulated that the httNT sequence self-associates to form a he-
lical coiled coil, and mutations engineered to enhance coiled-coil
propensity promote aggregation, while those that disrupt coiled-
coil formation have the reverse effect (17). These results, as well
as other biophysical studies (18), have led to the hypothesis that
the httNT domain of httEx1, as well as of other poly(Q) proteins,
is a functional switch for the initial nucleation event that even-
tually leads to protofibril and fibril formation (17).
The earliest transient association events in httEx1 protofibril

and fibril assembly, especially those involving sparsely populated,
spectroscopically invisible states, are difficult to study as httEx1

aggregates relatively rapidly in vitro even for nonpathogenic poly(Q)
lengths (18). However, amyloid nucleation of httNT-poly(Q)
peptides (httNTQn) can be slowed down by reducing the length of
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the poly(Q) repeat (19). Here, we take advantage of a construct
comprising only seven glutamines, httNTQ7, to probe the kinetics
and structural features of highly transient multimeric species (with
lifetimes less than 1 ms) formed during the earliest association
events by quantitative analysis of concentration-dependent Carr–
Purcell–Meiboom–Gill (CPMG) relaxation dispersion (20, 21),
rotating frame R1ρ dispersion (22), transverse relaxation in the
rotating frame and exchange-induced chemical shift (23) data, as
well as NMR intermolecular paramagnetic relaxation enhance-
ment (PRE) measurements (24, 25) and pulse double electron–
electron resonance (DEER) (26) and continuous-wave (CW) (27)
EPR. We demonstrate the existence of two branching pathways:
the first involves self-association to a tetrameric helical bundle via
a helical coiled-coil dimer; the second results in the formation of a
nonproductive dimer (with partial helical character). Oxidation of
the single methionine at position 7 of the httNT region abolishes all
association, as does removal of the Q7 sequence. These results
provide a detailed mechanistic picture of oligomer assembly oc-
curring at the very earliest stages along the aggregation pathway of
httEx1 that eventually leads to fibril nucleation and formation.

Results and Discussion
Seven Glutamines Are Sufficient to Induce Slow Fibril Formation.Given
the necessity of stable samples over prolonged periods of time
needed for detailed analysis of exchange dynamics by NMR, we
focused on four N-terminal httEx1 peptide fragments (Fig. 1A): the
16-residue N-terminal peptide, httNT, with no glutamine repeats
[as the N-terminal methionine is likely cleaved in vivo (28)]; a 23-
residue peptide with seven glutamines C-terminal to the httNT

sequence, httNTQ7 (SI Appendix, Fig. S1); (Met7O)-httNTQ7 in
which the side chain of Met7 was oxidized to a sulfoxide by mild
treatment with hydrogen peroxide (SI Appendix, Fig. S2); and 26-
and 30-residue peptides with 10 and 14 glutamines C-terminal to
the httNT sequence, httNTQ10 and httNTQ14. The

1H–
15N corre-

lation spectra of all constructs are typical of intrinsically disor-

dered peptides with very limited backbone amide proton spectral
dispersion (SI Appendix, Figs. S1A and S2), and the backbone
secondary chemical shifts of httNTQ7 give no indication for any
significant secondary structure propensity (SI Appendix, Fig. S1B)
under the experimental conditions employed throughout the
current work (5 or 10 °C, 20 mM sodium phosphate, pH 6.5,
50 mM NaCl). We followed aggregation by monitoring the de-
crease in intensity of the 15N-labeled monomer 1H–

15N cross-
peaks arising from the formation of very high–molecular-weight
species whose resonances are broadened beyond the limits of
detection. Both httNT and (Met7O)-httNTQ7 are stable monomers
under these conditions. Also, httNTQ7 is largely monomeric over a
period of 3 weeks from initial dissolution at 10 °C [see analytical
ultracentrifugation (AUC) data in SI Appendix, Fig. S3] with a 1 mM
solution displaying only a minimal decrease in 1H–

15N cross-peak
intensities (>95% monomer, Fig. 1B). Only after about 3 weeks can
the presence of amyloid-like fibrils be detected by atomic force
microscopy (Fig. 1C). Under the same conditions, however, 100 μM
solutions of httNTQ10 and httNTQ14 aggregate too rapidly at 10 °C
for detailed NMR studies with monomer half-lives of ∼65 and
∼18 h, respectively (Fig. 1B). Thus, httNTQ7 provides an ideal system
for probing monomer–oligomer exchange dynamics on the sub-
millisecond timescale by relaxation dispersion NMR under condi-
tions where the populations of the oligomeric states are low.

Relaxation Dispersion, Rotating Frame Transverse Relaxation, and
Exchange-Induced Shifts.The httNTQ7 construct displays concentration-
dependent 13Cα exchange-line broadening (13Cα-Rex),

13Cα exchange-
induced shifts (13Cα-δex), and 15N transverse relaxation rates
ð15N-R1kHz

2 Þ measured from 15N-R1ρ experiments recorded with a
1-kHz radiofrequency field (RF) spin lock (Fig. 2). In contrast,
neither httNT nor (Met7O)-httNTQ7 show any change in these
parameters with concentration. Thus, httNTQ7 must undergo rapid
interconversion between the major monomeric species and minor,
sparsely populated, higher-order oligomeric species. In addition,
15N-ΔR1kHz

2 is correlated to 15N-δex2 (Fig. 2D and SI Appendix,
Figs. S4 and S5). Thus, the increase in 15N-R1kHz

