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ABSTRACT: Understanding the structure of polyglutamine
(polyQ) amyloid-like fibril aggregates is crucial to gaining
insights into the etiology of at least ten neurodegenerative
disorders, including Huntington’s disease. Here, we determine
the structure of D2Q10K2 (Q10) fibrils using ultraviolet
resonance Raman (UVRR) spectroscopy and molecular
dynamics (MD). Using UVRR, we determine the fibril peptide
backbone Ψ and glutamine (Gln) side chain χ3 dihedral angles.
We find that most of the fibril peptide bonds adopt antiparallel
β-sheet conformations; however, a small population of peptide
bonds exist in parallel β-sheet structures. Using MD, we
simulate three different potential fibril structural models that consist of either β-strands or β-hairpins. Comparing the
experimentally measured Ψ and χ3 angle distributions to those obtained from the MD simulated models, we conclude that the
basic structural motif of Q10 fibrils is an extended β-strand structure. Importantly, we determine from our MD simulations that
Q10 fibril antiparallel β-sheets are thermodynamically more stable than parallel β-sheets. This accounts for why polyQ fibrils
preferentially adopt antiparallel β-sheet conformations instead of in-register parallel β-sheets like most amyloidogenic peptides. In
addition, we directly determine, for the first time, the structures of Gln side chains. Our structural data give new insights into the
role that the Gln side chains play in the stabilization of polyQ fibrils. Finally, our work demonstrates the synergistic power and
utility of combining UVRR measurements and MD modeling to determine the structure of amyloid-like fibrils.

■ INTRODUCTION

There are at least ten neurodegenerative disorders, including
Huntington’s disease, that are associated with mutational
expansions in genomic CAG codon repeats.1 These expansions
increase the length of polyQ repeats in proteins. The increase
in the repeat length of polyQ segments greatly enhances
protein misfolding and aggregation. Although the exact
mechanism of neurotoxicity is still heavily debated, the
pathological hallmark of all CAG repeat diseases is the
formation of large neuronal inclusions composed of polyQ-
rich aggregates.2−4 Given their potential role in neurotoxicity, it
is therefore crucial to understand the structure of polyQ-rich
aggregates.
Numerous structures have been proposed for polyQ fibrils

based on the results of many different biophysical methods. For
example, X-ray diffraction studies indicate that polyQ fibrils of
various Gln repeat lengths all show similar X-ray diffraction
patterns. Despite this, these studies assign very different
structures from surprisingly similar X-ray data, including
“polar-zippers”,5 β-helices,6 and canonical β-sheet structures.7,8

More recent structural studies of polyQ fibril aggregates use
solid-state NMR. One of these studies9 concludes that the basic
structural motif of polyQ fibrils prepared from pathologically
relevant peptides is a “β-arc,” similar to that of Aβ.10,11 The β-

arc model has been challenged by other solid-state NMR and
biochemical studies,12,13 which alternatively suggest that polyQ
fibrils are composed of extended β-strands that contain reverse
hairpin turns.
In recent years, several molecular dynamics (MD)

approaches have also been used to investigate the structural
properties of polyQ-rich fibrils. The bulk of these computa-
tional studies focus mainly on the kinetic or thermodynamic
stability of different fibril structures.14−17 However, these MD
studies are conducted independently of experimental studies.
Thus, there is little direct validation of the computational results
against experimental data.
The lack of consensus regarding the structure of polyQ fibrils

underscores the need for new and incisive biophysical methods
that can quantitatively discriminate between the many proposed
models. A fundamental factor in understanding polyQ fibrils is
determining the structures and hydrogen bonding environ-
ments of the Gln side chains, which are thought to play an
important role in stabilizing the aggregates. Another important
structural property to understand is the propensity of polyQ
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fibrils to adopt antiparallel β-sheets instead of in-register
parallel β-sheets, like most amyloidogenic peptides and prions.
Ulraviolet resonance Raman (UVRR) spectroscopy is a

powerful biophysical tool for studying the conformational
ensembles and aggregation dynamics of amyloidogenic
peptides.18−23 An advantage of UVRR is that quantitative
information can be obtained quickly, under dilute conditions,
and without the need for extensive or complex isotopic labeling
of peptides and proteins.24 In recent years, numerous UVRR
spectroscopic markers have been discovered. Some of these
markers are sensitive to the Ramachandran Ψ angles of the
peptide bonds,25,26 while others are sensitive to the dihedral
angles of amino acid side chains,27−29 including Asn and Gln.30

Other marker bands are sensitive to the hydrogen bonding and
the dielectric environments of peptide bonds and side
chains.28,31−35

We can combine structural information obtained from
interpreting these spectral markers with results from MD
simulations to determine the structure of polyQ and other
amyloid-like fibrils. An elegant example of this approach was
recently published by Buchanan et al.,36 who combined two-
dimensional infrared (2D IR) spectroscopy with MD
simulations to determine the structure of K2Q24K2W fibrils.
They concluded that K2Q24K2W fibrils adopt an antiparallel β-
sheet structure that contains β-turns, but not β-arc structures,
after comparing their experimental Amide I spectra with those
calculated from simulated models.
In this work, we synergistically couple UVRR and MD to

determine the structures of polyQ amyloid-like fibrils prepared
from the model peptide D2Q10K2 (Q10). Xiong et al.37

previously showed that this peptide can exist in two distinct
solution-state conformations, a putative β-hairpin-like structure
(called NDQ10) and a PPII-like structure (called DQ10). We
show that both NDQ10 and DQ10 peptide solutions can
aggregate into amyloid-like fibrils. We use UVRR to measure
the Ramachandran Ψ angle distributions of the NDQ10 and
DQ10 fibril peptide bonds, as well as their Gln χ3 (Oϵ1−Cδ−
Cγ−Cβ) side chain dihedral angles.
To determine the structure of NDQ10 and DQ10 fibrils, we

compare our experimentally determined Ψ and χ3 angle
distributions to those obtained from three MD simulated fibril
models (Figure 1). On the basis of these comparisons, we find
that Q10 fibrils consist of extended β-strands that predom-
inately assemble into antiparallel β-sheets; however, small
populations of Q10 peptide bonds are in parallel β-sheet
structures. From our MD simulations, we determine that polyQ
fibrils in antiparallel β-sheets are lower in free energy compared
to parallel β-sheets. This energetic preference appears unique
for polyQ fibrils compared to typical amyloid-like fibrils, where
in-register parallel β-sheets are thought to be at lower energy.38

Finally, our χ3 dihedral angle measurements and MD
simulations of Q10 fibrils leads us to propose a new model
for the structure of Gln side chains in polyQ fibrils.

■ EXPERIMENTAL SECTION

Materials. The 14-residue peptide, D2Q10K2 (Q10), was
purchased from AnaSpec Inc. at ≥95% purity. Trifluoroacetic
acid (TFA) was purchased from Acros at 99.5% purity, and
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was obtained from
Fluka at ≥99% purity. HPLC-grade H2O was purchased from
Fisher Scientific, and D2O (99.9 atom % D) was purchased
from Cambridge Isotope Laboratories, Inc. NaOD (40 wt %

solution in D2O, 99+ atom % D) and L-glutamine (99% purity)
was purchased from Sigma-Aldrich.

