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Abstract

Amyloid-like fibrils formed by huntingtin exon-1 (htteyq) are a hallmark of Huntington's Disease
(HD). The structure of these fibrils is unknown and determining their structure is an important step
towards understanding the misfolding processes that cause HD. In HD a polyglutamine (polyQ)
domain in htteyq is expanded to a degree that it gains the ability to form aggregates comprising the
core of the resulting fibrils. Despite the simplicity of this polyQ sequence the structure of httgyq
fibrils has been difficult to determine. The current study provides a detailed structural
investigation of fibrils formed by htt.y using solid-state NMR spectroscopy. We show that the
polyQ domain of htteyq forms the static amyloid core similar to polyQ model peptides. The Gin
residues of this domain exist in two distinct conformations that are found in separate domains or
monomers but are relatively close in space. The rest of httey is relatively dynamic on an NMR
time scale, especially the proline-rich C-terminus, which we found to be in a polyproline Il helical
and random coil conformation. We observed a similar dynamic C-terminus in a soluble form of
(htteyq indicating that the conformation of this part of httgyq is not changed when aggregating into
an amyloid fibril. From these data we propose a bottlebrush model for the fibrils formed by httgy.
In this model, the polyQ domains form the center and the proline-rich domains the bristles of the
bottlebrush.

Introduction

Huntington's disease (HD) is a heritable, fatal neurodegenerative disease with symptoms of
motor dysfunctions, cognitive impairments, and psychiatric disorders.! HD is the most
common of a class of diseases in which a polyglutamine (polyQ) domain is pathologically
extended above a certain threshold (36 repeats in the case of HD).2 Besides changing the
flexibility of the monomeric state,® pathologically expanded polyQ domains have the
tendency to form fibrillar, amyloid-like aggregates in vivo and in vitro. Fibril forming
kinetics and the onset of HD are faster the longer the polyQ domain.#° In HD, the polyQ
domain is part of the protein huntingtin (htt) and is located on the htt exon-1 (httey;).
Furthermore, httex1 has been shown to be significant for HD since it is prominently found in
the amyloid deposits of postmortem brains’ and can be produced by an aberrant splice
variant.8 htteyq has an N-terminal amphiphilic domain often termed N17, followed by the
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polyQ domain, whose aggregation is aided by the presence of the N17 domain.®-11 The C-
terminus of htt.,; has two pure polyproline stretches interrupted by a proline-rich sequence
(see Figure 1). Such polyproline flanking sequences were shown to have an inhibitory effect
on polyQ aggregation.12 How the polyQ expansion results in HD is unknown. The
mechanism of htt toxicity is an active field of research and there are non-toxic and toxic
fibril species. Furthermore, there are toxic protofibrils and oligomeric forms of htt.13-15 |n
order to understand the molecular origins of toxicity and protein misfolding in HD it is
important to know the molecular structure and the dynamic properties of the fibrils that are
the end product of this misfolding process.

Until recently, structural studies on htt fibrils have focused on simple polyQ model peptides
and htteyq mimics with polyQ domains shorter than those found in HD.16-21 A recent EPR
study done on fibrils formed by httey; Q46 showed that the N17 and the polyQ domain are
relatively static, whereas the Pro rich domain becomes increasingly dynamic towards the C-
terminus. Interestingly, EPR also showed that, contrary to many other amyloid fibrils, the
polyQ domain is not in an in-register p-sheet conformation.22 However, the precise
structural organization of httgyq fibrils remains unknown.

To provide detailed structural information, the present study uses solid-state NMR data on
httoyx fibrils grown at 4°C, the same types fibrils employed in the previous EPR study.
Temperature was shown to modulate the mechanism of misfolding, the saturation
concentrations, and fibril forming kinetics of htt.11 Moreover, fibrils grown at 4°C were
previously shown to be more toxic and less rigid than fibrils grown at 37°C.14 Our data on
the polyQ domain of httey; allow the comparison with the polyQ domain of htt model
peptides and we show that the proline-rich domain of htte,4 is dynamically and structurally
more complex than previously thought.