2 as a function of
concentration is a hallmark of a fast exchange process that is not
suppressed by the 1-kHz RF spin-lock field, and can be attributed
to exchange between species with different chemical shifts (chemical
exchange line broadening) on the submillisecond timescale, as
opposed to lifetime line broadening arising from exchange be-
tween species with very different molecular weights and tumbling
times (29). Furthermore, 15N dark state exchange saturation
transfer experiments (30) show no evidence of any detectable
exchange process between the NMR visible monomer and large
molecular weight species.
To quantitatively explore the exchange phenomena for httNTQ7,

we collected 13Cα (Fig. 3A) and 15N (Fig. 4A) CPMG relaxation
dispersion experiments at three (0.4, 0.75, and 1 mM) concen-
trations, 15N R1ρ dispersion experiments at one concentration
(1 mM, Fig. 4B), 13Cα (Fig. 3B and SI Appendix, Fig. S6)
and 15N exchange-induced shifts (Fig. 4C, Top and SI Appendix,
Fig. S4), and 15N-R1kHz

2 data (Fig. 4C, Bottom, and SI Appendix,
Fig. S5) at 13 concentrations from 50 μM to 1.2 mM. (Note that
the number and range of concentrations used for the CPMG re-
laxation dispersion experiments was limited by signal-to-noise
considerations; further CPMG relaxation dispersion experiments
could not be carried out above 1 mM as some aggregation,
resulting in a 10–15% loss of NMR signal intensity, occurs over a
period of 48 h at 1.2 mM, close to the solubility limit of httNTQ7;
exchange-induced shift and 15N-R1kHz

2 data, however, can be
recorded in a short period of time, allowing access to concen-
trations up to 1.2 mM.) These data, summarized in Table 1, were
fit simultaneously by solving the appropriate McConnell
equations (31) corresponding to a given kinetic scheme, opti-
mizing the relevant rate constants, the differences in chemical
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Fig. 1. Characterization of httNTQn. (A) Organization of httEx1 and httNTQn

sequences used in the current work. NT, N-terminal amphiphilic sequence;
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shifts between major and minor species for each residue, and the
transverse relaxation rates for each residue at each concentration
(see SI Appendix for full details of the relevant kinetic equations
and of the global fitting procedure; SI Appendix, Eqs. S1–S6).
The distinct curvature in the concentration dependence of the

exchange-induced shift (Figs. 3B and 4C and SI Appendix, Figs.
S4 and S6–S9) and 15N-R1kHz

2 (Fig. 4C and SI Appendix, Fig. S5)
data are indicative of the formation of higher-order (>2) oligo-
mers. The simplest model that can fit all of the NMR data si-
multaneously is depicted in Fig. 5A and involves a branching
pathway. The monomer, P, is the NMR observable species. In
the first branch, P self-associates to form a productive dimer, P2,
that further self-associates to form a tetramer, P4. In the second
branch, P self-associates to form a “nonproductive” dimer, P*

2,
which does not undergo further oligomerization.
Alternative simpler kinetic models were also considered but

eliminated on the basis of goodness-of-fit in the simultaneous

analysis of all available concentration-dependent NMR data,
and/or the ability of a given kinetic scheme to provide physically
plausible parameters of exchange, transverse relaxation rates
ðRP

2 Þ of the major (monomeric) species and chemical shifts of the
minor (oligomeric) species. Two-site exchange models such as P↔
P2, P ↔ P3, and P ↔ P4, as well as a three-site branched ex-
change model (P2 ↔ P ↔ P4), fail to satisfy the relaxation dis-
persion and exchange-induced shift data simultaneously, and do
not reproduce the concentration dependence of the exchange-
induced shifts. Although the P ↔ P2 two-site exchange model
can approximately fit the available CPMG relaxation dispersion
data alone, unphysically high fitted values of RP

2 are obtained at
higher peptide concentrations, implying the existence of another
(very fast) process that is not accounted for by two-site exchange.
Three-site exchange models comprising an on-pathway dimeric
intermediate leading either to a trimer or tetramer (32) were also
investigated. The latter fit the experimental data slightly worse
than the bifurcated four-site exchange model shown in Fig. 5 but,
more importantly, can be disqualified as they result in (i) unre-
alistically high populations of the intermediate dimeric species
(P2), typically exceeding ∼10% at the highest concentration
(1.2 mM) used in the NMR experiments, that are inconsistent
with other biophysical data obtained in the present work (e.g.,
analytical ultracentrifugation; SI Appendix, Fig. S3), and (ii)
unphysically large (by absolute magnitude) values of the result-
ing changes in 13Cα and 15N chemical shifts (Δω) of at least one
of the involved oligomeric species.
Because of the complexity of the scheme in Fig. 5, we made

the simplifying assumption that the 13Cα and 15N chemical shifts
of the productive dimer and tetramer are the same. This is
reasonable as 13Cα and 15N backbone shifts are largely affected
by secondary structure (33) which would be predicted to be the
same in the productive dimer and tetramer, if the tetramer is a
dimer of dimers. Exchange between the monomer (P) and
nonproductive dimer ðPp