Sample Preparation. NDQ10 peptide solutions were
prepared by dissolving Q10 directly in H2O or D2O. DQ10
solutions were prepared using a standard protocol based on a
method developed by Wetzel and Chen.39 Briefly, DQ10
samples were prepared by suspending the lyophilized Q10
peptide powder received from Anaspec Inc. in a 1:1 (v/v)
mixture of TFA and HFIP. The samples were sonicated for 20
min and incubated at room temperature for 2 h. The solvents
were evaporated under a gentle stream of dry N2 gas for 1 h.
The peptide film was dissolved in H2O or D2O and
ultracentrifuged at 627 000g for 30 min at 4 °C. The top 2/3
of the solution was decanted and used for the aggregation
reaction.
Fibril aggregates were prepared by initially dissolving

NDQ10 and DQ10 prepared peptides in H2O or D2O at 5
mg·mL−1 concentrations and incubating the samples at 60 °C
in vials sealed with Teflon tape. Solutions were titrated to pH 7
(pD 8) using NaOH (NaOD) solutions. After incubation for 6
days, aggregates were harvested via centrifugation, and the
pellets were resuspended in 120 μL of H2O or D2O. For the
hydrogen−deuterium exchange (HX) experiments, harvested
aggregates prepared in H2O (D2O) were washed in 500 μL of
D2O (H2O), centrifuged, and the supernatant removed. The
pellets were resuspended in 120 μL of D2O (H2O) and
incubated for 3 h at room temperature in sealed vials.

Transmission Electron Microscopy (TEM). A 10 μL
aliquot of aggregate solution was placed onto a freshly glow-
discharged carbon-coated grid for 2 min before being blotted

Figure 1. MD simulated structures of model Q10 fibril systems in (a)
a β-strand configuration with an antiparallel β-sheet architecture, (b) a
β-strand configuration with a parallel β-sheet architecture, and (c) a
Type I β-hairpin configuration with an antiparallel β-sheet architecture.
The a, b, and c axes refer to the inter-sheet, inter-strand, and intra-
chain dimensions, respectively, of the fibril models.
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dry with filter paper. Samples were stained with 10 μL of 1%
(w/v) uranyl acetate for 2 min, and the excess stain was
removed by blotting the grid. Grids were imaged using a Tenai
F20 electron microscope (FEI Co.) operating at 200 kV and
equipped with a 4k × 4k CCD camera (Gatan).
X-ray Diffraction of Fibril Films. Aggregates prepared

from the NDQ10 peptide solutions were placed into the wide
end of a 0.7 mm diameter quartz X-ray capillary tube (Charles
Supper Company). The wide end of the tube was sealed with
melted beeswax, and the thin end of the tube was left open for
drying. DQ10 aggregates were mounted on the broken end of a
quartz capillary tube and dried. Aggregate samples were placed
on the end of a goniometer head and centered in the X-ray
beam path. X-ray diffraction patterns were collected using a
Bruker X8 Prospector Ultra instrument with a Copper
microfocus tube (λ = 1.54178 Å) and equipped with an Apex
II CCD detector. All data were collected at room temperature
with exposure times of 60 min.
UVRR Spectroscopy. The UVRR instrumentation used is

described in detail by Bykov et al.40 Briefly, ∼204 nm light was
obtained by mixing the third harmonic with the 816 nm
fundamental generated by a tunable Ti:sapphire system
(Photonics Industries) operating at 1 kHz. An Indigo S tunable
Ti:sapphire system (Positive Light), operating at 5 kHz,
generated ∼197 nm light by mixing the third harmonic with
the ∼788 nm fundamental. For fibrils measured in solution, the
laser light was focused onto a spinning Suprasil quartz NMR
tube containing the sample. The average laser power at the
sample ranged from ∼0.4−0.5 mW. A ∼165° backscattering
geometry was used. The total acquisition time to collect spectra
was only ∼10 min. The scattered light was imaged into a home-
built subtractive double monochromator and detected with a
liquid N2 cooled, back-thinned Spec-10:400B CCD camera
(Princeton Instruments) with a Lumogen E coating. The
spectrometer resolution was ∼5 cm−1 at the excitation
wavelengths used. A description of how the spectra were
processed is in the Supporting Information.

■ COMPUTATIONAL SECTION
We considered three model fibril systems, as shown in Figure 1.
These systems are composed of eight Q10 peptides that are
assembled into parallel and antiparallel β-sheets. The two β-
sheets were oriented parallel to each other, but rotated by 180°,
to maximize attractive electrostatic interactions between
terminal Asp and Lys residues. Models a and b were
constructed using canonical β-sheet Ramachandran dihedral
angles.41 In the case of model a, we used canonical antiparallel
β-sheet (Φ, Ψ) angles of (−140°, 135°). For model b, we used
canonical parallel β-sheet (Φ, Ψ) angles of (−120°, 113°).
Model c was constructed using β-hairpin geometries observed
in metadynamics simulations (data not shown). These model
fibrils were constructed using the Molecular Operating
Environment (MOE 2013.10) software suite41 and were
solvated in a water box. Files containing the initial structure
coordinates used in the MD simulations, as well as the NAMD
configuration templates, are available for download in the
Supporting Information.
After the models were constructed, the solvated fibril systems

were energy minimized for 10 000 steps using the conjugate
gradient method and then equilibrated for 50 ps. During
equilibration, the fibril atoms were initially restrained by
harmonic potentials. After the water molecules around the
restrained fibrils were relaxed, the water molecules and peptide

side chains were then energy-minimized for 10 000 steps. This
was followed by 100 ps of equilibration, in which the peptide
backbone atoms were restrained. The model fibril systems were
then equilibrated for an additional 50 ns without restraints. All
fibril models retained structural integrity throughout the energy
minimization and equilibration. The fibril models were
simulated using classical MD for 200 ns.
MD simulations were performed with the NAMD software

package (version 2.10).42 The potential energies were
calculated with the CHARMM22/CMAP force field.43 This
force field was chosen for its torsional energy corrections
intended to decrease α-helix bias and stabilize β-strand
secondary structures. Other force fields, such as Amber99ffsb,44

also implement these corrections; however, CHARMM22/
CMAP43 was selected because of its reported accuracy in
describing α-helix, β-sheet, and disordered structures.45 The
fibril models were solvated using the solvate module of VMD
1.9.1,46 resulting in a periodic box of 5000 water molecules with
dimensions of 70 × 50 × 50 Å3 for a total system size of 17 189
atoms. The TIP3P water model47 was employed in all
simulations, and the particle mesh Ewald algorithm48 was
used with a grid spacing of 1.0 Å to calculate full system
electrostatics. An integration time step of 2 fs was employed.
Simulations were performed under the NPT ensemble, with a
Langevin thermostat and piston utilized to regulate the
temperature of 300 K and pressure of 1.01325 bar, respectively.
The pair interaction cutoff was 12.0 Å, and the switch distance
was 10.0 Å.
Simulation analysis was performed using VMD 1.9.1 and Tcl

scripting. The Ψ and χ3 dihedral angles were obtained for all
Gln residues with a Tcl script in VMD. The χ3 dihedral angles
were obtained from Gln side chains that were not significantly
solvent exposed, so as to best simulate the interior of a fibril
environment. The extent of β-sheet dissociation was
determined qualitatively by viewing the trajectories and
monitoring the dissociation of peptides. This qualitative
analysis was also paired with a quantitative root-mean-square
deviation (RMSD) metric (see the Supporting Information for
details).
The Gibbs free energy difference between the Figure 1

model a antiparallel and model b parallel β-strand fibril
structures was calculated using a Python implementation of the
Bennett acceptance ratio method, called Pymbar.49 Potential
energies were obtained from the NAMD log output files and
used as inputs for Pymbar via a Python script that can be found
in the Supporting Information.
Hydrogen bonding analysis on models a and b (from Figure

