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Abstract

Fibrillization of polyglutamine (polyQ) tracts in proteins is implicated in at least 10 

neurodegenerative diseases. This generates great interest in the structure and the aggregation 

mechanism(s) of polyQ peptides. The fibrillization of polyQ is thought to result from the peptide’s 

insolubility in aqueous solutions; longer polyQ tracts show decreased aqueous solution solubility, 

which is thought to lead to faster fibrillization kinetics. However, few studies have characterized 

the structure(s) of polyQ peptides with low solubility. In the work here, we use UV resonance 

Raman spectroscopy to examine the secondary structures, backbone hydrogen bonding, and side 

chain hydrogen bonding for a variety of solution-state, solid, and fibril forms of D2Q20K2 (Q20). 

Q20 is insoluble in water and has a β-strand-like conformation with extensive inter- and 

intrapeptide hydrogen bonding in both dry and aqueous environments. We find that Q20 has 

weaker backbone—backbone and backbone—side chain hydrogen bonding and is less ordered 

compared to that of polyQ fibrils. Interestingly, we find that the insoluble Q20 will form fibrils 

when incubated in water at room temperature for ~5 h. Also, Q20 can be prepared using a well-

known disaggregation procedure to produce a water-soluble PPII-like conformation with 

negligible inter- and intrapeptide hydrogen bonding and a resistance to aggregation.
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INTRODUCTION

Expanded polyglutamine (polyQ) tracts in proteins and peptides induce aggregation and 

fibrillization.1 This polyQ-induced fibrillization is associated with at least 10 

neurodegenerative diseases, including Huntington’s disease (HD) and multiple 

spinocerebellar ataxias.1 The mechanism of toxicity and the identity of the toxic species are 

still debated.2–4 The common factor for polyQ-associated neurodegenerative diseases is the 

presence of an expanded polyQ tract.1

In polyQ repeat diseases, longer polyQ tracts are correlated with an earlier disease symptom 

age-of-onset.5 Disease symptoms are only observed when the protein polyQ tract length 

surpasses a critical length (~≥36Q for the huntingtin protein in HD).1 This polyQ tract 

length dependence of disease age-of-onset is thought to result from a length-induced 

increase in the polyQ aggregation kinetics.6–8

This possibility was strengthened when Chen et al. showed that polyQ peptides with longer 

polyQ tracts have faster aggregation kinetics.6 Also, Chen et al. used aggregation rates 

calculated from polyQ peptides at high concentrations (~5—50 μM) to extrapolate 

aggregation rates for polyQ peptides at physiological concentrations (~0.1 nM).6 In these 

calculations, Q47 at physiological concentrations was calculated to aggregate in ~31 years. 

This aggregation rate is quite similar to the HD age-of-onset (30—40 years) for patients with 

a Q47 tract length in the huntingtin protein. Also, Q36 and Q28 lengths were calculated to 

begin aggregating in 141 and 1273 years, respectively, at physiological concentrations. 

These putative ages of disease onset roughly agree with the age of onset for polyQ tracts 
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with <36Q residues in the huntingtin protein that do not produce HD symptoms within a 

patient’s lifetime. Because of the associations between polyQ tract length, aggregation 

kinetics, and disease age-of-onset, there is much interest in understanding the aggregation 

mechanism(s) of polyQ peptides of different lengths. Unfortunately, these studies of polyQ 

peptides are limited by the accompanying low solubility of these polyQ peptides in water.

For example, polyQ peptides with ~≥20 Q residues generally show low water solubility. To 

study the polyQ solution-state structure and fibrillization kinetics of long polyQ peptides, 

Chen et al. developed a “disaggregation” procedure that increases polyQ peptide solubility.9 

Their solubilization procedure is referred to as disaggregation because it is thought to 

remove trace aggregate oligomers that are believed to seed fibrillization.10 Unfortunately, the 

exact mechanism by which this disaggregation protocol solubilizes polyQ peptide monomers 

is poorly understood. Because of the low solubility of long polyQ peptides, most studies use 

polyQ peptide solutions that are disaggregated before study.

Recently, Punihaole et al.11 used UV resonance Raman (UVRR) spectroscopy and 

metadynamics simulations to examine the solution-state structure of the small polyQ peptide 

D2Q10K2 (Q10) in its disaggregated (DQ10) and non-disaggregated (NDQ10) forms. They 

found that aqueous NDQ10 has a collapsed β-strand-like conformation with significant 

intrapeptide hydrogen bonding. In contrast, DQ10 has a polyproline II (PPII)-like 

conformation with negligible inter- and intrapeptide hydrogen bonding. They showed that 

the β-strand-like (NDQ10) and the PPII-like (DQ10) structures are both predominantly 

monomeric with large activation energy barriers between them that prevent interconversion 

between these solution-state monomeric structures. They also showed that NDQ10 and 

DQ10 are both soluble in water at concentrations of up to 1 mg/mL.

Computational12,13 and experimental14,15 studies have shown that longer polyQ peptides 

increasingly possess peptide–peptide hydrogen bonding. Studies showed that water is a good 

solvent for Q < 16, a theta solvent for Q = ~16 and a poor solvent for Q > 16.14–16 

Apparently, the increasing favorability of interpeptide interactions for longer polyQ peptides 

results in decreased aqueous solubilities that are thought to drive the formation of peptide 

aggregates and fibrils.14,16 The peptide–peptide interactions of dilute polyQ solutions in 

poor solvents are satisfied via intrapeptide hydrogen bonds that give rise to compact 

collapsed structures.12,14,16 In contrast, more concentrated polyQ solutions will form 

interpeptide interactions that result in polyQ peptide aggregation.12,14,16 The low solubility 

of longer polyQ peptides is thought to promote their aggregation.12,14 However, little is 

known about the structures and fibrillization of polyQ peptides with low aqueous solubility.