2Þ occurs on a timescale of ∼400 μs and is
largely probed by CPMG relaxation dispersion; the exchange
processes between the monomer (P) and the productive dimer
(P2) and between the productive dimer (P2) and the tetramer
(P4) are approximately an order of magnitude faster and occur
on timescales of ∼30 and K 25 μs, respectively, that are largely
characterized by R1ρ dispersion, transverse relaxation in the ro-
tating frame, and exchange-induced chemical shifts (23). The
effects of the interplay of the fast and slow processes on both the
CPMG relaxation dispersion profiles and the concentration de-
pendence of the exchange-induced chemical shifts is discussed in
detail in SI Appendix and SI Appendix, Fig. S10. Hence, a com-
bination of these NMR techniques in conjunction with simulta-
neous analysis of all concentration-dependent data are necessary
for a detailed characterization of the kinetics of oligomerization
depicted in Fig. 5.
Initial fits indicated that the association (k2) and dissociation

(k−2) rate constants for the P2 ↔ P4 exchange process could not
be determined independently with any degree of certainty. We
therefore carried out a grid search in which k−2 was held fixed at
values spanning from 104 to 105 s−1, while optimizing all of the
remaining parameters. The results are summarized in Fig. 6.
Briefly, χ2 increases as the value of k−2 falls below about 4 × 104 s−1;
for values of k−2 J 4× 104s−1, χ2 remains constant, and the val-
ues of k1 and k−1 for the P2 ↔ P4 exchange remain essentially
unchanged. k2 and k−2 are highly correlated (correlation co-
efficient of 0.99), and the values of k3 and k−3 for the P↔P*

2
exchange remain stable for all values of k−2. Finally, the equi-
librium dissociation constants, Kdiss

1 ,Kdiss
2 , and Kdiss

3 for the P ↔
P2, P2 ↔ P4, and P↔P*

2 processes, respectively, are stable for
values of k−2 J 4× 104s−1.
The overall exchange rate between monomer and tetramer,

kP↔P4
ex , is approximately equal to k−2 at low httNTQ7 concentrations
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Fig. 2. Concentration-dependent exchange dynamics of httNTQ7 observed
by NMR. (A) 13Cα exchange line-broadening measured by CPMG relaxation
dispersion ð13Cα-Rex =R25Hz

2,eff −R2,000Hz
2,eff Þ at 600 MHz and (B) 13Cα exchange in-

duced shifts (13Cα-δex = δobs − δref) for httNTQ7 (800 MHz) at three concen-
trations (0.4, 0.75, and 1 mM) and httNT (900 MHz) at one concentration
(0.75 mM) and 5 °C. For httNTQ7, the reference shifts, δref, in the absence of
exchange were determined by fitting the concentration dependence of the
observed shifts, δobs, for each residue to a second-order polynomial (SI Ap-
pendix, SI Materials and Methods); for httNT, the reference shifts are
obtained from the spectrum recorded on a 20 μM sample. (C) 15N-R1kHz

2
transverse relaxation rate profiles obtained from 15N-R1ρ measurements at
600 MHz and 10 °C recorded with a spin-lock radiofrequency field strength
of 1 kHz for httNTQ7 (10 μM and 1 mM), (Met7O)-httNTQ7 (1 mM), and httNT

(10 μM and 1 mM). (D) Correlation of 15N-R1kHz
2 and (15N-δex)2 for httNTQ7 at

800 MHz and 5 °C. (E) Expansion of selected regions of the 900-MHz 1H–13C
constant time HSQC spectra of 0.8 mM (blue) and 20 μM (red) samples of
httNTQ7 (Left) and httNT (Right) at 5 °C. Error bars represent 1 SD (when not
shown, they are within the circles representing the experimental data).
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(<0.3 mM). At higher peptide concentrations, kP↔P4
ex can be shown

to be well approximated by k−2/n, where n varies from 1 to 4 for
peptide concentrations ranging from 0.1 to 2.0 mM (and almost
exactly 2 at the highest concentration of 1.2 mM used in the NMR
experiments) for k−2 within the range of ∼40,000 to ∼60,000 s−1.
The counterintuitive decrease in kP↔P4

ex at higher concentrations is
a consequence of the fact that the overall dissociation process
from tetramer to monomer, as well as the association process
from monomer to tetramer, are concentration dependent.
The concentration dependence of the populations of P2, P4,

and P*
2 simulated from the optimized values of the equilibrium

dissociation constants is shown in Fig. 5B. The populations of P2

and P*
2 plateaus at ∼3.8% and 1.6%, respectively, at a total

peptide concentration of 5 mM, and then decay very slowly as
the concentration increases further. The concentration de-
pendence of the population of P4, on the other hand, is char-
acterized by an initial lag phase followed by a rapid increase; at
5 mM total peptide concentration, the population of P4 reaches
∼29%. At the highest concentration used in the NMR experi-
ments, the populations of P4, P2, and P*

2 are ∼2.0%, 1.9%, and
0.9%, respectively (Fig. 5B, Inset).
In addition to kinetic information, the relaxation dispersion

and exchange-induced shift data provide structural information
in the form of 13Cα (Fig. 7B) and 15N (SI Appendix, Fig. S11)
chemical shift differences (Δω) relative to the intrinsically dis-
ordered monomer. The 13Cα-Δω values for residues 3–17 of
P2/P4 range from +1 to +3 ppm (downfield shifts) with residues
3–12 and 14–15 having 13Cα-Δω values in excess of +2 ppm,
indicative of a contiguous helix. The latter is consistent with the
negative values of Δω (upfield shifts) for 15N, 13Cβ, and 1Hα
nuclei of residues 3–17 (SI Appendix, Fig. S11), as well as the
secondary structure assignment based on the backbone shifts
using the program Talos (34). The 13Cα-Δω values for P*

2 (off-
path; Fig. 7B) are 50–100% smaller than the corresponding
values for P2/P4 (on-path; Fig. 7B) but still represent downfield
shifts, indicative of partial helix formation, for example due to
an ensemble of partial helical coiled-coil conformations with
different registers and hence different degrees of overlap.