1) was also done by using VMD 1.9.1. Hydrogen bond contacts
were defined by a heavy atom (N···O) distance of <3.0 Å and a
N−H−O angle between −30° and 30°. The number of peptide
backbone−backbone, backbone−side chain, side chain−side
chain, and peptide−water hydrogen bonds were calculated for
models a and b over the course of the entire trajectory. The
data for each hydrogen bond category was binned for each
model and plotted with the statistical computing package R
(see the Supporting Information).

■ RESULTS AND DISCUSSION
Q10 Forms Amyloid-like Fibril Aggregates. Figure 2a,b

shows the TEM images of NDQ10 and DQ10 aggregates. The
TEM images of both NDQ10 and DQ10 aggregates resemble
those of amyloid-like fibrils and exhibit morphologies similar to
those of polyQ peptides with larger, more pathologically
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relevant Gln repeat lengths.50 NDQ10 aggregates (Figure 2a)
cluster into dense meshworks composed of small, thin fibrils,
while DQ10 (Figure 2b) forms long, ribbonlike fibrils.
We used X-ray diffraction to further characterize the fibril-

like nature of NDQ10 and DQ10 aggregates. Oriented amyloid
fibril films exhibit a characteristic diffraction pattern with a
“meridional reflection” at ∼4.8 Å and an “equatorial reflection”
at ∼10−12 Å. This diffraction pattern is the hallmark of cross-β
structures, wherein constituent β-strands orient perpendicular
to the long axis of the fibril. The meridional reflection is
indicative of the spacing between β-strands, and the equatorial
reflection is indicative of the spacing between β-sheets in the
fibrils.
Figure 2c−e shows the “powder-like” diffraction patterns of

unoriented NDQ10 and DQ10 aggregate films. There are
reflections at ∼4.1, ∼4.8, and ∼8.2 Å observed in the diffraction
patterns of NDQ10 and DQ10. Similar reflections have been
observed in larger sequences of polyQ fibrils in previous
studies.7,8 On the basis of these previous studies, we assign the
prominent ∼4.8 Å reflection to the repeat distance between
neighboring β-strands within the fibril β-sheets. The weaker
∼8.2 Å reflection is assigned to the inter-β-sheet stacking repeat
distance.
The equatorial reflections of most amyloid-like fibrils are very

diffuse, which indicates limited ordering and disordered growth
in the inter-β-sheet dimension.51 In contrast, polyQ fibrils
usually show very sharp reflections between ∼8 and 9 Å. We
observe reflections at ∼8.15 and ∼8.23 Å in NDQ10 and
DQ10, respectively. A higher-order reflection occurs at ∼4.1 Å
for both NDQ10 and DQ10. The presence of these higher
orders and the narrowness of the ∼8.2 Å reflections suggests

that there is long-range ordering in the inter-β-sheet dimension
of polyQ fibrils.7,8 As noted by Atkins and Sikorski,7 this long-
range ordering presumably arises from the tight interdigitation
of the Gln side chains from neighboring sheets. In addition,
there is strong interamide hydrogen bonding interactions
between neighboring side chains of the same β-sheet.

UVRR of Polyglutamine Fibrils in H2O. We utilized
UVRR to investigate the molecular structure of NDQ10 and
DQ10 fibrils in solution. The ∼197 and ∼204 nm excited
UVRR spectra of NDQ10 and DQ10 fibrils are shown in Figure
3. Raman excitation at ∼200 nm occurs within the NV1
electronic transitions of secondary amide peptide bonds and
to the long wavelength side on the NV1 transitions of Gln side
chain primary amide groups.37,52 Thus, the ∼200 nm excitation
UVRR spectra of polyQ peptides are dominated mainly by
resonance-enhanced bands that derive from primary and
secondary amide (Am) vibrations, which we label with the
superscripts P and S, respectively.

Assignment of Gln Side Chain Bands. The main difference
between the ∼197 and ∼204 nm excited UVRR spectra are the
relative intensities of the primary (side chain) and secondary
(peptide bond) amide bands. We previously showed that
excitation at ∼197 nm enhances primary amide UVRR bands
significantly more than ∼204 nm excitation.37 As a result,
primary amide vibrations can be highlighted by calculating the
difference spectrum between the ∼197 and ∼204 nm UVRR
spectra.
Figure 3 shows that the 197−204 nm difference spectra

highlights the primary amide bands of the Gln side chains in
NDQ10 and DQ10 fibrils. The AmIP (predominately a Cδ
Oϵ1 stretching vibration) and the AmIIP (mainly Nϵ2H2
scissoring) bands are located at ∼1660 and ∼1615 cm−1,
respectively, for both NDQ10 and DQ10 fibrils. In addition,
both NDQ10 and DQ10 show a band at ∼1100 cm−1 that
derives from an in-phase combination of Cδ−Nϵ2 stretching and
Nϵ2H2 rocking motions. As discussed in detail below, this
vibration, which we call the AmIIIP, is sensitive to the structure
of the Gln side chains.
The primary amide band frequencies and Raman cross

sections are very sensitive to the hydrogen bonding and the
local dielectric environment of Gln side chains.35 For example,
the AmIP band frequency is diagnostic of CδOϵ1 hydrogen
bonding. The AmIIP band frequency reports on hydrogen
bonding of the Nϵ2H2 group. Compared to monomeric Gln in
water,30 the NDQ10 and DQ10 fibril AmIP bands are
downshifted by ∼20 cm−1, while the AmIIP bands are
downshifted by ∼7 cm−1. These frequency downshifts indicate
that the interamide hydrogen bonding within the fibrils is much
stronger than the amide−H2O hydrogen bonding that occurs
for monomeric Gln. In addition, the NDQ10 and DQ10 fibril
AmIP and AmIIP bands show very narrow line widths, similar to
those seen in UVRR spectra of Gln crystals,30 which indicates
that the primary amide groups are in very well-defined
hydrogen bonding states.
The most noticeable difference between the NDQ10 and

DQ10 fibril 197−204 nm difference spectra occur for strong
bands located between ∼1400 and 1500 cm−1. A band located
at ∼1415 cm−1 in NDQ10 fibrils upshifts ∼15 cm−1 in DQ10
fibrils. This band derives from a complex vibration that contains
CH2 wagging, C−C stretching, CH2 scissoring, and Cδ−Nϵ2
stretching motions. Based on our previous work,35 an upshifted
CH2 wagging band signals that the Gln side chains are in an
environment of higher dielectric constant. Thus, we conclude