Here, we use UVRR spectroscopy to examine the structures of D2Q20K2 (Q20). We find that 

non-disaggregated Q20 (NDQ20) is insoluble in water. In this work, we describe a polyQ 

peptide as insoluble if the peptide forms a pellet upon centrifugation (21 130g for 30 min).

Figure 1 summarizes the structures of Q20 observed in this study. Q20 was synthesized by 

Thermo Fisher Scientific using Fmoc-based solid-phase peptide synthesis (SPPS) (Figure 

1a). The peptide was purified in 0.05% trifluoroacetic acid (TFA) using reverse-phase high-

pressure liquid chromatography (HPLC) (Figure 1b). The purified peptide was then 
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lyophilized, yielding the solid-phase peptide synthesis Q20 (SPPS Q20) species, which 

occurs in the form of a white powder (Figure 1c). For all experimental work, SPPS Q20 is 

considered to be the initial state of the peptide. Using UVRR, we find that SPPS Q20 is in a 

β-strand-like conformation (Figure 1c).

SPPS Q20 added to water does not form a clear solution at 0.3 mg/mL. This state of Q20 is 

designated as non-disaggregated Q20 (NDQ20) because it was not disaggregated before 

being added to water (Figure 1d). We find that the secondary structure of NDQ20 is similar 

to that of the SPPS Q20. Despite the low water solubility of NDQ20, we find that NDQ20 

forms β-sheet fibrils (Figure 1f) when incubated in water at room temperature.

We also prepared aqueous Q20 using the disaggregation protocol described in the Materials 

and Methods section. SPPS Q20 will dissolve in a 1:1 mixture of TFA and hexafluor-

oisopropanol (HFIP) to form a clear solution (Figure 1g). The TFA/HFIP solvent can then be 

evaporated, and the resulting disaggregated Q20 (DQ20) peptide (Figure 1h) dissolves in 

water (Figure 1i). Using UVRR spectroscopy, we find that the DQ20 peptide has a PPII-like 

secondary structure with backbone and side chain amide groups hydrogen-bonded to water. 

DQ20 forms fibrils when incubated at 37 °C and neutral pH for ~1 week (Figure 1j).

Finally, we find that after ultracentrifugation of NDQ20, a small amount of peptide remains 

in the supernatant (Figure 1e). The peptide in the NDQ20 supernatant has a PPII-like 

structure similar to that of the highly soluble DQ20.

MATERIALS AND METHODS

Materials.

D2Q15K2 (Q15) (≥98% purity), D2Q20K2 (Q20) (≥98% purity), and TFA (≥99.5% purity) 

were purchased from Thermo Fisher Scientific. 1,1,1,3,3,3-Hexa-fluoro-2-propanol (HFIP) 

(~99% purity) was purchased from Acros Organics.

Peptide Synthesis.

Q15 and Q20 were synthesized by Thermo Fisher Scientific using Fmoc-based SPPS. The 

final peptide was cleaved from the solid support using TFA. The peptide was purified in 

0.05% TFA using reverse-phase HPLC. The purified peptide was lyophilized to produce 

SPPS Q20 (Figure 1c).

Sample Preparation.

NDQ20 (Figure 1d) was prepared by adding the SPPS Q20, as received from Thermo Fisher 

Scientific, to nanopure water. Samples were prepared in sterilized centrifuge tubes to prevent 

impurities from seeding aggregation.

The NDQ20 supernatant (Figure 1e) was made by first preparing NDQ20 at 1 mg/mL. The 

mixture was vortexed for ~5 min to dissolve any soluble peptide. After vortexing, the sample 

remained turbid. The sample was centrifuged for 30 min at 21 130g and then for 30 min at 

355 524g. The top ~50% of the supernatant was used for UV absorbance and UVRR 

measurements.
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DQ20 (Figure 1i) was prepared by using the disaggregation procedure developed by Chen et 

al.9 To disaggregate polyQ the peptide was incubated in a 1:1 TFA and HFIP mixture for ~2

—4 h (Figure 1g). The solvent was then evaporated with a stream of dry nitrogen gas 

(Figure 1h). The peptide was then dissolved in water to a concentration of 0.3 mg/mL.

TFA samples at pH = ~+0.5 were prepared by adding 10% (v/v) TFA to nanopure water. 

TFA samples (10% (v/v)) in acidic conditions, pH = ~−1.5, were prepared by adding TFA to 

concentrated hydrochloric acid. TFA in basic conditions was prepared by adding a known 

volume of 10 M NaOH to a 10% (v/v) TFA solution to a final pH of ~12. The internal 

UVRR intensity standard sodium perchlorate (NaClO4) was added to TFA samples and to 

the NDQ20 supernatant by adding a known volume of 5 M NaClO4 to the sample.

Absorbance Measurements.

Absorbance measurements used a Cary 5000 UV—vis—NIR spectrophotometer (Varian, 

Inc.) with a 0.02 cm pathlength, fused silica cylindrical cuvette.

UVRR Instrumentation.

The UVRR instrumentation was described in detail by Bykov et al.18 Briefly, the third 

harmonic of an infinity Nd:YAG laser (Coherent) was Raman-shifted (30 psi, H2) to 204 nm 

(the 5th anti-Stokes line of hydrogen). The Raman-scattered light was dispersed using a 

double monochromator in a subtractive configuration.18 The spectrum was imaged using a 

liquid nitrogen-cooled CCD camera with a Lumagen E coating (Spec10:400B, Princeton 

Instruments). The samples were placed in a Suprasil fused silica NMR tube that was spun 

during the measurement to reduce sample photodegradation. A ~165° backscattering 

geometry was used to collect the Raman scattering.

Transmission Electron Microscopy.

Transmission electron microscopy (TEM) images of DQ20 and NDQ20 fibrils were 

collected using a Morgagni 268(D) electron microscope (FEI) at 89 000× and 140 000× 

magnification, respectively, using an electron accelerating voltage of 80 kV. Images were 

recorded on a 10-megapixel ORCA camera (Hamamatsu). EM sample grids were prepared 

by incubating 3 μL of DQ20 or NDQ20 fibrils on carbon-coated copper EM grids for ~3 

min, and the excess solution was removed by blotting with filter paper. The grid was then 

stained with 3 μL of 2% (w/v) uranyl acetate solution for ~45 s before blotting.