Modulation of Dimerization and Tetramerization Equilibria. Since
httNTQ7 was expressed as a fusion protein with the Ig-binding
domain of streptococcal protein G (GB1) separated by a 10-residue
linker, we also investigated the dimerization and tetramerization
properties of the GB1-httNTQ7 fusion protein, as well as of two
variants thereof with nitroxide (R1) spin labels covalently linked to
engineered cysteines (S12C or S15C) in the httNTQ7 portion of the
fusion protein. The latter were generated by conjugation of the
cysteines to S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)
methyl methanesulfonothioate. GB1-httNTQ7 and GB1-httNTQ7
(S12C-R1) were characterized by sedimentation equilibrium AUC
(SI Appendix, Figs. S12–S14), while GB1-httNTQ7 (S15C-R1) was
investigated by sedimentation velocity AUC (SI Appendix, Fig. S15).
The results are summarized in Table 2.
The GB1-httNTQ7 (SI Appendix, Figs. S12 and S13) and GB1-

httNTQ7 (S12C-R1) (SI Appendix, Fig. S14) sedimentation
equilibrium AUC data can only be fit to a reversible monomer–
dimer–tetramer model with significant occupancy of the tetra-
mer. At the highest concentrations used in the analysis (which
are higher than the loading concentrations), ∼0.8 mM for GB1-
httNTQ7 and ∼0.4 mM for GB1-httNTQ7 (S12C-R1), the tetra-
mer populations (in monomer units) reach values of ∼40% (SI
Appendix, Fig. S13B) and ∼60% (SI Appendix, Fig. S14B), re-
spectively. Interestingly, the dimer–tetramer equilibrium for
these two constructs ðKdiss

2 ∼ 8− 9  μΜÞ is similar to that for httNTQ7

ðKdiss
2 ∼ 22  μΜÞ. However, the values of Kdiss

1 are ∼15- and 200-fold
lower for GB1-httNTQ7 (∼9 mM) and GB1-httNTQ7 (S12C-R1)
(0.58 mM), respectively, relative to that for httNTQ7 (∼0.12 M).
Thus, the extent of tetramerization for these three constructs is
predominantly determined by the stability of the dimer relative
to the monomer. The increased stabilization of the dimer relative
to the monomer as a consequence of the introduction of GB1
fused to the N terminus of httNTQ7 is presumably due to transient,
weak interactions between the GB1 globular domain of one sub-
unit and the polyglutamine tail of the other.
In contrast, sedimentation velocity AUC data indicate that

GB1-httNTQ7 (S15C-R1) only undergoes dimerization with
Kdiss
1 ∼ 0.22mM (SI Appendix, Fig. S15), a factor of ∼3 lower than

that of httNTQ7 (S12C-R1). No evidence of any tetramer is ap-
parent in the sedimentation velocity data.
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Thus, apparently innocuous modifications, whether involving a
fusion construct with a small globular protein at the N terminus,
nitroxide spin-labeling within the httNT portion of the constructs,
or even oxidation of Met7 (Fig. 2) can have a profound effect on
both dimerization and tetramerization of httNTQ7.

PRE-Based Structural Modeling of the Productive Dimer and Tetramer
of httNTQ7. To derive a structural model of the httNTQ7 dimer and
tetramer, we made use of intermolecular PRE measurements.

When exchange is fast on the PRE relaxation time scale, inter-
molecular PREs observed on NMR visible 15N-labeled httNTQ7
in the presence of a small amount of a paramagnetically labeled
httNTQ7 derivative at natural isotopic abundance, yield structural
information on the sparsely populated, NMR invisible, oligo-
meric states (25). Note that the PRE experiments make use of a
1H–

15N correlation-based pulse scheme, and hence PREs arising
from proximity to the paramagnetic label are only detected on
the 1HN protons of 15N-labeled httNTQ7 and not on the para-
magnetically labeled derivative, which is at natural isotopic
abundance.
Because of solubility and purification issues related to

nitroxide-labeled httNTQ7 constructs, we made use of the GB1-httNTQ7
fusion protein labeled with a nitroxide (R1) at either S15C or
S12C, both of which lie on the hydrophilic face of an amphiphilic
helix (Fig. 7A). Experiments were carried out at a total peptide
concentration of 0.6 mM with a molar ratio of 1:40 spin-labeled
GB1-httNTQ7 to 15N-labeled httNTQ7, and the resulting intermo-
lecular PRE profiles are shown in Fig. 7C. The large excess of 15N-
labeled httNTQ7 ensures that the transient dimers and tetramers
either contain only a single nitroxide-labeled subunit, or at best
two nitroxide-labeled subunits owing to dimer enrichment of
nitroxide-labeled GB1-httNTQ7 as a result of their low dimeriza-
tion dissociation constants relative to httNTQ7 (0.2–0.6 mM versus
∼0.1 M, respectively; Table 2). The latter will only yield PREs
between dimers (and not within dimers), and hence the interdimer
PRE profile will be the same whether one or two subunits within
one of the dimers are nitroxide labeled.
Three control experiments were carried out. PREs were