Figure 2. TEM micrographs and X-ray diffraction patterns of NDQ10
and DQ10 fibril aggregates. TEM images of (a) NDQ10 and (b)
DQ10 fibrils. The scale bars represent 200 nm. X-ray diffraction
pattern of (c, d) NDQ10 fibril films, (e) DQ10 fibril films, and (f) the
quartz capillary tube. The patterns shown in panels c and d are the
same except for the contrast settings, which have been set in panel d to
highlight the weak reflection at ∼8.2 Å.
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that the DQ10 Gln side chain methylene groups are in a higher
dielectric constant environment than are those of NDQ10. This
presumably correlates with the ∼0.8 Å larger inter-β-sheet
spacing for DQ10 fibrils compared to NDQ10 fibrils (Figure
2c−e). The larger inter-sheet spacing allows solvating water
molecules to penetrate deeper into DQ10 fibrils, increasing the
local dielectric constant. This hypothesis is supported by the
results shown in Figure S3, wherein the CH2 wagging band
downshifts to ∼1415 and ∼1407 cm−1 in dried DQ10 and
NDQ10 fibril films, respectively.
Assignment of Peptide Backbone Bands. We subtracted

the 197−204 nm difference spectra from the 204 nm excited
UVRR spectra to reveal the peptide bond secondary amide
bands. The AmIS (mainly peptide backbone CO stretching)
appears as two bands (labeled as AmIA

S and AmIB2
S ) in the

spectra of both NDQ10 and DQ10 fibrils. This “excitonic
splitting” is diagnostic of β-sheet structures and derives from
through-space transition dipole coupling between the AmIS

oscillators. The Raman spectral AmIS splitting patterns of
antiparallel and parallel β-sheets are similar. Thus, it is usually
difficult to discriminate between these two structures using this
band alone.53,54

The intense, high-frequency AmIS band (labeled as the
AmIA

S) appears at ∼1665 and ∼1660 cm−1 in NDQ10 and

DQ10 fibrils, respectively. The less intense, low-frequency AmIS

band (AmIB2
S ) appears at ∼1620 cm−1 in NDQ10 and at ∼1615

cm−1 in DQ10. These ∼5 cm−1 decreases in the AmIS mode
frequencies suggest slightly stronger peptide backbone CO
hydrogen bonding between β-strands in DQ10 fibrils than in
NDQ10 fibrils.55 We are, however, aware that the Raman and
IR AmIS bands can also be impacted by β-sheet twisting and
stacking, as well as the registry of the β-strands, as described in
detail by Keiderling and co-workers.53 Thus, these AmIS

frequency differences between NDQ10 and DQ10 could also
signal subtle differences in the twisting and stacking of the fibril
β-sheets. We are continuing to examine these issues.
The extended AmIIIS UVRR spectral region between 1200

and 1350 cm−1 is generally considered to be the most
structurally informative.24 This region in polyQ peptides is
complicated because of the overlap of bands from Gln side
chain CH2 twisting and wagging modes that occur between
∼1280 and 1350 cm−1. In addition, the AmIIIS region consists
of three sub-bands (called the AmIII1

S, AmIII2
S, and AmIII3

S),
which derive from vibrations that are composed of in-phase
combinations of peptide bond N−H in-plane bending and C−
N stretching motions.
Mikhonin et al.56 previously assigned the AmIII1

S, AmIII2
S, and

AmIII3
S bands in detail. In NDQ10 and DQ10 fibrils, the AmIII1

S

Figure 3. UVRR spectra (197 and 204 nm excitation) of (a) NDQ10 and (b) DQ10 fibrils prepared in H2O. The spectra were measured on
precipitates that were resuspended in H2O.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.5b11380
J. Phys. Chem. B 2016, 120, 3012−3026

3016

http://dx.doi.org/10.1021/acs.jpcb.5b11380


occurs at ∼1315 cm−1, while the AmIII2
S occurs at ∼1290 cm−1,

and the AmIII3
S occurs between ∼1200 and 1280 cm−1. Both

NDQ10 and DQ10 show peaks at ∼1230 cm−1 and low-
frequency shoulders at ∼1210 cm−1. As discussed in detail
below, the AmIII3

S band frequency is sensitive to the
Ramachandran Ψ dihedral angle and thus can be used to
obtain quantitative information on the secondary structure of
polyQ fibrils.
UVRR of Polyglutamine Fibrils in D2O. Figure 4 shows

the UVRR spectra of NDQ10 and DQ10 fibrils prepared and

measured in D2O. Deuteration of the polyQ peptide backbone
N−H and primary amide side chain Nϵ2H2 groups leads to
significant spectral changes. Upon N-deuteration, the AmIS

downshifts to ∼1640 cm−1 (AmI′S) and overlaps the AmI′P. In
the case of the AmIIIS mode, deuteration decouples N−H in-
plane bending from C−N stretching.56 This leaves a weak
AmIII′S band (mainly N−D in-plane bending) in the ∼950−
1050 cm−1 region. The AmIII′S region also contains bands that
derive from side chain Nϵ2D2 rocking modes.56 The loss of the
AmIIIS band reveals the presence of several weak bands
between ∼1300 and 1400 cm−1, which derive mainly from side
chain CH2 and peptide backbone C−H deformation modes.
Hydrogen−Deuterium Exchange of Polyglutamine

Fibrils. A comparison of Figures 3 and 4 shows that UVRR
can be employed to differentiate between N−H and N−D
peptide bonds. Hydrogen−deuterium exchange can selectively
probe solvent-exposed versus solvent-shielded peptide bonds in
fibrils because the AmIIIS completely disappears upon N-
deuteration.20 For example, fibrils prepared in H2O and
subjected to HX in D2O will show AmIII3

S bands that derive
mainly from peptide bonds shielded from solvent, such as those

that are buried within the cross-β core. In contrast, fibrils
prepared in D2O that are subjected to HX in H2O will show
AmIII3

S bands that derive mainly from peptide bonds that are
solvent accessible, generally because they are located on the
aggregate surface or because they exist in exchangeable
conformations such as “disordered” regions, turns, or loops.

UVRR Bands of Partially Deuterated Primary Amides.
Extensive HX of polyQ fibrils may not completely deuterate the
primary amide Nϵ2H2 groups because the Gln side chains may
be involved in extensive hydrogen bonding interactions. Based
on Saito and co-workers’ normal mode analyses of
acetamide,57,58 the partial deuteration of primary amides results
in decoupling of N−H and N−D motions. As shown below,
monodeuteration of primary amides can give rise to secondary
amide-like vibrational modes! Thus, it is conceivable that
monodeuterated Gln side chains can result in AmIIIS-like
vibrations.
To investigate the potential presence of AmIIIS-like

vibrations in monodeuterated primary amides, we measured
the UVRR spectrum of Gln in a 50%/50% mixture of H2O and
D2O. The spectrum, shown in Figure 5, was assigned with the

aid of DFT calculations (see the Supporting Information for
details). We considered two geometrical isomers in calculating
the vibrational normal modes of partially deuterated Gln, as
shown in Scheme 1. The “trans-NHD” Gln species resembles

the trans-isomer configuration of the peptide bond and thus is
expected to give rise to vibrations that resemble the canonical
AmIS, AmIIS, and AmIIIS vibrations of secondary amides.
We present a detailed assignment of the Figure 5 spectrum in

the Supporting Information, as shown in Tables S1−S3.
According to our normal mode analysis, we assign an AmIS-like
vibration to an ∼1660 cm−1 band and two AmIIS-like vibrations
to bands located at ∼1550 and ∼1475 cm−1. The DFT
calculations also indicate that the ∼1250−1400 cm−1 region
contains four vibrations with significant Cδ−Nϵ2 stretching

Figure 4. UVRR spectra (204 nm excitation) of (a) NDQ10 and (b)
DQ10 fibrils prepared in D2O. The spectra were measured on
precipitates that were resuspended in D2O.