UVRR Methods.

UVRR excitation at ~204 nm is in resonance with the π → π* electronic transitions of 

amide groups, which include the secondary amide peptide bond and primary amide 

glutamine (Gln) side chains.19 This selectively enhances vibrational motions that couple to 

these electronic transitions. Thus, our UVRR spectra of polyQ peptides are dominated by 

vibrations localized on the backbone peptide bonds and the Gln side chain amide groups. 

This greatly simplifies the Raman spectra. UVRR spectra are sensitive to the structure and 

solvation states of the peptide.20
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AmIII3S Band Reports on the Backbone Ramachandran Ψ Angle.

The peptide backbone amide III3 band (AmIII3S) frequency was shown to be sinusoidally 

correlated with the peptide backbone Ramachandran Ψ angle.21,22 Mikhonin et al. 

developed a method to calculate the Ψ angle from an experimentally measured AmIII3S

frequency for a peptide backbone in different solvation states and temperatures.22 Asher et 

al. then showed that we can estimate the distribution of Ψ angles in a peptide by modeling 

the inhomogenously broadened AmIII3S band as a sum of Lorentzian bands that approximate 

the homogenously broadened AmIII3S bands.23 These methodologies have been extensively 

used to examine the secondary structure of peptides.11,17,19,20,24–28 A detailed discussion of 

the equations used to calculate the Ψ angle distributions in this work can be found in the 

Supporting Information.

AmI Bands Report on the Hydrogen Bonding and Dielectric Environment of the Amide 
Carbonyls.

The amide I (AmI) bands of the secondary amide peptide backbone (AmIS) and the primary 

amide Gln side chains (AmIP) predominantly involve C=O stretching. The AmI band 

frequency and intensity are sensitive to the dielectric constant and the hydrogen bonding of 

the amide carbonyl groups.29–35 This makes the AmI band a spectral marker for examining 

the water exposure and hydrogen bonding of amide groups.20,30 An environment with a 

large dielectric constant, such as water, increases the contribution of the amide dipolar 

resonance structure (−O–C=NH+) compared to that of the less-polar resonance structure 

(O=C–NH). This decreases the C=O bond force constant and the AmI frequency.29,32 Also, 

stronger hydrogen bonding to the C=O bond decreases its bond force constant downshifting 

the AmI band frequency29,30,34.

The dielectric constant and the hydrogen bonding of the amide group also affect the AmI 

band UVRR intensities. In general, the deep UVRR enhancement of the AmI band of 

primary and secondary amides decreases with an increasing dielectric constant and/or 

increased hydrogen bonding to the amide C=O group.29,32 This occurs because resonance 

enhancement depends on the Frank–Condon overlap between the amide ground and resonant 

excited states. The resonance enhancement of the AmI vibration scales with the square of 

the displacement between the equilibrium C=O bond ground electronic state and the 

ππ*excited state along the AmI vibrational normal coordinate.36 The C=O bond in the 

ππ*excited state is typically elongated compared to that in the ground state.37,38 Thus, 

elongation of the C=O bond in a strong hydrogen bonding and/or high dielectric 

environment decreases the C=O bond displacement between the ππ* ground and excited 

state resulting in decreased UVRR enhancement.29,32

However, changes in the effective dielectric constant and hydrogen bonding also affect the 

amide ππ* excited-state geometry.29,31,35,38 Thus, a complete understanding of the 

dependence of the AmI UVRR intensity on the environment requires knowledge on how the 

dielectric constant and hydrogen bonding of the amide group affects the C=O bond length of 

both the ground and ππ* excited state.38 Table 1 summarizes the effects of changes in the 
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dielectric environment and hydrogen bonding of the amide group on the AmI band intensity 

and frequency.

UVRR Band Assignments of PolyQ Peptides.

The UVRR spectra of solution-state11 and fibril-state17 Q10 were previously assigned in 

detail. The UVRR spectra of Q20 measured here are similar to those previously measured 

for Q10. Here, we briefly discuss the assignments of the conformationally sensitive UVRR 

bands. Please refer to our work on Q10 fibrils17 and on Q10 in solution11 for details.

AmIII3S Band Assignments.

The AmIII3S band is found in the ~1200–1300 cm−1 spectral region. As discussed above, this 

band is sensitive to the Ψ Ramachandran angle of the peptide backbone. Punihaole et al.11 

previously found that DQ10 has AmIII3S peaks at ~1275, ~1250, and ~1215 cm−1 that derive 

from Ψ angle populations centered at ~175°, ~150°, and ~10°, respectively. The ~150° Ψ 
angle distribution is characteristic of PPII-like secondary structures, while Ψ angle 

populations at 10° and 175° are characteristic of turn-like and 2.51-helix-like structures, 

respectively. From the UVRR data along with metadynamics simulations, Punihaole et al. 

concluded that DQ10 contains short PPII-like helices separated by turn regions.11 The 2.51-

helix-like conformation was found to be localized within the charged aspartic acid (Asp) and 

lysine (Lys) residues at the peptide N- and C-termini, respectively.

In contrast, NDQ10 has a single Raman AmIII3S band at ~1240 cm−1. This corresponds to a 

Ψ angle distribution centered at ~140°, which is characteristic of a β-strand-like 

conformation. From the AmIII3S band as well as metadynamics simulations, Punihaole et al. 

concluded that NDQ10 occurs in a collapsed β-strand-like conformation.11 A list of AmIII3S

band frequencies and secondary structure assignments for DQ10 and NDQ10 is shown in 

Table 2.

AmI Band Assignments.