Materials and Methods

Protein Expression, Purification, and Fibril Formation

Uniformly 13C, 15N labeled wild-type htte,q Q46 fibrils were expressed, and purified as
described by Fodale et al.23 with modification following a protocol by Marley et al.24 that
allows the efficient isotope labeling. Overnight cultures of BL21(DE3) transformed with the
pET32a-HDx46Q plasmid were diluted 50-fold into LB medium and grown at 37°C to 0.6
Agpo- Pellets were collected by centrifugation at 3500 g, resuspended in M9 wash buffer,
pelleted again, and resuspended in a quarter of the original volume using M9 medium
containing 4 g/I U13C glucose and 0.5 g/l 15N ammonium chloride. After 1 h of incubation
at 30°C, 200 rpm, protein expression was initiated by adding 1 mM Isopropy! 1-thio-D-
galactopyranoside. Cell pellets were collected by centrifugation after 4 hours of incubation
and resuspended in 20 mM Tris-HCI, pH 8.0, 300 mM NacCl, and 10 mM imidazole
containing 1 x CelLytic B Cell Lysis reagent (Sigma-Aldrich), and incubated for 20 min at
room temperature on a shaker. Lysates were clarified by centrifugation at 21,000 g for 10
min and incubated with nickel-nitrilotriacetic acid-agarose beads (Qiagen) for 1 h at 4°C on
a shaker. Beads were decanted into an Econo-Pac chromatography column (Bio-Rad) and
washed with several column volumes of 20 mM Tris-HCI, pH 8.0, 300 mM NacCl, 20 mM
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imidazole. The pure protein was eluted with 20 mM Tris-HCI, pH 8.0, 300 mM NacCl, 250
mM imidazole.

Following concentration of the proteins via Amicon Ultra-15 10,000 MWCO centrifugal
filters (Millipore), proteins were re-diluted in 20 mM Tris, pH 7.4, then purified on a HiTrap
Q XL column (GE Healthcare) with an AKTA FPLC system (Amersham Pharmacia
Biotech) using a NaCl gradient. The protein eluted at about 150 mM NaCl and was
consequently diluted to 20uM (560 pg/ml). To cleave the N-terminal thioredoxin tag and
initiate fibril formation, EKMax (Invitrogen) was added to 1 unit/280 pg of protein. The
reaction was incubated without agitation at 4 °C for 3 days. Finally, fibril samples were
washed with deionized water, sedimented by ultracentrifugation (150,000 g, 20 minutes) and
packed into 1.6 mm magic angle spinning (MAS) rotors.

Uniformly 13C-15N labeled htteyq Q7 was expressed and purified as described above but
without cleaving the thioredoxin tag. The protein was concentrated with an Amicon Ultra-15
10,000 MWCO centrifugal filter and concentration was determined via absorbance at 280
nm. 25% glycerol was added to the final buffer of 20 mM Tris-HCI, pH 7.4 150 mM NaCl
and the protein solution was pipetted in 4 mm NMR rotors.

Solid-state NMR Spectroscopy

All spectra were recorded on an Agilent DD2 600 MHz solid-state NMR spectrometer.
Fibril spectra were recorded using a T3 1.6 mm probe operating at 25 kHz MAS. 200 kHz
and 100 kHz hard pulses were applied on 1H and 13C, respectively. The recycle delay was 3
s for all spectra. 1H-13C cross polarizations (CPs) were done using a Hartman-Hahn match
of 60 kHz on 13C and 85 kHz on 1H with a 10% amplitude ramp. 120 kHz two pulse phase
modulation (TPPM) 1H decoupling was applied during direct and indirect

detection. 13C-13C spectra were recorded using a 25 kHz 1H recoupling field during the 50
ms mixing time (DARRZ2®) and no recoupling field for the spectrum with 500 ms mixing
time (PDSD). The 13C spectral width was 50 kHz in both dimensions and 400 complex t;
increments and 16 and 32 acquisitions were co-added per increment for the spectra with 50
ms and 500 ms mixing time, respectively. 1°N-13C correlation spectra were recorded using a
SPECIFIC double CP (DCP) pulse sequence26 with rf-fields of 40 kHz on 1°N and 65 kHz
on 1H for the first and 40 kHz on 15N and 15 kHz on 13C for the second CP. The NCA
spectrum was recorded with a transmitter at 52 ppm, the NCOCX spectrum with a 13C
transmitter at 191 ppm and an additional 13C-13C DARR mixing of 50 ms. Both 15N-13C
correlation spectra were recorded with a 50 kHz spectral width in the direct 13C dimension
and 10 kHz spectral width in the indirect 15N dimension and 32 and 64 acquisitions were co-
added for each of the 96 complex t; increments for the NCA and the NCOCX spectra,
respectively. Direct polarization (DP) Constant-time uniform-sign cross- peak (CTUC)
correlation spectroscopy (COSY) spectra were recorded using hard pulses for the CA-CO
correlations and using 420 ps and 180 us r-SNOB pulses on carbonyl and aliphatic regions,
respectively, for the aliphatic correlations.2”:28 The spectral width of these DP CTUC COSY
spectra was 50 kHz in both dimensions and 32 acquisitions were co-added for each of the
340 and 400 complex t; increments for the aliphatic and CA-CO spectra, respectively.