measured on a 1:1 (as well as 1:9) mixture of httNTQ7 (S15C-R1)
to 15N-labeled httNTQ7 (SI Appendix, Fig. S16A) and found to be
highly correlated (R = 0.98) to those measured on a 1:40 mixture
of GB1-httNTQ7 (S15C-R1) to 15N-labeled httNTQ7 (SI Appen-
dix, Fig. S16B), indicating that the oligomeric structures are
unaffected by the presence of the GB1 solubility tag on the
nitroxide-labeled subunit. PRE experiments were also recorded
on samples of 15N-labeled httNTQ7 in the presence of nitroxide-
labeled GB1 or (Met7O)-httNTQ7 (which does not oligomerize).
No intermolecular PREs were detected in the latter two samples
(SI Appendix, Fig. S16A), indicating that the PREs observed on
15N-labeled httNTQ7 in the presence of nitroxide-labeled con-
structs of GB1-httNTQ7 are the result of specific association into
well-defined multimers and do not arise from either nonspecific
binding of the nitroxide label itself or to solvent PREs (25). In
addition, the PRE data were collected at 10 °C, instead of 5 °C
used for the other NMR experiments, to remove spectral overlap
and permit PREs to be obtained for all residues within the helix.
The PRE profiles, however, are the same at the two tempera-
tures (SI Appendix, Fig. S17).

Table 1. Experimental data used in global fits

Experiment
Magnetic field,

MHz
Residue
number*

Concentrations,
mM

13Cα-CPMG relaxation
dispersion

600, 900 4, 5, 8, 9, 10, 11, 12, 14, 16, 17 0.4, 0.75, 1.0

13Cα-δex 800 4, 5, 8, 9, 10, 11, 12, 14, 16, 17 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2
15N-CPMG relaxation

dispersion
600, 900 4, 5, 8, 9, 12, 15, 17 0.4, 0.75, 1

15N-R1ρ relaxation
dispersion

600, 800 4, 5, 8, 9, 12, 15, 17 1.0

15N-δex 800 4, 5, 8, 9, 12, 15, 17 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2
15N-R1kHz

2 800 4, 5, 8, 9, 12, 15, 17 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2

*Residues not included in the global fit are those where there is either chemical shift overlap precluding accurate measurement of relaxation dispersion data
or where the dispersions are small.

4

6

8

10
4

8

12

16
Glu4 Lys5 Lys8 Ala9

-15

-10

-5

0

15
N

-δ
ex

 (
H

z)

0 0.4 0.8 1.2 0 0.4 0.8 1.2 0 0.4 0.8 1.2 0 0.4 0.8 1.2

0 500 1000 0 500 1000 0 500 1000 0 500 1000

Concentration (mM)

CPMG (Hz)

4

8

12

16

A

C

900 MHz

600 MHz

15
N

-R
2,

ef
f (

s-
1 )

1k
H

z
(s

-1
)

15
N

-R
2

800 MHz

800 MHz

1 mM
0.75 mM
0.4 mM

4

6

8

10

12
800 MHz

600 MHz

Spin-lock field (kHz)
1.0 1.5 2.0 2.51.0 1.5 2.0 2.51.0 1.5 2.0 2.51.0 1.5 2.0 2.5

B

15
N

-R
2,

ef
f (

s-
1 )

Fig. 4. Quantitative analysis of the concentration dependence of 15N-
relaxation dispersion profiles and exchange-induced shifts for httNTQ7.
Representative (A) 15N-CPMG relaxation dispersion profiles at 900 MHz (Top)
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2
(Bottom) at 800 MHz. The experimental data, recorded at 5 °C, are shown as
circles. The best-fit curves from a global fit to the kinetic model shown in Fig.
5 are represented by the continuous lines. The relaxation dispersion data
were recorded on a 13Cα/15N-labeled sample, while the exchange-induced
shift and R1kHz

2 data were recorded on a uniformly 13C/15N-labeled sample.
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A qualitative inspection of the intermolecular PREs arising from
nitroxide labels at S12C-R1 and S15C-R1 suggests a mixture of
antiparallel and parallel helical arrangements as both PRE profiles
follow an oscillatory pattern with similar magnitude at both the N-
and C-terminal ends of the helix extending from residue 3 to residue
17 (Fig. 7C). In addition, the magnitude of the PREs decays beyond
residue 17 and is small for the C-terminal three glutamines, con-
firming the conclusions from 13Cα chemical shifts (Fig. 7B) that the
Q7 sequence becomes progressively disordered.
To model the structure of the httNTQ7 productive dimer (P2)

and tetramer (P4), we made use of PRE-driven simulated annealing
calculations using the program Xplor-NIH (35, 36). Full details of
these calculations are provided in SI Appendix. Briefly, conjoined
rigid body/torsion angle simulated annealing was employed with
the backbone of residues 3–17 treated as a rigid idealized α-helix
and the side chains given torsion degrees of freedom. In addition,
strict symmetry was employed such that explicit degrees of free-
dom are only allowed for one subunit, the protomer, while the
dimer-forming partner is computed by a 180° rotation about the z
axis, and the full tetramer by rotating the dimer 180° along the axis
of a line described by z = 0 and x = y. The dimer is C2 symmetric,
and the tetramer is a dimer of dimers related to one another by D2

symmetry. The packing of the subunits is encoded in the absolute
position in space of the protomer. Because the PRE restraints are
limited, we assume that the structure of the productive dimer is
exactly the same as that of the dimer within the tetramer. Of note,
we also assume that the contribution of the unproductive dimer
(Pp