The AmIS and AmIP bands are both found in the ~1650–1700 cm−1 spectral region and 

spectrally overlap. Xiong et al.24 showed that the AmIP and AmIS bands can be separately 

highlighted in the UVRR spectrum by collecting UVRR spectra at two different excitations 

wavelengths: 197 and 204 nm. Because the ππ* transition of primary amides is at higher 

energy than secondary amides, excitation deeper in the UV (197 nm) increases the resonance 

enhancement of the AmIP band relative to the AmIS band. By subtracting the 204 nm UVRR 

spectrum from that of 197 nm excitation (197–204 nm), we highlight the primary amide 

vibrations, including the AmIP band. In addition, we can highlight the secondary amide 

vibrations, such as the AmIS band, by subtracting the 197–204 nm difference spectrum from 

the 204 nm spectrum (204–(197–204) nm).

Punihaole et al. previously examined the AmIP and AmIS bands of NDQ10 and DQ10 

peptides in their solution-11 and fibril-state17 conformations. The AmIP bands of Gln side 

chains hydrogen-bonded to water have low UVRR intensities and are broad, with center 
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frequencies of ~1680 cm−1. A low AmI UVRR intensity and a frequency of ~1680 cm−1 

were previously observed for the AmIP band of aqueous Gln39 as well as for the water 

hydrogen-bonded amides of Gln side chains of aqueous polyQ peptides.11 Similarly, the 

AmIS band of water hydrogen-bonded secondary amides has a low UVRR intensity and a 

frequency of ~1700 cm−1.34

Gln side chain and peptide backbone amide groups involved in peptide–peptide hydrogen 

bonding will be partially shielded from water. Thus, they will experience an environment 

with stronger hydrogen bonding and a lower dielectric constant compared to that of fully 

water exposed amide groups. For Gln side chain and peptide backbone amides involved in 

peptide–peptide hydrogen bonding, we experimentally observe intense AmIP and AmIS 

bands located at ~1660 cm−1. This was previously observed for the AmIP bands of Q10 in 

the solution-state11 and in Q10 fibrils17 as well as for the AmIS bands of Q10 fibrils.30

Wang et al.34 showed that the frequency of the AmIS band of the peptide backbone is 

correlated with the enthalpy of interaction (ΔHint) between the backbone amide C=O groups 

and their environment. The ΔHint is dominated by strong interactions such as hydrogen 

bonds.40 This allows for the calculation of the strength of a hydrogen bond between the 

backbone C=O groups and a hydrogen bond donor.30,34 Punihaole et al.30 later expanded 

this technique to examine the ΔHint of Gln side chain C=O groups with their environment. 

They derived the following equation to estimate the interaction enthalpy of the Gln side 

chain:

AmIP(cm−1) = 1730(cm−1) + (12 cm−1 kcal−1 mol)( Δ Hint) (1)

Using eq 1, Punihaole et al.30 estimated the strengths of Gln side chain hydrogen bonding in 

solution-state polyQ peptides and backbone and side chain hydrogen bonding in polyQ 

fibrils. They found that in both solution and fibril-state polyQ, side chain–side chain and 

side chain–backbone (~−5.9 kcal/mol) hydrogen bonding interactions are stronger than that 

of side chain–water (~−4.3 kcal/mol), backbone–water (~−4.3 kcal/mol), and backbone–

backbone (~−3.8 kcal/mol) hydrogen bonding.30

It is important to note that calculating ΔHint from an AmI frequency assumes that the AmI 

frequency is only dependent on ΔHint. However, the AmIS frequency of the peptide 

backbone is also strongly dependent on the peptide secondary structure.41 This occurs 

predominantly through changes in the transition dipole coupling (TDC) of adjacent AmIS 

oscillators.41 As a result, the determination of peptide backbone ΔHint is confounded by 

TDC. In contrast, TDC is weak and can be neglected for Gln side chain AmIS oscillators 

because of the larger distances and decreased order between adjacent oscillators.30 

Punihaole et al. demonstrated this by showing that, in polyQ fibrils, the AmIS band is split 

due to TDC while the AmIP band consists of a single narrow peak that indicates negligible 

coupling.30

From the AmI frequency, we can determine if the Gln side chain and backbone amide C=O 

groups are hydrogen-bonded to water or peptide. However, the AmIP and AmIS bands have 

the same frequency (~1660 cm−1) for C=O hydrogen bonding to backbone NH and Gln side 
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chain NH hydrogen bond acceptors.17,30 Therefore, we cannot differentiate between 

backbone–side chain and backbone–backbone hydrogen bonding as well as side chain–

backbone and side chain–side chain hydrogen bonding. In this paper, side chain–peptide 

(backbone–peptide) hydrogen bonding denotes that a side chain (backbone) carbonyl 

hydrogen bond acceptor is hydrogen-bonded to either a side chain or backbone hydrogen 

bond donor. Table 3 summarizes the AmI band frequencies, intensities, and interaction 

enthalpies for polyQ peptide amide groups involved in different hydrogen bonding 

interactions.

RESULTS AND DISCUSSION

Solubility of Q10, Q15, and Q20.

We qualitatively examined the solubility of DQ15, NDQ15, DQ20, and NDQ20 by adding 

these peptides to water, vortexing, and examining the sample for separation upon standing or 

centrifugation at 21 130g for 30 min. We find that NDQ15, DQ15, and DQ20 all form 

apparently clear, homogenous solutions in water, as observed by eye, at 1 mg/mL 

concentrations. They do not form pellets upon centrifugation. Additionally, Punihaole et al.
11 previously showed that NDQ10 and DQ10 form clear solutions in water at 1 mg/mL 

concentrations, and they showed using diffusion-ordered NMR spectroscopy (DOSY) that 

these peptides are predominately monomeric. Also, using DOSY, we find that DQ15 and 

DQ20 diffuse at a rate consistent with a monomeric peptide (data not shown). A detailed 

description of the DQ15 and DQ20 DOSY data will be presented in a future publication.

In contrast, NDQ20 does not form a clear, homogenous solution in water at 1 mg/mL 

concentration (Figure 1d). NDQ20 begins separating within minutes upon standing and 

forms a large, easily observable pellet and a clear supernatant when centrifuged at 21 130g 
for 30 min.