The 1H-13C heteronuclear correlation (HETCOR) spectrum of the fibrils was recorded using
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a refocused INEPT transfer. The indirect 1H dimension had an 180° 13C refocusing pulse
and a spectral width of 10 kHz; the direct 13C dimension had a spectral width of 50 kHz and
16 acquisitions were co-added for each of the 128 complex t; increments.

The refocused INEPT HETCOR spectrum of soluble httgxq Q7 with N-terminal thioredoxin
tag was recorded in a 4 mm T3 probe at a MAS frequency of 3 kHz. 75 kHz and 50 kHz
hard pulses were applied on 1H and 13C respectively. Twenty kHz TPPM decoupling was
applied in the direct 13C dimension. The spectral width was 50 kHz for the direct 13C
dimension and 10 kHz for the indirect 1H dimension and 80 acquisitions were co-added for
each of the 128 complex t; increments. All chemical shifts were referenced externally to
DSS using adamantane.2?

For this NMR study, we expressed uniformly 133C-15N labeled httey with a 46 amino acid
long polyQ domain in E.coli. The N-terminal thioredoxin tag was cleaved off to induce fibril
formation and fibrils were formed at 4°C. As can be seen from the electron microscopy
(EM) image in Figure S1 of the Supporting Information, these conditions lead to relatively
homogenous fibril preparations with occasional bundling. Frequently fibrils appeared to be
hindered from crossing over in the EM images and were spaced approximately 28 to 33 nm
(center-to-center) apart. Mature fibrils were packed in a 1.6 mm MAS rotor. To study the
homogeneity and structure of the httey; fibril core, we recorded dipolar CP based solid-state
NMR spectra that are sensitive to the static domains of the httey; fibrils.3% As can be seen
from the 2D DARR spectrum shown in Figure 2, the resolution of the spectrum was very
good. For example the Pro CY linewidth highlighted in Figure 2 is 0.7 ppm and one of the
GIn C% lines has a width of 1.3 ppm, which is comparable to linewidths observed for other
homogenous amyloid preparations3! even though both of these lines arise from several
different sites. These narrow lines indicate a high structural homogeneity of the static parts
of our httgyq fibrils. The amino acid type assignment of this spectrum identifies three
different forms of GlIn, two different forms of Pro, and a Glu. Two forms of Gln, termed GIn
A and GIn B, have roughly the same intensity and match the previously observed chemical
shifts assignments!7-18 where GIn B is compatible with an extended p-strand sheet
conformation, and GIn A has a chemical shifts different from average C¢, CB, C' chemical
shifts reported for Gln in an a-helical, B-sheet, or random coil conformation.32 From GIn C
only the C-C8 can be identified in the 2D DARR spectrum. The other peaks of GIn C
partially overlap with GIn B but are the dominant form of GIn and better visible in the
spectra focusing on the dynamic domains of the httgyq fibrils discussed below. The two
forms of Pro observed in this spectrum have very different intensities, where Pro A gives
intense cross peaks and Pro B is barely detectable. The chemical shift of Pro A, which has
been previously reported on spectra of N17Q3oPgK>5,19 is in good agreement with a
polyproline 11 helix bound to an SH3 domain33 but fits less well to the Pro shift measured in
polyproline powder samples.34:35 Pro B, which has not been reported previously, has a
chemical shift compatible with a random coil conformation.32