Figure 5. UVRR spectrum (204 nm excitation) of Gln measured in a
50% H2O/50% D2O mixture. The spectral contributions of solvent, as
well as fully protonated and fully deuterated Gln, have been subtracted.

Scheme 1. Geometric Isomers of the Monodeuterated
Primary Amide Group of Gln Side Chains
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character. Two of these vibrations derive from the cis-NHD
species of Gln and are assigned to the ∼1335 and ∼1280 cm−1

bands. The other two vibrations at ∼1310 and ∼1250 cm−1

derive from the trans-NHD species of Gln. These modes
resemble AmIIIS-like vibrations because they contain a
significant combination of NHD scissoring and Cδ−Nϵ2
stretching motions.
HX of NDQ10 and DQ10 Fibrils. Our normal mode analysis

and band assignments of the Figure 5 Gln spectrum indicate
that HX of polyQ fibrils can result in partially deuterated Gln
side chains that give rise to AmIIIS-like vibrations. These
AmIIIS-like bands appear in the high-frequency side of the
AmIII3

S region; however, they do not significantly overlap with
that of the AmIII3

S region of β-sheets, which occurs between
∼1200 and 1240 cm−1. Thus, we can straightforwardly assign
the β-sheet AmIII3

S bands of NDQ10 and DQ10 fibrils in the
HX-UVRR spectra.
Figure 6 shows the curve-resolved AmIIIS region of the

UVRR spectra of NDQ10 and DQ10 fibrils following HX. The
spectra labeled as H → D (D → H) were measured from fibrils
prepared in H2O (D2O) and subjected to HX in D2O (H2O).
The bands shown in blue are assigned to true AmIII3

S vibrations,
while those shown in green are assigned to the AmIIIS-like
vibrations that derive from partially deuterated primary amides.
The H → D spectra of NDQ10 and DQ10 fibrils show AmIII3

S

bands at ∼1210 and ∼1230 cm−1. These bands upshift ∼10
cm−1 in the D → H spectra. As discussed in detail by Mikhonin
et al.,26 this peptide bond frequency upshift can result from an
increased hydrogen bonding to water which does not involve
any structural changes. Thus, we conclude that the Q10 fibril

exterior peptide bonds are more extensively hydrogen bonded
to water than those in the fibril interior.

Ramachandran Ψ Angle Distributions. The AmIII3
S

band is the most conformationally sensitive secondary amide
band because its frequency depends sinusoidally on the
Ramachandran Ψ dihedral angle (see Scheme 2) of the peptide
backbone.25,26 This sinusoidal dependence derives from the
coupling of the Cα−H bending vibration with the N−H
bending component of the AmIII3

S vibration. For example, this
coupling is strong for β-strand and PPII-like peptide bond Ψ
angles, when the Cα−H and N−H groups are in an

Figure 6. HX-UVRR spectra (204 nm excitation) of (a, b) NDQ10 and (c, d) DQ10 fibrils. For panels a and c, fibrils were prepared in H2O and
exchanged in D2O. For panels b and d, fibrils were prepared in D2O and exchanged in H2O. The spectra were measured on precipitates that were
resuspended in either H2O or D2O.

Scheme 2. Depiction of Ramachandran Ψ and Φ Dihedral
Angles in Polyglutamine Peptides
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approximately cis-configuration. The strong coupling between
N−H and Cα−H bending motions downshifts the AmIII3

S

frequency. In contrast, for α-helical-like Ψ angles, the Cα−H
and N−H groups are in a trans-configuration to each other,
which results in the Cα−H and N−H bending motions
decoupling. This decoupling results in the AmIII3

S band
upshifting.
We utilized the structural sensitivity of the AmIII3

S band to
determine Ramachandran Ψ dihedral angle distributions for the
NDQ10 and DQ10 fibril peptide bonds (Figure 7). To do this,

we employed the methodology of Asher and co-workers26,59

(see the Supporting Information for details), which correlates
the different frequencies of the AmIII3

S band envelope to
different peptide bond Ψ angles. This enables us to determine a
probability distribution of peptide bond Ψ angles from the
inhomogeneously broadened AmIII3

S bandshapes shown in
Figure 6. The Ψ distributions shown in black derive from the H
→ D HX-UVRR (Figure 6a,c) AmIII3

S band profiles, while

those shown in blue are from the D → H HX-UVRR (Figure
6b, d) AmIII3

S band profiles.
As shown in Figure 7, the Ψ angle distributions of NDQ10

and DQ10 are similar, which indicates that the fibril secondary
structures are essentially the same. All the distributions are
bimodal, showing peaks near ∼145° and ∼125°. According to
Hovmöller et al.’s analysis60 of protein data bank crystal
structures, Gln residues in antiparallel β-sheet conformations
show an average Ψ angle of ∼137(15)°, while those in parallel
β-sheet structures show an average Ψ angle of ∼129(15)°.
Given these values, we attribute the NDQ10 and DQ10 peaks
centered at ∼145° to fibril peptide bonds that are in antiparallel
β-sheet conformations and the peaks at ∼125° to peptide
bonds in parallel β-sheet conformations.
A comparison of the black and blue Ψ angle distributions

indicates that there are structural differences between solvent
accessible and inaccessible peptide bonds in both NDQ10 and
DQ10 fibrils. The blue distributions are much broader than the
black distributions, which indicates that the solvent accessible
peptide bonds exhibit greater conformational heterogeneity
than the solvent inaccessible peptide bonds. Most of this
increased structural heterogeneity stems from the peptide
bonds in parallel β-sheet conformations. Indeed, the standard
deviations (σ) of the antiparallel β-sheet distributions
corresponding to solvent accessible and inaccessible peptide
bonds are not significantly different. However, the standard
deviations of the parallel β-sheet distributions are ∼12°−13°
for solvent accessible peptide bonds but collapse to a narrower
range of Ψ angles for solvent inaccessible peptide bonds.
The Ψ angle distributions shown in Figure 7 indicate that the

solvent inaccessible peptide bonds in NDQ10 and DQ10 fibrils
preferentially adopt antiparallel over parallel β-sheet conforma-
tions. The solvent inaccessible peptide bonds derive primarily
from the fibril interiors, where primary fibril nucleation occurs.
This suggests that nascent polyQ (proto)fibrils form around
antiparallel β-sheet nuclei. In contrast, peptide bonds that are
solvent accessible are located predominately on the surface of
polyQ aggregates, which is more disordered because peptides
can aggregate onto the fibril by forming parallel β-sheet
structures, in addition to adding as antiparallel β-sheets.