UVRR Characterization of DQ20.

We used UVRR spectroscopy to investigate the secondary structure of DQ20 (Figure 1i). We 

find that the UVRR spectrum (Figure 2) and secondary structure (Figure 3) of DQ20 are 

similar to those previously reported for DQ10.11 DQ20 contains AmIII3S peaks at ~1215, 

~1275, and ~1250 cm−1, which result from Ψ angle distributions characteristic of turn-like 

(Ψ = 10°), 2.51-helix-like (Ψ = 175°), and PPII-like (Ψ = 150°) secondary structures, 

respectively (Figure 3). From this we conclude that DQ20 has a predominantly PPII-like 

conformation interspersed with turn regions and with terminal residues in a 2.51-helix-like 

conformation, as previously found for DQ10.11

DQ20 Contains Gln Side Chains Hydrogen-Bonded to Water.

DQ20 has overlapping AmIS and AmIP bands at ~1677 cm−1. To identify the frequency of 

the AmIP band, we examined the 197–204 nm difference spectrum of DQ20 (Figure 4a). We 

find that the AmIP band is located at ~1681 cm−1. Using eq 1, we estimate that the ΔHint is 

4.1 kcal/mol, which is similar to the ΔHint between the Gln side chain and water.30 Our 

results show that DQ20 has Gln side chains that are hydrogen-bonded to water (Figure 1i).
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We also examined the 204–(197–204) nm difference spectrum of DQ20 to determine its 

AmIS frequency (Figure 4b). We find that DQ20 contains a broad AmIS band centered at 

~1675 cm−1. Previously, Punihaole et al.30 observed the frequency of the AmIS band to be 

~1660 cm−1 in β-sheet Q10 fibrils with strong backbone–backbone hydrogen bonding. As 

discussed above, weaker hydrogen bonding upshifts the AmI band frequency. Thus, the fact 

that the AmIS frequency of DQ20 is upshifted compared to that of fibrils suggests that the 

peptide backbone of DQ20 involves weaker hydrogen bonding than that of β-sheet fibrils. 

This is expected for PPII-like secondary structures that generally have water-exposed 

peptide backbones.

Fibrillization of DQ20.

At room temperature and low pH (pH = ~+2–3), the DQ20 monomers are stable for >>1 

week. However, incubation of DQ20 at 37 °C and pH = ~+7 results in fibril formation in ~1 

week (Figure 1j). The UVRR spectra of DQ20 fibrils are similar to those previously 

observed for DQ10 fibrils (Figure 5a).17 The AmIII3S and AmI bands of DQ10 and DQ20 

fibrils are similar, indicating that their secondary structures and hydrogen bonding 

interactions are similar (Figure S4). The UVRR spectra of DQ20 fibrils show AmIII3S bands 

at ~1230 and ~1210 cm−1 that derive from Ψ angle distributions centered at ~145° and 

~123°, respectively, (Figure 6a). As discussed previously by Punihaole et al., Ψ angle 

distributions centered at ~145° are characteristic of antiparallel β-sheet structures, while 

those centered at ~123° are characteristic of parallel β-sheet structures.

In the 197–204 nm difference spectrum, the AmIP band maximum of DQ20 fibrils occurs at 

~1662 cm−1 (Figure 5b). As discussed above, this is characteristic of Gln side chain C=O 

groups involved in strong side chain–side chain and/or side chain–backbone hydrogen 

bonding. Using eq 1, we estimate that the ΔHint for Gln side chain C=O groups in DQ20 

fibrils is ~−5.7 kcal/mol, similar to that previously found for DQ10 fibrils.30 Similarly, an 

AmIS band is observed in the 204–(197–204) nm difference spectrum (Figure 5c) of DQ20 

fibrils at ~1663 cm−1 that is characteristic of backbone amides involved in β-sheet 

backbone–backbone hydrogen bonding as previously observed for Q10 fibrils.17,30 Overall, 

the AmIP and AmIS band frequencies show that both backbone and side chain amide C=O 

groups in DQ20 fibrils are involved in strong peptide–peptide hydrogen bonding.

Solubility of NDQ20.

As discussed above, NDQ20 does not form clear solutions in water (Figure 1d). We used UV 

absorbance to detect the presence of any soluble peptide in the supernatant after 

ultracentrifugation of NDQ20. We found that the NDQ20 supernatant contains significant 

absorbance; suggesting the presence of a soluble peptide (Figure 7). Using UV absorbance 

and UVRR spectroscopies, we calculate that the NDQ20 supernatant contains ~0.076 mg/ml 

of peptide. The supernatant peptide concentration calculations are discussed in detail below.

Soluble NDQ20 Supernatant Fraction Contains a PPII-like Peptide Conformation.

We used UVRR to examine the structure of the peptide in the NDQ20 supernatant (Figure 

1e). The UVRR spectrum of the NDQ20 supernatant is similar to that of DQ20 (Figure 8). 
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We observe AmIII3S bands at ~1250, ~1215, and ~1275 cm−1, which derive from Ψ angle 

distributions centered at ~150°, ~10°, and ~175°, respectively, (Figure 3b). As discussed 

above for DQ20, these Ψ angles are characteristic of PPII-like, turn-like, and 2.51-helix-like 

secondary structures, respectively. From the Ψ angle distributions, we conclude that the 

peptide in the NDQ20 supernatant has the same secondary structure as DQ20. However, the 

widths of the PPII-like and 2.51-helix-like Ψ angle distributions (and AmIII3S bands) of the 

NDQ20 supernatant are larger than those of DQ20 (Figure 3). This indicates that the PPII-

like and 2.51-helix-like structures of the NDQ20 supernatant are less ordered compared to 

that of DQ10. Also, we find that the AmIP and AmIS bands of the NDQ20 supernatant are 

found at ~1680 cm−1, which is similar to that of DQ20 and indicates Gln side chains that are 

hydrogen-bonded to water.