An important question regarding the two forms of Gln that dominate the 2D DARR of httgyq
fibrils is whether they are either located in separate domains or fibrils, or alternate in
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sequence (i.e. type A is followed by type B, which is followed by type A etc.), or are
randomly distributed in sequences (see Figure 3A). Distinguishing these three possibilities
will allow us to exclude and confirm different structural models. For example an alternate
arrangement of the two GIn types could point towards an a-sheet structure that has been
proposed as a possible conformation of polyQ fibrils.36 In a-sheets the backbone dihedral
angles alternate between two different regions of the Ramachandran plot, which is an
interesting model since it would explain that we observe two different types of Gln ata 1:1
ratio. To distinguish between the three arrangements of GIn A and B, we recorded the NCA
and NCOCX spectra. The NCA spectrum shows cross peaks between the backbone nitrogen
(N) and the C* and other aliphatic carbons of the same residue. The NCOCX spectrum
shows cross peaks between N and the C' and aliphatic carbons of the preceding residue in
sequence (see Figure 3B). If the two GIn forms alternate in sequence, the NCOCX spectrum
would show cross peaks of the N of GIn A with the aliphatic carbons of GIn B and of the N
of GIn B with the aliphatic carbons of GIn A. In the case of random distribution, we would
expect cross peaks from N of GIn A and GIn B with the aliphatic carbons of both GIn A and
GIn B. If GIn A and GIn B are separated in sequence, we expect to see only cross peaks
from GIn A to GIn A and from GIn B to GIn B. As can be seen from Figure 3C, the latter is
correct since the NCA and the NCOCX spectra overlap very well and no backbone GIn A to
GlIn B cross peaks were observed.

The above experiments show that GIn A and GIn B are separated in sequence, or even found
in different monomers. However, are the GIn A and GIn B also separated in space e.g. found
in separate fibrils? To answer this question, we recorded 2D 13C-13C DARR spectra with a
long mixing time of 500 ms. DARR spectra of this kind can have cross peaks between
amino acid residues that are up to 7 A apart in space. However, nucleus-specific distance
information is often obscured by relayed magnetization transfer that occurs during the long
mixing time.37 As can be seen from Figure 4, we observed clear cross peaks between the
GIn A and GIn B carbons, for example the strong C¢-C® cross peak close to the diagonal. If
GIn A and GIn B were found in completely separate fibrils, no such cross peaks would be
detectable. In addition to these C®-C cross peaks, our NCOCX spectrum in Figure 3C
shows weak N¢2-carbon cross peaks compatible with Gln A-GlIn B side chain-side chain
contacts besides the stronger N¢2-CY, N¢2-CP cross peaks within the same amino acid type.
Together these data show that although the two forms of Gln are in separate domains or
even monomers, they are relatively close in space.

Besides the static domains of httey1, We investigated the dynamic domains of htteyq using J-
coupling based spectroscopy that works best in the case of narrow, dynamically averaged 1H
and 13C lines.3% As can be seen from the direct excitation (DE) 13C-13C CTUC-COSY
spectrum?7:28 shown in Figure 5, we were able to detect an additional CB-CY cross peak for
Glu and the full spin system of GIn C, as well as Pro A and Pro B, which were also detected
using CP based spectroscopy. In addition, we were able to detect cross peaks that we
assigned to His, Ala, Leu, Val, and Lys that could not be observed in the 2D DARR
spectrum. From these residues, His (from the His-tag), and the only Val (V105) are
exclusive to the C terminus, Glu, Ala, Leu can be found in both the C-terminus and N17
domain, and Lys is exclusive to the N17 domain. Interestingly, Pro A and Pro B are
observed with comparable intensity in these spectra indicating that Pro A might be found in
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the static as well as dynamic domains of htteyq Whereas Pro B is mostly located in dynamic
domains (see Supplementary Fig. S2).

These dynamic residues are also observed in the 1H-13C INEPT-HETCOR spectrum shown
in Figure 6. In addition, the INEPT-HETCOR also has resonances we assigned to Arg and
Met. Met and Lys are the only dynamic residues that are exclusive to the N-terminus of
htt.x1 and only signals from atoms located towards the ends of their side chains (i.e. Lys C®-
He® and Met C#-H?) could be detected. The rest of the dynamic residues are either found
throughout httgyq or are C-terminus specific where in this case also backbone resonances
were observable (i.e. His H*-C®, Pro A+B H-C%). Of the amino acid types that could not
be identified in any of our spectra, three are exclusive to the N-terminus (Thr, Ser, Phe) and
only one is found in the C-terminus (Gly). Taken together these data indicate that most of
the dynamic residues are located at the C-terminus of httay; and only a few side chains of the
N17 peptide are dynamic enough or static enough to be detected by J-coupling based or
dipolar-coupling based spectroscopy, respectively.