Developing a Molecular-Level Structural Model. The
Figure 7 distributions show that no peptide bonds populate β-
turn Ψ angles. Thus, we conclude that the basic structural
motifs of NDQ10 and DQ10 fibrils are extended β-strands. To
investigate this hypothesis, we utilized atomistic MD to
examine Q10 peptides arranged in three different fibril
architectures. As shown in Figure 1, these models are composed
of eight Q10 peptides arranged into two β-sheet layers. Models
a and b consist of extended β-strands that are arranged into
antiparallel and parallel β-sheet architectures, respectively.
Model c consists of β-hairpins with Type I turn structures
that are arranged into an antiparallel β-sheet configuration.
Further details regarding the construction of the fibril models
for the MD simulations can be found in the Supporting
Information.
The Figure 1 simulated fibril models retained structural

integrity throughout the energy minimization and equilibration
processes of the computations. We utilized an RMSD metric
(Figure S2) to monitor the extent of dissociation of the fibril
models during the simulation production runs. The RMSD of
peptide backbone atoms relative to that of the respective initial,
energy-minimized structure was used. An RMSD of 3 Å was
used as a dissociation threshold. Based on this criterion, the

Figure 7. UVRR-determined Ψ angle distributions for NDQ10 and
DQ10 fibrils. (a) Distribution corresponding to the NDQ10 fibril
Figure 6a HX spectrum. (b) Distribution corresponding to NDQ10
fibril Figure 6b HX spectrum. (c) Distribution corresponding to DQ10
fibril Figure 6c HX spectrum. (d) Distribution corresponding to DQ10
fibril Figure 6d HX spectrum. The distributions were least-squares fit
to one or two Gaussians. The peak Ψ angles and distribution standard
deviations (σ) are reported, along with their standard errors from the
fits (in parentheses).
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Figure 1c β-hairpin model dissociates at ∼60 ns into the
production simulation, while models a and b remain intact
throughout the full 200 ns simulation (Figure 8).
As shown in Figure 9, we compare the Ramachandran Ψ

angle distributions obtained from the production runs of the
simulated fibril models to those measured experimentally. The
distributions corresponding to models a and b show large peaks
at ∼141° and ∼127°, respectively, which are very close to the
experimentally observed Ψ angle peaks for the antiparallel and
parallel β-sheets. In contrast, the model c distribution shows
very poor agreement with the experimentally determined
distributions because the calculated peak Ψ angle distribution
is downshifted ∼12° from the experimentally observed
antiparallel β-sheet peak distribution. In addition, the model c
Ψ angle distribution shows a doublet located at ∼ −19° and ∼
−43° that is not experimentally observed. This doublet
corresponds to Ψ angles that derive from the i + 1 and i + 2
Type I β-turn residues. The strong agreement between the
model a and b Ψ angle distributions with those measured
experimentally supports our conclusion that the basic structural
motif of NDQ10 and DQ10 fibrils are stacked β-strands
organized into β-sheets.
Our β-strand models for NDQ10 and DQ10 fibrils are

consistent with other studies. For example, Schneider et al.9

suggested, on the basis of EM and solid-state NMR, that
D2Q15K2 peptides adopt extended β-strands in fibrils. In
another study, Thakur and Wetzel61 probed polyQ fibril
structure by replacing Gln-Gln residue pairs with Pro-Gly pairs
to increase the formation of β-turn structures. They found that
peptides, which had continuous stretches of ∼9 to 10 Gln
residues, mimicked the aggregation behavior and morphologies
of unmutated fibrils. They interpret these results to mean that
simple polyQ peptides form β-strands that are optimally ∼9 to
10 Gln residues in length.
Antiparallel β-sheets are Thermodynamically More

Favorable than Parallel β-Sheets in PolyQ Fibrils.
Numerous studies have shown that the most common
structural motif of typical prions and amyloid fibrils is the in-
register parallel cross-β structure.62−66 For these fibrils, in-
register parallel β-sheets appear to maximize hydrophobic and
steric zipper interactions.38 Reports of antiparallel β-sheets
structures are far less common, although they have been
reported for some amyloidogenic peptide microcrystals67 and
fibrils.68 PolyQ fibrils are unique in that most studies8,9,12,61

suggest that they predominately form antiparallel β-sheets.

Figure 8. Time evolution of (a) antiparallel β-sheet, (b) parallel β-sheet, and (c) β-hairpin fibril models in MD simulations.

Figure 9. Comparison of Ψ angle distributions from simulations and
experiments. The distributions correspond to (a, b) solvent accessible
peptide bonds from NDQ10 (Figure 7b) and DQ10 fibrils (Figure
7d), respectively; (c) model a in Figure 1; (d) model b in Figure 1;
and (e) model c in Figure 1.
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This preference indicates that antiparallel β-sheet structures
are more energetically favorable than parallel β-sheets in polyQ
fibrils. To examine this possibility, we used the Bennett
acceptance ratio method (see the Supporting Information,
Figure S4) to calculate the free energy difference between our
simulated parallel and antiparallel β-sheet fibrils. The free
energy of our simulated antiparallel β-sheet model system
(model a) was found to be 160.5(20) kJ·mol−1 (per f ibril
system) lower than the parallel β-sheet model system (model b).
Because the simulated fibril systems were composed of eight
Q10 peptides, this means that the free energy is ∼1.5 kJ·mol−1

per peptide bond (there are 104 total peptide bonds in each
simulated fibril system) lower for the antiparallel β-sheet
structure than the parallel β-sheet structure.
The MD simulation results suggest that antiparallel β-sheet

formation is favored in polyQ fibrils. This accounts for the
greater fraction of antiparallel β-sheets over parallel β-sheets
experimentally observed in NDQ10 and DQ10 fibrils. Using
the integrated areas of the AmIII3

S bands in the Figure 6 spectra,
we calculate the apparent Gibbs free energy difference between
parallel and antiparallel β-sheets to be ∼6−7 kJ·mol−1 per
solvent inaccessible peptide bond and ∼1 kJ·mol−1 per solvent
accessible peptide bond. We note that the experimentally
measured free energy difference of 1 kJ·mol−1 per solvent
accessible peptide bond is very close to the value of ∼1.5 kJ·
mol−1 per peptide bond calculated from the simulated, well-
hydrated fibril models.
We examined electrostatic and hydrogen bonding inter-

actions of models a and b to understand the origins of the
energetic favorability of antiparallel β-sheets over parallel β-
sheets. In the case of electrostatics, we find that models a and b
are both stabilized by favorable electrostatic interactions
between N-terminal Asp residues and C-terminal Lys residues
from opposing β-sheets. However, within a β-sheet, the
antiparallel β-sheet model a is stabilized by favorable inter-
strand electrostatic interactions between oppositely charged
terminal residues. In contrast, the parallel β-sheet model b is
slightly destabilized because of inter-strand electrostatic
repulsions of similarly charged terminal residues. The inter-
strand repulsion between like-charged terminal residues in
model b may disrupt nearby peptide backbone hydrogen
bonding interactions.
Most of the energetic favorability of the antiparallel β-sheet