TFA Contamination in the NDQ20 Supernatant.

In the NDQ20 supernatant UVRR spectra, we observe a strong, dominant peak at ~1435 cm
−1 and a weaker peak at ~1205 cm−1 that result from TFA (Figure 8a,b). These bands derive 

from CO stretching and asymmetric C–F stretching bands of the trifluoroacetate ion.

Thermo Fisher Scientific synthesized our Q20 using an Fmoc SPPS where TFA was used for 

peptide cleavage and as a cosolvent for HPLC purification (see Materials and Methods 

section). As a result, TFA is a common impurity in our Q20 peptides.42 When NDQ20 is 

centrifuged, most of it pellets out. However, because of TFA’s miscibility with water, it 

remains in the supernatant.

Figure 9b shows the 204 nm UVRR spectrum of 10% (v/v) TFA (pKa = ~+0.5)43 in water at 

pH = ~+0.5. This spectrum is consistent with that previously reported for deprotonated TFA 

(trifluoroacetate).44,45 Also, the Figure 9b UVRR spectrum is identical to that of 

deprotonated TFA (Figure 9c), indicating that the trifluoroacetate ion is selectively 

resonance-enhanced at 204 nm. In contrast, the UVRR spectrum of protonated TFA (Figure 

9a) significantly differs from that of trifluoroacetate and has a much smaller 204 nm UVRR 

cross section.

We assign the spectrum of trifluoroacetate based on the assignments of Robinson and Taylor,
44 and Klemperer and Pimentel.45 The most intense peak in the TFA UVRR spectrum is 

located at ~1435 cm−1 and is assigned to symmetric carboxylate stretching motion. We also 

observe peaks at ~1205 and 1620 cm−1 that were previously assigned to asymmetric C–F 

stretching44 and asymmetric carboxylate stretching,44,45 respectively.

We assign our UVRR spectrum of protonated TFA based on the assignments of Fuson et al.
46 For protonated TFA, the most intense UVRR peaks are found at ~1795 and ~1772 cm−1. 

We assign these bands to C=O stretching of TFA based on the work by Fuson et al.46 We 

also observe a band at ~1452 cm−1 that is assigned to C=O deformation.46 The bands at 

~1014 and 1177 and ~1273 cm−1 are assigned to the OH out-of-plane deformation, C–F 

stretching, and OH in-plane deformations, respectively, of protonated TFA.46

We found that the NDQ20 supernatant has a pH of ~+3.5. Therefore, TFA is predominantly 

deprotonated in the NDQ20 supernatant. The peaks at ~1435 and ~1205 cm−1 in the NDQ20 
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supernatant are assigned to the strongly resonance-enhanced carboxylate stretching and the 

C–F stretching bands of the trifluoroacetate ion. Subtraction of the TFA UVRR spectrum 

from that of the NDQ20 supernatant reduces the intensity of the ~1435 and ~1205 cm−1 

bands with little effect on the other UVRR bands, including the structurally sensitive AmIII3S

and AmI bands (Figure 8b).

Concentration of TFA in the NDQ20 Supernatant.

The NDQ20 supernatant contains both TFA and the Q20 peptide. We determined the 

concentration of TFA in the NDQ20 supernatant from its UVRR spectrum. To do this, we 

first calculated the Raman cross section of the ~1435 cm−1 band of trifluoroacetate using the 

following equation

σi = IikrCrσr
IrkiCi

Ai + Aex
Ar + Aex

(2)

where σi is the Raman cross section of the trifluoroacetate ~1435 cm−1 band, σr is the 

Raman cross section of an internal standard Raman band, Ii is the intensity of the ~1435 cm
−1 trifluoroacetate band, and Ir is the intensity of the internal standard Raman band. The 

factors kr and ki are the spectrometer efficiencies for the Raman bands of trifluoroacetate 

and the internal standard, respectively, and Cr and Ci are the concentrations of 

trifluoroacetate and the internal standard, respectively. The term in parentheses 

approximately corrects for sample self-absorption where Aex is the sample absorbance at the 

excitation frequency, Ai is the sample absorbance at the trifluoroacetate Raman band of 

interest, and Ar is the sample absorbance at the internal standard Raman band.

To determine the 204 nm UVRR cross section for the ~1435 cm−1 band of trifluoroacetate, 

we measured the UVRR spectrum of TFA at pH = ~+12 using sodium perchlorate (NaClO4) 

as an internal Raman cross section standard. The Raman cross section of NaClO4 was 

estimated to be ~ 1.18 × 10−27 cm−2 molecule−1 sr−1 for 204 nm excitation by extrapolating 

the Raman cross section measurements of Dudik et al.47 From eq 2, we calculate that the 

204 nm Raman cross section of the ~1435 cm−1 trifluoroacetate band is ~1.08 (±0.01) × 

10−26 cm2 molecule−1 sr−1.

Using the Raman cross section of trifluoroacetate, we can determine the concentration of 

TFA in the NDQ20 supernatant. Rearrangement of eq 2 gives

Ci = IikrCrσr
Irkiσi

Ai + Aex
Ar + Aex

(3)

We collected the UVRR spectra of the NDQ20 supernatant using sodium perchlorate as an 

internal standard. The NDQ20 supernatant has a pH of ~+3.5; thus, essentially all of the 

TFA in the supernatant will be deprotonated and contribute to the ~1435 cm−1 band of 

trifluoroacetate. Because we know the 204 nm Raman cross section of the ~1435 cm−1 

trifluoroacetate band, we can calculate the concentration of TFA in the NDQ20 supernatant 
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using eq 3. We find that the concentration of TFA in the NDQ20 supernatant is ~810 ± 70 

μM.

Concentration of the Peptide in the NDQ20 Supernatant.