The chemical shifts of all the dynamic residues detected using J-based spectroscopy are
compatible with a random coil conformation except for GIn C which has a particular set of
chemical shifts different from GlIn A and GIn B also not matching any of the shift patterns
observed for a-helical, B-sheet, or random coil conformation.32 (See Tables S2 and S3 of the
Supporting Information for all chemical shifts reported in this paper.)

Is this dynamic C-terminus a particular feature of the fibril formed by htteyq or similar in the
soluble state of htteyq?1%:13 To answer this question, we recorded a 1H-13C INEPT-
HETCOR spectrum on soluble httey1. We used httoyy that still had its N-terminal thioredoxin
tag, contained a polyQ domain of only 7 residues in length, and was dissolved in 25% (v/v)
glycerol to prevent aggregation. This spectrum is shown in orange in Figure 6 and overlaps
well with the equivalent spectrum recorded on htteyq Q46 fibrils. No signals specific to the
N-terminal thioredoxin tag (e.g. Asp or Asn) could be detected in these spectra. The notable
differences between these two spectra are limited to a few but not all of the Leu, His, and
Val resonances as well as the glycerol peaks that come from the solvent of htteyq Q7. The
striking overlap of the two spectra indicates that the C-termini of the soluble httey; Q7 and
the htteyq Q46 fibril are conformationally related.

Discussion

Our experiments on the static domains of 4°C httg,4 fibrils show that these are dominated by
two different conformations of GIn (GIn A and GIn B) in a 1:1 ratio and a Pro that is
compatible with a polyproline 11 conformation. Furthermore, signals of a third GIn (GIn C),
a second Pro (Pro B) and a Glu could be detected in these spectra. Except for GIn A and Gln
B all resonances detected in the static domains of our httay fibrils were also detected in the
dynamic domains (i.e. in the CTUC-COSY and INEPT-HETCOR spectra) with the same
chemical shifts. This suggests that the residues flanking the polyQ domain of h htteyq
experience some dynamical heterogeneity that was observed with EPR especially at the
interface of the polyQ and Pro rich domain.?2

Biochemistry. Author manuscript; available in PMC 2016 June 30.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Isas et al.

Page 7

GIn A and B were also observed in fibrils formed by selectively labeled N17Q3pPgK> and
on polyQ peptides of different lengths.17-19 Latter fibrils also showed a third GIn
conformation. However, the GIn C observed in our spectra had different backbone chemical
shifts and was the dominant GlIn observed in the dynamic domains of the fibril and less
dominant in the 2D DARR spectra. NMR data on selectively labeled N17Q3gPgK, samples
showed that all GIn of the polyQ domain expect for the last show the splitting into GIn A
and GIn B.1819 These data, however, did not give any information about whether this
splitting occurs randomly, alternatingly, or in separate domains. Our NCA and NCOCX
spectra of htte,q fibrils refine this assessment by showing no evidence for Gln A-GIn B
contacts in these sequential backbone walks, which indicates that the two types of GIn are
either in large separated domains of one monomer or found in different monomers. These
data already exclude the possibility that htteyq is forming an a-sheet structure which was
suggested as a possible structure of polyQ fibril structures.38 Nevertheless by using 13C-13C
2D DARR spectra, we observed through-space couplings between GIn A and GlIn B in our
htt.y fibrils. These data show that, although separated in primary structure, both forms of
GIn must be located within about 7 A. The weak side chain cross peaks between Gln A and
GIn B we detected in the NCOCX spectrum indicate that these contacts come from side
chain rather than backbone interactions. Combined with the previous observation that all
GlIn in the polyQ domain can adopt both conformations, our data show that GIn A and Gin B
are either located in separate monomers or inside large separate domains of the same
monomer that have no fixed location in the primary structure (see Figure 7A). In the latter
case, the one possible sequential GIn A and GlIn B contact would give signals that would be
too weak to be detected in our spectra. One possibility is that GIn A and GIn B are clustered
in different B-sheets and the through-space couplings observed between GIn A and GIn B are
inter-sheet contacts. Such sheet to sheet interactions could occur (1) within a monomer, (2)
due to lateral association of different filaments that constitute a fibril, or (3) lateral
association of fibrils in a fibril bundle. However, option (3) is unlikely since most of the
fibrils shown in Figure S1 of the Supporting Information do not bundle and the 1:1 ratio
observed for GIn A and B would require that there are independently formed type A and B
fibrils that have exactly the same conformational free energy.