2; Fig. 5) to the observable PREs is negligible as its population is
lower than those of the productive dimer and tetramer, and fur-
thermore it is highly likely that Pp

2 comprises an ensemble of states
and therefore any potential PREs arising from this ensemble are
absorbed into the PRE background.
There are two additional complications that were addressed in

computing the dimer/tetramer structure from the PRE data (see
SI Appendix for details). First, we do not know the populations of
the transient heterodimer and heterotetramers giving rise to the
intermolecular PREs, nor the correlation times of the species.
For this reason, we used a target function that minimizes the
correlation coefficient between observed and calculated PREs
(SI Appendix, Eqs. S7 and S8), rather than the sum squares of
differences between observed and calculated PREs. Second, we
do not know the relative population of dimer and tetramer. We
therefore calculated a set of 11 structural ensembles ranging
from 0% dimer/100% tetramer to 100% dimer/0% tetramer by
appropriate weighting of the PREs, which takes into account the
ratio of total correlation times expected for the dimer and tet-
ramer. The exact ratio is not critical, and in the final calculations
we assumed that the total correlation time (dominated by the
rotational correlation time as the electron correlation time for a
nitroxide is in excess of 100 ns) for the tetramer is 50% larger
than that of the dimer. (Note that the heterotetramer is not
double the molecular weight of the heterodimer.)
The results of the PRE-driven simulated annealing calcula-

tions are shown in Fig. 8 and SI Appendix, Fig. S18. A super-
position of the lowest energy structures calculated with dimer to
tetramer partitioning ranging from 90%:10% to 0%:100% is
shown in Fig. 8A. The Cα atomic rms difference to the mean
coordinate positions is 0.6 Å, and the overall correlation co-
efficient between observed and calculated PREs is 0.95 (Fig. 8B).
Within each ensemble over this dimer-to-tetramer partitioning
range, the Cα atomic rms precision for the 10 lowest energy
structures ranges from ∼0.5 to ∼1 Å, and the average Cα rms
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difference of the 100 lowest energy structures is ∼0.9 Å. Thus,
the structural model is robust over a wide range of dimer to
tetramer partitioning. The structures calculated with 100% di-
mer converge poorly and fail to satisfy the intermolecular PRE
data (Fig. 8C and SI Appendix, Fig. S18). The overall PRE cor-
relation coefficient and PRE Q-factor between observed and
calculated PREs remains stable over dimer:tetramer ratios of
70%:30% to 0%:100%, but at 80% dimer and above, a clear
decrease in correlation coefficient and Q-factor becomes ap-
parent (Fig. 8C and SI Appendix, Fig. S18).
The structure of the tetramer is a dimer of dimers (red/light

red and blue/light blue in Fig. 8A) related by D2 symmetry,
reminiscent of the helical components of the p53 tetramerization
domain (37). The interhelical angle between the two helices of
the dimer ranges from 145 to 155°, and the two interhelical an-
gles between the dimers are ∼90 and 100°. (For the structures
calculated with 100% dimer, which do not fit the PRE data, the
angle between the helices of the dimer is increased to ∼170°.)
Side-chain packing between the helices of the dimer and be-

tween the dimer of dimers is shown in Fig. 9, respectively. Packing
between helices of the dimer is hydrophobic and involves the side
chains of Leu6, Ala9, Phe10, Leu13, and Phe16. The involvement
of Phe16 at the dimer interface provides a rational basis for un-
derstanding why httNT alone undergoes no detectable self-
association (Fig. 2): for the latter to occur, Phe16 must be part of
the helix, which presumably requires a few additional C-terminal
residues for stabilization. In this regard, we note that not only
does the helix extend out to residue 17, but it is possible from
both the 13Cα (Fig. 7B) and 15N (SI Appendix, Fig. S11) chemical
shifts of the dimer/tetramer, as well as the PRE data (Fig. 7C),
that residues 18, 19, and possibly even 20 may adopt partial

helical character. The surface exposed side chains are hydro-
philic (Glu4, Lys8, Glu11, Ser12, and Ser15), characteristic of
an amphiphilic helix. The interface between the two dimers is
predominantly hydrophobic (Leu3, Leu6, Met7, and Phe10),
supplemented by a potential electrostatic interaction between
Glu11 and Lys14. The presence of Met7 at the interface of the
two dimers is also of interest since oxidation of the side chain
Met7 to a sulfoxide abrogates self-association (Fig. 2C), pre-
sumably by inhibiting tetramer formation through the intro-
duction of a bulky hydrophilic group within the tetramer core,
potentially leading to steric clash between interacting methio-
nine residues (Fig. 9B).