Using the concentration of TFA in the supernatant, calculated above, we determined the 

absorbance due to TFA at 214 nm in the NDQ20 supernatant. We constructed a calibration 

curve for TFA in the NDQ20 supernatant at 214 nm using a standard addition method 

(Figure 10a). From the calibration curve, we calculate that 810 μM TFA should result in an 

absorbance of ~0.0006 at 214 nm. For the NDQ10 supernatant, we find an absorbance of 

~0.0113 ± 0.002 at 214 nm (Figure 7). Thus, the absorbance of the peptide in the NDQ20 

supernatant is ~0.0107. We constructed a calibration curve using the highly soluble DQ20 

peptide to determine the concentration of the peptide in the supernatant (Figure 10b). At 214 

nm, DQ20 has a molar absorptivity of ~19220 M−1 cm−1. From the DQ20 calibration curve, 

we calculate that the NDQ20 supernatant contains ~0.076 mg/mL (~24.8 μM) of the Q20 

peptide.

TFA Used in SPPS May Induce PPII-like Conformation.

Our results show that the peptide in the NDQ20 supernatant has a PPII-like structure similar 

to that of disaggregated peptides and contains TFA. This is consistent with the results of 

Burra and Thakur48,49 who showed that TFA alone causes disaggregation of polyQ peptides. 

Further, disaggregated polyQ peptides have previously been found to occur in PPII-like 

conformations.11 Thus, we hypothesize that the PPII-like structure observed in the NDQ20 

supernatant results from the use of TFA during peptide synthesis. However, the mechanism 

by which TFA induces a structural change in polyQ peptides remains poorly understood.

Structure of SPPS Q20 and NDQ20.

UVRR Characterization and Ψ Angle Distribution of SPPS Q20.—The UVRR 

spectrum of SPPS Q20 is similar to that of NDQ10,11 which was found to have a collapsed 

β-strand-like conformation (Figure 11).11 The SPPS Q20 UVRR spectrum shows an AmIII3S

frequency of ~1245 cm−1, which is 5 cm−1 upshifted compared to that of NDQ10 (~1240 cm
−1). This ~5 cm−1 AmIII3S frequency difference between SPPS Q20 and NDQ10 likely results 

from differences in peptide backbone hydration.

Mikhonin et al. previously correlated the AmIII3S frequency to the Ψ angle for peptides in a 

variety of backbone solvation states.22 They found that the frequency of the AmIII3S band is 

sensitive to water solvation of the peptide backbone. Comparison of the AmIII3S frequency–Ψ 

angle correlations for crystalline peptides and solvated peptides shows an ~4 cm−1 upshift of 

the AmIII3S band in peptide crystals compared to peptides in aqueous solution. This is similar 

to the ~5 cm−1 upshift of the AmIII3S band we observe for SPPS Q20 compared to aqueous 

NDQ10. Thus, the AmIII3S frequency differences between NDQ10 and SPPS Q20 are most 

likely to result from water exposure of the peptide backbone. In agreement, the AmIP band 

of SPPS Q20 indicates that the side chain amide groups are not hydrogen-bonded to water 
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(see below) while the NDQ10 side chain and backbone carbonyl groups are hydrogen-

bonded to water.11 See below for a detailed discussion of the SPPS Q20 AmI bands.

Punihaole et al.11 previously calculated the Ψ angle distribution of the NDQ10 peptide from 

the AmIII3S band using an equation derived by Mikhonin et al.22 for peptides in aqueous 

solution with an unknown hydrogen bonding environment (eq S4). Using this equation, 

Punihaole et al. calculated that aqueous NDQ10 has a Ψ angle distribution centered at 

~140°, characteristic of a β-strand-like secondary structures.11

Here, we use the AmIII3S band of SPPS Q20 to calculate its Ψ angle distribution. However, 

because the AmIII3S frequency depends on both the Ψ angle and hydrogen bonding to the 

amide C=O and N–H groups,22,33 we must account for the AmIII3S frequency shift resulting 

from differences in hydrogen bonding between dissolved NDQ10 and SPPS Q20. Therefore, 

instead of using eq S4 for aqueous peptides, we used the measured AmIII3S frequency–Ψ 

angle correlation for crystalline peptides derived by Mikhonin et al.22 (eq S5). This equation 

best models the hydrogen bonding and solvation environments expected for SPPS Q20. 

Using this equation, we calculate that SPPS Q20 has a Ψ angle distribution centered at 

~138°, which is characteristic of β-strand-like structures (Figure 12b) such as that observed 

for NDQ10 (Ψ = ~140°).11 Also, it is important to note that the AmIII3S band and Ψ angle 

distribution of SPPS Q20 are significantly broader than those of NDQ10. This indicates that 

the β-strand-like conformation of SPPS Q20 is less ordered and contains more 

conformational variations compared to those of NDQ10.

UVRR Characterization and Ψ Angle Distribution of NDQ20.—We investigated the 

structure of NDQ20 (Figure 1d) by measuring its UVRR spectrum (Figure 13). We find that 

the UVRR spectrum of NDQ20 in water is very similar to that of SPPS Q20 (Figure 12b) 

with an AmIII3S band at ~1246 cm−1. Using eq S5, we calculate that the NDQ20 Ψ angle 

distribution is centered at ~138°, which is characteristic of a β-strand-like conformation 

(Figure 12c).

Side Chain and Backbone Hydrogen Bonding in SPPS Q20 and NDQ20.—At 

204 nm excitation, SPPS Q20 and NDQ20 both contain broad (~70 cm−1 FWHH) AmI 

bands centered at ~1670 cm−1 (Figure 14). In contrast to SPPS Q20, NDQ20 also contains a 

narrow AmI peak at ~1660 cm−1, which indicates strong peptide–peptide hydrogen bonding.

We examined the 197–204 nm difference spectra of SPPS Q20 and NDQ20 to highlight the 

contributions of the AmIP bands (Figure 15a,c). We find that SPPS Q20 and NDQ20 both 

contain narrow AmIP bands located at ~1666 and ~1662 cm−1, respectively. These 

frequencies are indicative of strong side chain–side chain and/or side chain–backbone 

hydrogen bonding such as that found in polyQ fibrils.17 Using eq 1, we estimate that the Gln 

side chain ΔHint = ~−5.3 kcal/mol for SPPS Q20 and ~−5.6 kcal/mol for NDQ20.