But what is the origin of the different chemical shifts observed for GIn A and GIn B? One
possibility could be a difference in side-chain dihedral angles as suggested by Schneider et
al.1” Another possibility could be that the chemical shift difference is the result of a
difference in -sheet twist e.g. found in different filaments or on different sides of a -
sandwich.

It is interesting to note that GlIn alone has a relatively low propensity to form amyloid
especially when arranged in an in-register parallel f-sheet conformation.3839 The different
conformations of GIn A and GIn B might improve the complementarity of Gln in a p-sheet
environment thereby compensating for its low aggregation propensity. However, further
experiments are needed to determine the origins of the two GIn forms.

GIn C gave weak signals in the CP based spectra but was the dominant signal in the J-
coupling based spectroscopy whereas GIn A and GlIn B were not detected in the latter
spectra. The chemical shift pattern of GIn C is, similarly to GIn A, not well compatible with
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the average chemical shift patterns observed for either a-helical, 3-sheet, or random coil
conformation. Due to their dynamics, we think that these GIn residues are found either at the
edge of the polyQ domain or amid the 7 GIn residues that are not part of the polyQ domain
but found in the proline-rich C-terminal domain between the first and second polyproline
stretch and briefly after the second polyproline stretch. The origin of this particular chemical
shift pattern is not clear. One possibility could be that these Gln residues are part of the C-
terminal polyproline Il helical structure. Another possibility could be that these Gin residues
are transiently forming part of the structure formed by the polyQ domain. Both possibilities
would explain the partial immobilization of these GlIn residues.

The other amino acid types we detected in the dynamic domains of our httey, fibrils using J-
coupling based spectroscopy match the C-terminus more than the N17 domain of htteyq. Due
to the absence of Thr, Ser, and Phe resonance in any of our spectra, we conclude that the
dynamic residues we detect in our J-based spectra are located at the C-terminus of httgy.
Except for two side-chain resonances that are often relatively flexible, the N17 domain is not
visible in our spectra, possibly due to their intermediate dynamics described by Hoop et al.
that might make their detection with both our CP and J-coupling based experiments
difficult.19

Our CP and J-coupling based experiments indicate that Pro is found in both the static and
dynamic parts of our httay fibrils. While these residues are certainly not present in fibrils
formed by polyQ peptides, Hoop et al. detected relatively immobile Pro in fibrils formed by
N17Q3pPgK peptides and assigned it to a polyproline Il helical structure, correlating with
previous circular dichroism (CD) spectroscopy data on httey.1922:33 Our NMR spectra, in
contrast, show two different confirmations of Pro, Pro A and Pro B. Pro A, which gives
intense signals in both CP and J-coupling based spectra, matches the Pro described by Hoop
et al. Pro B, which has not been described previously, has a chemical shift compatible with a
random coil conformation. Pro B gives only faint cross peaks in the CP-based spectra that
highlight the static domains of the fibril, but gives strong cross peaks comparable in
intensity to Pro B in the J-coupling based spectra, which are dominated by the dynamic
domains of the fibril. This can also be seen from 1D spectra (see Figure S2 of the
Supporting Information), where the Pro B:Pro A ratio is 1:2.2 using dipolar CP and 1:1.1 in
the refocused INEPT spectrum. In the direct pulsed spectrum, which excites all spins
independent of dynamics, the Pro B:Pro A ratio is 1:1.7 which is comparable to the ratio of
Pro that has non-Pro residues as neighbors (12) to Pro that is surrounded by other Pro (18).
Taken together with previous EPR and NMR observations'922 our data suggest that the Pro
A is found closer to the polyQ domain whereas Pro B is found in the more dynamic parts
towards the C-terminus. Alternatively, Pro B is the preferred conformation of Pro that has
non-Pro residues as neighbors. Both of these models would also explain why previous
studies on N17Q3gPgK> only observed Pro A since this construct only contains the first 9
Pro residues following the polyQ domain.

Interestingly, the highly dynamic C-terminal residues are found not only in fibrils of htteyq
but also in our non-fibrillar soluble preparations of htt.y; as shown by the almost identical
INEPT-HETCOR spectra we recorded on fibrillar httey; Q46 and soluble htteyq Q7, which
served as a reference state of non-fibrillized htte,1. These data show that the dynamic, mixed
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polyproline 1l helical and random coil C-terminus is not specific to the fibrillar form of
htty1 and that the most dynamic domains of httey; are structurally not affected by fibril
formation under these conditions.