derives from hydrogen bonding interactions. In our analysis, we
considered three different types of peptide−peptide hydrogen
bonding: peptide backbone−backbone, side chain−backbone,
or side chain−side chain (see Figure S5 and Table S4 in the
Supporting Information). Our analysis indicates that, on
average, model a forms more peptide−peptide hydrogen
bonds than does model b. Specifically, model a forms
significantly more hydrogen bonds between peptide backbone
amides than does model b (Figure S5d). In contrast, model b
forms more side chain−backbone and peptide−water hydrogen
bonds than does model a, as shown in Figure S5b,c. Thus, it
appears that model a is stabilized by more peptide−peptide
hydrogen bonds and less destabilized because of fewer
peptide−water hydrogen bonds. In contrast, model b is less
energetically favorable because of fewer stabilizing peptide−
peptide hydrogen bonds and more destabilizing peptide−water
hydrogen bonds. We also note that it is well-known that
antiparallel β-sheets are enthalpically more favorable than are
parallel β-sheets structures69 because of their optimal hydrogen
bonding geometries. Our MD results support the hypothesis

that thermodynamics, not kinetics, drive polyQ aggregation
into antiparallel β-sheet architectures.

Structure of NDQ10 and DQ10 Gln Side Chains.
Determination of Gln Side Chain χ3 Angle Distributions. We
recently discovered30 a vibrational spectral marker band that we
call the AmIIIP band, which shows a cosinusoidal frequency
dependence on the O−C−C−C dihedral angles of Gln and Asn
side chains (the χ3 and χ2 angles, respectively). The AmIIIP

vibration is somewhat reminiscent of the AmIII3
S vibration

because it derives from an in-phase combination of Cδ−Nϵ2
stretching and Nϵ2H2 rocking motions (replacing N−H
bending in the AmIII3

S). However, Cβ−Cγ stretching also
contributes significantly to the AmIIIP vibrational potential
energy distribution.
The structural sensitivity of the AmIIIP band derives mainly

from the hyperconjugation of the CδOϵ1 π* and Cβ−Cγ σ
orbitals.30 When hyperconjugation is strong (e.g., at χ3∼ ± 90°)
electron density is transferred from the Cβ−Cγ to the CδOϵ1
bond. This elongates the Cβ−Cγ bond and reduces the Cβ−Cγ

stretching force constant. As a result, the AmIIIP frequency
downshifts. In contrast, in the absence of hyperconjugation
(e.g., at χ3 ∼ 0°), the Cβ−Cγ bond length shortens and the
AmIIIP frequency upshifts.
To locate the AmIIIP bands of NDQ10 and DQ10 fibrils, we

curve-resolved the 197−204 nm difference spectra. As shown in
Figure 10, the AmIIIP band is located between ∼1050 and 1150
cm−1. Curve-resolving this spectral region for both NDQ10 and
DQ10 reveals four underlying bands located at ∼1060, ∼1100,

Figure 10. Peak fitting of the 197−204 nm UVRR difference spectra of
(a) NDQ10 and (b) DQ10 fibrils. Also shown are the residuals
between the fitted and measured spectra. The bands shown in blue are
assigned to the AmIIIP of the Gln side chains.
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∼1120, and ∼1140 cm−1. On the basis of our previous work,30

we assign the 1060, 1120, and 1140 cm−1 bands to C−N
stretching, Cβ−Cγ stretching/Nϵ2H2 rocking, and CH2 twisting
vibrations, respectively. The AmIIIP band is assigned to the
∼1100 cm−1 shoulder feature.30

We utilized the structural sensitivity of the AmIIIP vibration
to determine the distributions of χ3 dihedral angles for the
NDQ10 and DQ10 fibrils. The methodology employed to
calculate the χ3 angle distributions is similar to that used to
determine the peptide bond Ramachandran Ψ angle distribu-
tions (see the Supporting Information for details). As shown in
Figure 11a,b, the χ3 distributions are doubly peaked because the
AmIIIP band frequencies give rise to two physically possible χ3
angle solutions (see the discussion of eq S8 in the Supporting
Information). The AmIIIP band of NDQ10 gives rise to
distributions of χ3 angles centered at χ3 ∼ −14° or 5°. The
AmIIIP band of DQ10 gives rise to similar χ3 angle distributions

that are centered at χ3 ∼ −12° or ∼3°. The Gaussian-like
distributions of both NDQ10 and DQ10 show standard
deviations of ∼15°.
We compared the Figure 11a,b distributions to those

calculated from the MD simulated fibril models. The χ3
dihedral angle distributions corresponding to the simulated
fibril models are shown in Figure 11c−e. The antiparallel β-
sheet model a shows a dominating peak at ∼4°, whereas the
parallel β-sheet model b shows its largest peak centered at ∼
−10°. These dihedral angle maxima of models a and b are very
close to the experimentally measured for NDQ10 and DQ10.
Our combined UVRR and validated MD results provide new

detailed insights into the structure of the Gln side chains in
polyQ fibrils. The experimentally measured χ3 dihedral angles
for both NDQ10 and DQ10 are distributed around ∼0°. As
shown by the structures in Figure 12a,b, the model a and b Gln

side chains are approximately planar. This allows Gln side
chains from opposing β-sheets to form tightly interdigitated
steric zippers, as well as to enable the primary amide groups to
both accept and donate hydrogen bonds between neighboring
β-strands.

Comparisons of Side Chain Structures with Other Models.
To our knowledge, the structure of Gln side chains in polyQ
fibrils has been investigated previously by only the Sikorski7

and Kirschner8 groups. Both of these studies examined polyQ
fibril structure with X-ray diffraction. However, despite
obtaining similar diffraction patterns, the Sikorski7 and
Kirschner8 groups proposed different fibril structures based
upon modeling the data. For example, the Sikorski7 group
proposes that Gln side chains show alternating χ1 (N−Cα−Cβ−
Cγ) torsion angles along each β-strand of ∼69° and ∼ −113°.
The Sikorski group’s model7 is similar to our structure because
the Gln side chains are approximately planar; however, their

Figure 11. χ3 dihedral angle distributions of Gln side chains.
Distributions obtained experimentally are shown for (a) NDQ10
fibrils and (b) DQ10 fibrils. Distributions obtained from MD
simulated structures correspond to (c) model a in Figure 1, (d)
model b in Figure 1, and (e) model c in Figure 1. The missing χ3
angles in panels a and b around the region of ∼0° are due to the fact
that those corresponding AmIIIP frequencies are outside the domain of
the semiempirically derived equation30 used to correlate the
frequencies of the AmIIIP band envelope to their respective χ3 angles
(see eq S8 in the Supporting Information).