Using EPR to Independently Validate the Structure of the Dimer Unit
Within the httNTQ7 Tetramer. As noted above, sedimentation ve-
locity AUC indicates that GB1-httNTQ7 (S15C-R1) only forms a
dimer (Table 2 and SI Appendix, Fig. S15). To validate the
intersubunit/intradimer distance between S15C-R1 labels in the
PRE-derived structures, we used Q-band pulsed DEER EPR (26)
at 50 K (Fig. 10). The raw and background-corrected DEER echo
curves are shown in Fig. 10A. Inversion modulation DEER (IM-
DEER) experiments (SI Appendix, Fig. S19) in which the nor-
malized modulation depth, Δ/Δmax, is measured as a function of
the ELDOR pulse flip angle (38) confirms that GB1-httNTQ7
(S15C-R1) is dimeric with no evidence for the presence of any
trimer or tetramer (Fig. 10B). The equilibrium dissociation con-
stant for the dimer, Kdimer, obtained by best fitting the modulation
depth as a function of concentration (39) is ∼0.5 mM (Fig. 10C),
only a factor of ∼2 higher than that obtained by AUC (Table 2),
which is unsurprising since the sample is flash frozen and requires
the presence of glycerol to prevent clustering of molecules during
the freezing process. As an additional control, oxidation of
Met7 to a sulfoxide (by mild treatment with H2O2) hugely reduces
the DEER modulation depth (SI Appendix, Fig. S20), indicat-
ing that GB1-(Met7O)-httNTQ7 (S15C-R1) does not undergo
self-association, fully consistent with the solution NMR data on
(Met7O)-httNTQ7 (Fig. 2B).

Table 2. Monomer/dimer and dimer/tetramer equilibrium
dissociation constants for various constructs of httNTQ7

Equilibrium dissociation constants

Monomer/dimer Dimer/tetramer

Sample Method Kdiss
1 Kdiss

2

httNTQ7 NMR* 0.12 ± 0.01 M 22 ± 2 μM
GB1-httNTQ7 AUC† 9 ± 0.3 mM 8+14−2 μM
GB1-httNTQ7 (S15C-R1) AUC‡ 0.22 ± 0.01 mM ND§

EPR¶ 0.49 ± 0.05 mM ND§

GB1-httNTQ7 (S12C-R1) AUC† 0.58 ± 0.13 mM 9 ± 3 μM
EPR¶ 0.41 ± 0.04 mM 14+6−5 μM

*From global fit to 15N and 13Cα relaxation dispersion experiments, 15N and
13Cα exchange-induced shifts and R1kHz

2 data over a range of concentrations
(Figs. 3–5 and SI Appendix, Figs. S4–S6). NMR experiments were conducted at
5 °C in 20 mM phosphate (pH 6.5), 50 mM NaCl, and 10% D2O (vol/vol). The
equilibrium dissociation constant for the off-pathway monomer/dimer equi-
librium ðKdiss

3 Þ is 0.26 ± 0.01 M (Fig. 5).
†Sedimentation equilibrium experiments were conducted at 20 °C in 50 mM
sodium phosphate (pH 6.5) with 150 mM NaCl for GB1-httNTQ7 and 100 mM
NaCl for GB1-httNTQ7 (SI Appendix, Fig. S12C).
‡Sedimentation velocity experiments were conducted at 20 °C in 50 mM
sodium phosphate (pH 6.5) and 100 mM NaCl.
§ND, not detectable. No tetrameric species was detectable for GB1-httNTQ7

(S15C-R1) either by sedimentation velocity AUC or EPR (Fig. 10B).
¶The DEER modulation depth as a function of concentration was measured
by Q-band EPR at 50 K (Fig. 10C). Samples at room temperature were flash
frozen in liquid nitrogen. The buffer was the same as in the corresponding
AUC experiments with the addition of 30% (vol/vol) glycerol.
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Deconvolution of the DEER echo curves for GB1-httNTQ7
(S15C-R1) obtained over a range of concentrations from 60 μM
to 2.2 mM (SI Appendix, Fig. S21) using validated Tikhonov
regularization (40) yields a P(r) distance distribution with a mean
value of 26.5 Å, which compares very well with the average P(r)
distribution calculated from the 10 lowest energy structures with
dimer to tetramer partitioning ranging from 90%:10% to
0%:100% (Fig. 10D). When the mean intersubunit/intradimer
S15C-R1/S15C-R1 distance is calculated for the 10 lowest energy
structures within each ensemble obtained at the different dimer-
to-tetramer ratios, it can be seen that the calculated mean dis-
tance ranges from 26.8 Å for the structures calculated with 100%
and 80% tetramer, to 27.8 Å for those calculated with 70–90%
dimer, in excellent agreement with the DEER results (Fig. 10E
and SI Appendix, Fig. S22). For the ensemble calculated with
100% dimer, however, agreement is poor and the mean distance
is considerably longer (30 Å), as expected since the helices in the
100% dimer structure ensemble are close to fully antiparallel.
GB1-httNTQ7 (S12C-R1) is largely tetrameric as evidenced

both by AUC (SI Appendix, Fig. S14) and from best fitting the

DEER modulation depth as a function of concentration (Table
2). Unfortunately, DEER cannot be used to determine distances
between S12C-R1 labels within the tetramer as the predicted
intersubunit/intradimer distance is less than 15 Å, and hence the
spins are in the strong dipolar coupling limit, beyond the range of
applicability of DEER (26). Furthermore, the presence of a
strongly coupled spin pair effectively precludes measurement of
the longer interdimer distances in a multispin system. However,
the short intersubunit/intradimer distance between S12C-R1
labels can be probed by CW EPR at room temperature by
measuring line broadening arising from strong dipolar interac-
tions between spins separated within a range of 8–20 Å (27).
Comparison of the X-band EPR spectrum of monomeric GB1-
httNTQ7 (S12C-R1) at low concentration (10 μM) with largely
tetrameric GB1-httNTQ7 (S12C-R1) at high concentration
(3 mM) reveals considerable line broadening corresponding
to a mean distance of 13 Å (Fig. 11A) with a P(r) distribution
[derived by quantitative analysis using the program ShortDistances
(27)] that is in excellent agreement with that calculated from the
PRE-based structures (Fig. 11B).