We consequently propose a bottlebrush model for the structure of httgyq fibrils that is shown
in Figure 7B. In this model, the static, f-sheet rich polyQ domains form the center of the
brush. The N17 peptides with intermediate dynamics are appended to the polyQ domain,
similar to a previous model from Williamson and co-workers.*0 The proline-rich C-terminal
domains form the bristles of the bottlebrush pointing to the outside of the fibril. This model
is supported not only by the solid-state NMR data presented in this paper but also by
previous EPR data?? as described in the following: (1) The EPR linewidths of labeled sites
in the C-terminus were much narrower than those observed in the N17 and polyQ domain of
htt.yq indicating that the C-terminus is the most dynamic domain of the fibril. (2) Our solid-
state NMR confirm that the proline-rich domain much more dynamic than the relatively
static polyQ domain. (3) The EPR linewidth of the proline-rich domain decrease towards the
C-terminus until they are below 2 Gauss and comparable to EPR linewidths found in soluble
protein domains lacking tertiary or quaternary contacts.#1:42 (4) The chemical shifts
measured with solid-state NMR show that the proline-rich domain is in a polyproline Il
helical and random coil conformation. (5) Previous CD data?? confirm the existence of a
polyproline 11 helix in htteyq. (6) Polyproline 11 helices are known to be extended and act as
bristles.3 For that reason, they are often used as molecular rulers. (7) These bristles could
principally be facing into the fibril or they could be on the outside. Were they to face
inward, the interior of the fibrils would have to have a large aqueous cavity long enough to
accommodate bristles of more than 12 nm in length assuming fully extended polyproline 11
helices (~40 amino acids at 3.1 A per amino acid in polyproline II helix). Our EM data show
no evidence of such a cavity, whose diameter would exceed that size of most fibrils (about
10-13 nm, Figure S1). Moreover, the crowding in such a cavity would also likely lead to
tertiary or quaternary contacts, which would be inconsistent with the EPR and NMR data.
Thus, the polyproline region is likely to face outward. Disordered protein domains outside
the fibril core are usually not detected using negatively stained EM and, thus, we cannot
directly detect the presence of polyproline bristles via EM.** We did note, however, that
fibrils are often appear to have a regular spacing between them. This center-to-center
spacing is about 28-33 nm, a distance range that is consistent with fibrils being held apart by
polyproline bristles.

Polyproline or proline-rich domains have been previously suggested to act as entropic
spacers or bristles and a recent molecular dynamics simulation of polyproline showed that
these polymers can form heterogeneous conformational ensembles that feature relatively
rigid extended segments that are interrupted by flexible kinks.#> This heterogeneity could
explain our findings that the C-terminal Pro residues of htteyq can be found in both the static
and dynamic parts of the fibril.

In summary, we described the structural and dynamic properties of fibrils formed by httey.
The polyQ domain is dominated by two different forms of Gin that are sequentially separate,
but still relatively close in space. The proline-rich domain has Pro in two different
conformations one being compatible with a polyproline Il helix, the other with a random coil
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conformation. Parts of the polyproline Il Pro A are relatively static, while other parts of the
polyproline 11 Pro A are found in the dynamic domains of httey4 together with Pro B, which
is compatible with a random coil conformation. Most of the other amino acids identified in
the dynamic domains are compatible with the C-terminus confirming that the proline-rich
domain of htteyq fibrils becomes increasingly dynamic towards the C-terminus.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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huntingtin
htte huntingtin exon 1
HD Huntington's Disease
polyQ polyglutamine
NMR nuclear magnetic resonance
EPR electron paramagnetic resonance
rpm rotations per minute
MAS magic angle spinning
MWCO molecular weight cut-off
TPPM two pulse phase modulation
CP cross polarization
DARR dipolar assisted rotational resonance
PDSD proton driven spin diffusion
DCP double cross polarization
HETCOR heteronuclear correlation
DP direct polarization
CTuC constant-time uniform-sign cross-peak
Cosy correlation spectroscopy
INEPT insensitive nuclei enhanced by polarization transfer
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EM electron microscopy
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Figure 1.
Sequence of htteyq Q46. The N17, polyQ, and C-terminal domain are highlighted in orange,

blue, and green, respectively.
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Figure 2.
The fibril core of htteyq Q46 is very homogenous. 2D DARR spectrum of httgyq fibrils