Figure 12. Comparison of side chain geometries from (a, b) our MD
simulations and (c, d) Sharma et al.8 Panels c and d were adapted with
permission from ref 8. Copyright 2005 Wiley.
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final model indicates that the χ3 angle is ∼180°, which is
energetically unfavorable and sterically nearly forbidden.30

The Kirschner8 group proposed a different structure for Gln
side chains in polyQ fibrils. In their study, electron density
maps were calculated from their low-resolution powder-like X-
ray diffraction patterns by combining the structure factors
determined from the experimental reflection intensities and the
phase angles from a model that satisfactorily accounted for the
observed d-spacings. They then modeled the electron densities
to generate atomic models for Ac-Q8-NH2 and D2Q45K2 fibrils.
Their modeling of the electron density maps suggests that
polyQ fibril Gln side chains adopt unusual bent conformations,
as shown in Figure 12c,d. It should be noted that the fibril
models reported by the Kirschner8 group result in very high R-
factors (24% for Ac−Q8−NH2 and 35% for D2Q45K2).
The Kirschner8 group’s side chain structures are inconsistent

with our model. The Kirschner8 group structure shows side
chain χ3 angles that approach values of ∼ ±90°, which differs
significantly from our experimentally determined values that are
close to ∼0°. The fact that we measure χ3 angles near ∼0° is
important because it means that the Gln side chains are roughly
planar, which allows the steric zipper interactions that are
believed to stabilize amyloid-like fibrils. It is difficult to envision
Gln primary amide stabilizing steric zipper interactions in the
Kirschner8 group model because their Gln side chain
conformations are bent and should not enable tight
interdigitation of neighboring β-sheets.
Dependence of Fibril Structure on Deposition of

Different NDQ10 and DQ10 Solution Conformations.
The NDQ10 and DQ10 peptides have significantly different
solution conformations. The NDQ10 and DQ10 peptide
solutions are composed of putative β-hairpin-like and PPII-
like conformations, respectively.37 These two solution con-
formations aggregate into fibrils that are composed of similar,
but not identical, β-sheet structures, which have similar planar
Gln side chain conformations. The similarity between these
fibril structures probably signals that the extended β-strand
structure is the most energetically favorable Q10 fibril structure.
However, the subtle differences observed between the

NDQ10 and DQ10 fibril structures must result from the
variation in the growth mechanisms due to different Q10
solution conformations. A speculative hypothesis is that the
increased water content and spacing of the DQ10 fibrils results
from the preferential addition of the well-hydrated PPII-like
DQ10 peptides that lead to incorporation of water into the
hydrophobic interdigitating side chain domains. This gives rise
to the longer DQ10 fibril inter-β-sheet spacing compared to
NDQ10, as observed in Figure 2. We are presently investigating
this possibility.

■ CONCLUSION
We performed a detailed structural analysis of NDQ10 and
DQ10 fibrils using UVRR and MD simulations. On the basis of
comparing our UVRR and MD simulation results, we
determine that the basic structural element of Q10 fibrils is
an extended β-strand. The solvent inaccessible interiors of
NDQ10 and DQ10 fibrils are a predominately antiparallel β-
sheet structures that are highly ordered and composed of these
extended β-strands. However, the water accessible peptide
bonds, which are located predominately on the fibril surfaces,
show greater conformational heterogeneity and contain
significant subpopulations of β-strands that adopt parallel β-
sheet architectures.

Our MD simulation results indicate that Q10 antiparallel β-
sheets are energetically more favorable than parallel β-sheets.
This is an important insight because it may explain why polyQ
fibrils, in contrast to most amyloid-like aggregates, preferentially
adopt antiparallel β-sheets instead of in-register parallel β-
sheets. Our results indicate that the origin of the energetic
favorability of Q10 fibril antiparallel β-sheets is mainly due to
hydrogen bonding. Antiparallel β-sheets form, on average, more
hydrogen bonds between peptide backbone amides than do
parallel β-sheets.
This study also provides important new insights into the

structure and chemical environment of Gln side chains in
polyQ fibrils. In contrast to previous, low-resolution X-ray
studies, we show that that the Gln side chains in polyQ fibrils
adopt conformations that are roughly planar, where the χ3
dihedral angles are narrowly distributed around 0°. This enables
the formation of steric zippers, wherein the side chains of
neighboring β-sheets tightly interdigitate.
The UVRR spectra are also highly sensitive to the local

hydrogen bonding and dielectric environments of the Gln side
chains. For example, a major difference observed between
NDQ10 and DQ10 fibrils is a different local dielectric
environment of the Gln side chains. The primary amides of
both NDQ10 and DQ10 fibrils are strongly hydrogen bonded;
however, in DQ10, the side chain methylene groups experience
a higher dielectric constant environment. This is likely
correlated with the larger DQ10 fibril inter-sheet spacing
compared to NDQ10. The larger inter-sheet spacing of DQ10
fibrils presumably results from an increased content of water
between β-sheets. The NDQ10 and DQ10 fibrils experience
different growth processes due to their different Q10 solution
conformations. Deposition of the well-hydrated PPII-like
DQ10 peptides results in fibrils with higher water content,
with a β-sheet structure showing inter-sheet spacings larger
than that which occurs for growth with β-hairpin NDQ10
solution peptides.
Finally, our study demonstrates the utility of synergistically

coupling UVRR with MD simulations. Understanding the
structure of polyQ and other amyloid-like fibrils remains of
great importance because these aggregates are implicated in
numerous neurodegenerative diseases. Knowing the fibril
structures will provide important insights into the aggregation
mechanism(s) of polyQ peptide sequences. However, deter-
mining the molecular-level structure of fibrils is challenging
because of the insoluble and noncrystalline nature of fibril
aggregates. A key advantage of our approach is that UVRR can
be utilized to measure the peptide backbone Ψ and the side
chain χ3 dihedral angle distributions. This information can be
used to generate hypotheses on the structure of fibrils, which
can then be tested in silico with MD simulations. Our work
combines UVRR and MD into a novel approach for
investigating fibrils. Our approach complements existing
methods such as solid-state NMR. However, the short
experimental UVRR acquisition time frames of our measure-
ments enable the examination of peptide structural changes
during fibril aggregation on time scales that are inaccessible to
conventional biophysical methods.

■ NOTE ADDED IN REVISION
While this paper was in review, Hoop et al.70 published a study
that examined fibrils prepared from the huntingtin exon 1
domain (htt exon 1). Overall, their solid-state NMR (ssNMR)
measurements on the polyQ fibril core of htt exon 1 are in
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remarkable agreement with our UVRR-based measurements on
Q10. Their findings suggest that the polyQ fibril core in htt
exon 1 is arranged in β-hairpins that form antiparallel β-sheets.
Using sophisticated magic-angle spinning ssNMR techniques,
Hoop et al. measured Ramachandran Ψ angles that are very
close to our values for antiparallel β-sheets. This is particularly
true for their observed “b-type” conformer, where they measure
Ψ angles of ∼150°.
Hoop et al. also measured the Gln side chain χ2 dihedral

angles (Cα−Cβ−Cγ−Cδ) to be ∼180° in htt exon 1 fibrils.
Their results lead them to also conclude that the Gln side
chains in polyQ fibrils are extended in structure. Although they
did not directly measure Gln side chain χ3 angles, Hoop et al.
suggest values of ±150°, which differ significantly from our
experimentally determined values reported here. It is interesting
to note that our experimentally validated MD-simulated β-sheet
fibril structure (model a) shows a mean χ2 value of ∼180°,
which is exactly the angle that Hoop et al. measure. Combining
these ssNMR results with our UVRR and MD data leads us to
propose that the most likely fibril structures of the Gln side
chains will have χ2 and χ3 angles of ∼180° and ∼0°,
respectively. We are examining this issue in greater detail.
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