Concluding Remarks
The N-terminal httNT sequence plays a critical role in facilitating
aggregation and fibril formation of poly(Q) tracts within the N-
terminal domain of huntingtin, encoded by exon 1 of the hun-
tingtin gene (41). While previous investigations established that
the httNT sequence has helical propensity (18, 42–44), the initial
events involved in httNT multimerization that eventually lead to
polyglutamine fibril nucleation and the structures of the multi-
mers were unknown. Using a minimalistic construct, httNTQ7,
that remains predominantly monomeric over a sufficiently long
period of time to enable detailed quantitative NMR measure-
ments, but still eventually forms fibril, we were able to resolve at
atomic resolution the early transient events in multimerization
involving sparsely populated (<2%) oligomeric states, based on
global analysis of the concentration dependence of an array of
relaxation-based NMR measurements, including CPMG and R1p
relaxation dispersion, transverse relaxation in the rotating frame,
and exchange-induced chemical shifts.
The NMR data on httNTQ7 reveal the existence of a branching

pathway, one path leading to a productive dimer followed by a
tetramer on a timescale of 20–30 μs, and the other to a non-
productive dimer on an order of magnitude slower timescale
(Fig. 5). Both dimers are very unstable with monomer–dimer
equilibrium dissociation constants of 0.1–0.2 M, in contrast to
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(46). The gray shaded area indicates

the likely range of partitioning of dimer-to-tetramer populations. The struc-
tures calculated with 100% dimer do not satisfy the experimental PRE data;
the structures calculated with 80% and 90% dimer exhibit some degradation
in agreement with the PRE data (as measured both by the correlation co-
efficient and the Q factor), although they are structurally very similar to the
structures calculated with lower dimer populations.
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the tetramer which is three to four orders of magnitude more
stable with a dimer–tetramer equilibrium dissociation constant
of ∼22 μM. The backbone chemical shifts derived for the minor
species indicate that residues 3–17 of the httNT sequence form a
contiguous helix in the productive dimer/tetramer with increasing
disorder in the polyglutamine tail toward the C terminus (Fig. 7 A
and B); the nonproductive dimer displays only partial helical
character within the httNT sequence (Fig. 7B), presumably con-
stituting an ensemble of states with multiple registers of the two
subunits. Furthermore, we were able to characterize the structure
of the productive dimer/tetramer using intermolecular PRE-
measurements (Fig. 7C): the dimer is an antiparallel coiled coil,
which assembles into a D2 symmetric tetramer constituted by a
dimer of dimers oriented approximately orthogonal to one an-

other (Figs. 8A and 9B). Packing between the subunits at the di-
mer (Fig. 9A) and dimer of dimers (Fig. 9B) interfaces is largely
hydrophobic, and the structure of the tetramer is reminiscent of
the arrangement of helices in the p53 tetramerization domain
(37). Finally, the configuration of the dimer unit was indepen-
dently validated from two interspin label distances measured by
DEER (Fig. 9) and CW (Fig. 10) EPR.
The structure of the httNTQ7 tetramer explains the de-

pendence of efficient fibril nucleation on poly(Q) length. The
formation of a tetramer increases the local concentration of the
poly(Q) tract, but for nucleation to occur polyglutamine chains
from the different subunits must be able to overlap efficiently
and fairly extensively. The distances between the C termini of
the helices is ∼24 Å within the dimer, and ∼20 and ∼27 Å
between dimers in the tetramer (corresponding to dark red/
light red, dark red/light blue, and dark red/dark blue subunits,
respectively, in Fig. 8A). The end-to-end distance of a disor-
dered 10-residue poly(Q) sequence is predicted to lie between
20 and 25 Å (45), and the longer the poly(Q) tract, the higher
the probability of significant interchain glutamine overlap. At
pathological poly(Q) lengths (≥36), one can anticipate that
nucleation through interchain glutamine contacts could be
made between any pair of subunits, as opposed to the two
subunit pairs with the shortest separation between httNT C-
termini (that is the dark red/light blue and light red/dark blue
subunit pairings in Fig. 8A).
Once fibrils are formed, it is uncertain whether stable struc-

tures of the httNT dimer or tetramer persist as solid-state NMR
studies have shown that the static β-turn/β-strand fibril core is
surrounded by dynamic, molten globule-like httNT helices (16).
Thus, the initial transient oligomerization events described here
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that culminate in the formation of a tetramer of the httNT se-
quence constitute a prenucleation trigger or molecular switch
that hugely increases the probability of occurrence of intermo-
lecular poly(Q) contacts and hence poly(Q) fibril nucleation.
One can speculate that CRISPR-directed mutation within the
httNT sequence designed to prevent productive dimer and tet-
ramer formation may provide a fruitful avenue for preventing or
delaying the onset of Huntington’s disease.

Experimental Procedures
Full details relating to expression and purification of isotopically labeled
samples, nitroxide spin labeling for NMR and EPR studies; NMR, EPR, AUC, and
atomic force microscopy measurements; theory and global data fitting of

relaxation dispersion and exchange-induced shift data; and PRE-based
structure modeling are provided in SI Appendix.

Atomic coordinates of the tetramer, as well as experimental restraints,
have been deposited in the Protein Data Bank (ID code 6N8C) (47), and
backbone assignments for the tetramer have been deposited in the Bi-
ological Magnetic Resonance Data Bank (ID code 30545) (48).
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