recorded at 14.1 T, 25 kHz MAS, 0°C, and a mixing time of 50 ms. The amino acid
assignments of the two types of GIn and Pro are indicated and the linewidth of GIn A C“ and
Pro A CY is illustrated via 1D slices in the direct dimension. The thus determined linewidth
of 0.8 ppm for Pro A CY and 1.3 ppm for GIn A C“ are remarkably narrow considering that
these peaks result from the superposition of several resonances.
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Figure 3.
GIn A and GIn B are sequentially clustered. (A) Illustration of three possible arrangements

of GIn A and B in the primary sequence of httsy;. (B) Schematic showing the magnetization
pathway of the NCA (red) and NCOCX (blue) experiment. (C) 2D NCA (red) spectra
correlate the backbone nitrogen to the C® of the same residue, NCOCA spectra (blue)
correlate the backbone nitrogen with the C® of the preceding residue. The almost perfect
overlap of the N-C® peaks in these spectra and also the overlap of the weaker N-CP/Y peaks
indicate that GIn A has only GIn A as sequence neighbor and GIn B only GIn B. Cross peaks
that would be expected in different arrangements are indicated with dashed circles. Despite
the clear separation of GIn A and B in sequence, weak side chain cross peaks between GIn A
and GIn B were detected in the NCOCX spectrum. Spectra were recorded under conditions
similar to the spectrum in Figure 2 using a SPECIFIC DCP pulse sequence for the NCA
spectrum and a SPECIFIC DCP followed by a 50 ms 13C-13C DARR mixing period for the
NCOCX experiment.
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Figure4.
Although not neighboring in sequence, GIn A and GIn B are close in space. 13C-13C DARR

spectrum similar to the one shown in Figure 2 but with a mixing time of 500 ms. For clarity,
only additional cross peaks belonging to GIn A-GIn B correlations are indicated. These cross
peaks show that GIn A and GIn B are within 7 A in space. Interestingly, no additional cross
peaks between the two types of Pro nor between Gln and Pro are detected in these spectra.
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The dynamic parts of htteyq include both types of Pro, the third form of GIn (GIn C), and a
Glu residue as well as resonances compatible with Leu, His, Ala, Val, and Lys that were not
previously detected using dipolar-based spectroscopy. Overlay of 13C-13C DP-CTUC-
COSY (green) and 13C-13C DARR (purple) spectra of htteyq fibrils recorded at 25 kHz
MAS. The residues identified in the 13C-13C DP-CTUC-COSY, which is sensitive to the

more dynamic parts of the fibril, are indicated.
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The dynamic parts of httey4 fibrils are compatible with the C-terminal proline-rich domain.
Overlay of 1H-13C INEPT-HETCOR spectra of httey; Q46 fibrils (green) and soluble httgy;
Q7 with N-terminal thioredoxin tag (orange). The Q46 fibril spectrum was recorded at 14.1

T, 25°C, 25 kHz MAS in a 1.6 mm rotor. The soluble htteyq Q7 (300 uM protein) was

recorded at 14.1 T, 5°C, in a 4 mm rotor spinning at 3 kHz MAS. The tentative amino acid
type assignments of the htteyq fibril spectrum are indicated. Except for Met and Lys side-
chain resonances, all residues identified are found in the proline-rich C-terminus of httgys.
The good overlap with the spectrum of soluble htty; Q7 indicates that in the most dynamic

domains the fibrils and the soluble form are the same.
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Figure7.
(A) Model illustrating the dynamic and structural heterogeneity of the httgs; monomers

found in 4°C fibrils. The N17 fragment, which was shown to be in an a-helical
conformation, was difficult to detect in our spectra probably due to intermediate dynamics.
The polyQ domain is static and features two types of GIn, A and B, which are separate in
sequence but relatively close in space. The C-terminus has Pro residues in a polyproline Il
conformation and Pro and other non-Pro residues in a random coil conformation. The C-
terminus is the most dynamic domain in httey, fibrils albeit with considerable dynamic
heterogeneity due to relatively static Pro residues as detected in our spectra. (B) Bottlebrush
model of htteyq 4°C fibrils. The N17 (orange) and polyQ (blue) domains form the center of
the fibril. The Proline-rich C-termini (green) are flexible, partially disordered and pointing
away from the center forming the bristles in this bottlebrush model.
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