The increased relative intensity of the ~1662 cm−1 AmIP band in the UVRR spectra of 

NDQ20, compared to that of SPPS Q20, indicates that NDQ20 contains a larger population 
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of Gln side chains involved in strong side chain–peptide hydrogen bonding. Also, the lack of 

an ~1680 cm−1 AmIP band in NDQ20 and SPPS Q20 indicates that neither species contains 

a significant population of Gln side chains hydrogen-bonded to water.

From the 204–(197–204) nm spectra (Figure 15b,d), we find that both NDQ20 and SPPS 

Q20 have an AmIS frequency of ~1675 cm−1. This frequency is upshifted from that of polyQ 

fibrils (~1660 cm−1), indicating that NDQ20 and SPPS Q20 contain weaker backbone–

peptide hydrogen bonding. Also, the AmIS bands of NDQ20 and SPPS Q20 are broad (~70 

cm−1 FWHH), suggesting that the peptide backbone amides are found in a variety of 

hydrogen bonding environments that inhomogenously broaden the AmIS band.

Stability and Activation Barrier between the PPII-like and β-Strand-like 
Structures of PolyQ.—Punihaole et al.11 previously showed that the PPII-like and β-

strand like conformations do not interconvert because of a high activation barrier between 

them. We find that the PPII-like polyQ structure of DQ1011 and DQ20 contains negligible 

peptide–peptide hydrogen bonding and extensive peptide–water hydrogen bonding. PPII 

conformations are thought to be stabilized by peptide backbone–water hydrogen 

bonding50,51 and/or the low-energy water–water hydrogen bonding structure of the PPII 

peptide solvation shell.50,52–57 Thus, it is likely that the polyQ PPII-like structure is also 

stabilized by these interactions. A PPII-like → β-strand-like polyQ structural transition 

would have to overcome the energy barrier(s) associated with breaking peptide backbone–

water hydrogen bonds and/or disrupting the water–water hydrogen bonding of the PPII 

solvation shell.

In contrast, the β-strand-like structure of NDQ1011 and NDQ20 contains significant side 

chain–peptide hydrogen bonding. β-strand structures are stabilized by peptide–peptide 

hydrogen bonding between neighboring β-strands.58 Thus, polyQ β-strand conformations 

are likely stabilized by their side chain–peptide hydrogen bonding. A β-strand-like → PPII-

like polyQ structural transition would have to overcome the energy barrier associated with 

breaking peptide–peptide hydrogen bonds.

NDQ20 Fibrillization.

To determine if NDQ20 (Figure 1d) will from fibrils, we examined the UVRR spectrum of 

aqueous NDQ20 after incubation for ~5 h at room temperature (~18 °C) and low pH (pH = ~

+2–3) (Figure 1f). Incubation of NDQ20 resulted in a UVRR spectrum similar to that of 

NDQ10 fibrils reported by Punihaole et al (Figure 16b).17 After incubation, the AmIII3S band 

downshifts to ~1233 cm−1, which is characteristic of the antiparallel-β-sheet structure of 

polyQ fibrils (Ψ = ~148°) (Figure 17b) that contain dry fibril cores.17 We also observe a 

low-intensity AmIII3S band at ~1210 cm−1 that corresponds to a Ψ angle distribution centered 

at ~123°. As discussed previously by Punihaole et al., Ψ angles of ~123° arise from 

subpopulations of a parallel β-sheet in polyQ fibrils.17 The widths of both the parallel and 

antiparallel β-sheet Ψ angle distributions are larger for NDQ20 fibrils compared to NDQ10 

fibrils. This indicates that the secondary structure of the NDQ20 fibrils is less ordered 

compared to NDQ10 fibrils.
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Additionally, the AmI band downshifts to ~1660 cm−1 and increases in relative intensity as a 

result of formation of strong peptide–peptide hydrogen bonds, as previously observed in 

Q10 fibril formation.17 To determine the frequency of the AmIP and AmIS bands, we 

examined the 197–204 and 204–(197–204) nm UVRR spectra of NDQ20 after incubation 

(Figure 18a,b). We find that the AmIP band is located at ~1665 cm−1, which corresponds to 

a side chain ΔHint of ~−5.4 kcal/mol. This is similar to that previously observed for Q10 

fibrils.17,30 Also, we find that the AmIS band is located at ~1665 cm−1, which suggests 

strong backbone–backbone hydrogen bonding, as previously observed in polyQ fibrils.17

To confirm formation of fibrils, we collected TEM images of NDQ20 after incubation for 

~1–2 days at room temperature and low pH (pH = ~+2–3). Figure 19 shows TEM images of 

NDQ20 fibrils and NDQ10 fibrils. The TEM images of NDQ10 fibrils were previously 

collected by Punihaole et al.17 We find that NDQ20 contains amyloid-like fibril aggregates 

with a similar morphology to that observed for NDQ10.17 These images confirm that 

NDQ20 forms fibrils when incubated at room temperature (~18 °C) and low pH (pH = ~+2–

3).

Comparison to Other Results.

Our insights into the structures of SPPS Q20 and NDQ20 generally agree with results 

recently published by Burra and Thakur.59 They investigated the structures of the insoluble 

polyQ peptide K2Q9PGQ4AQ4PGQ9PGQ9K2 (PGQ9A) in the solid–phase synthesis 

lyophilized powder (SPPS PGQ9A) and non-disaggregated (NDPGQ9A) forms using 

Fourier transform infrared and CD spectroscopies.

Burra and Thakur59 found that SPPS PGQ9A contains predominantly antiparallel β-sheet 

structure with minority populations of random coil and turn conformations. They conclude 

that SPPS PGQ9A must have weaker peptide–peptide hydrogen bonding compared to β-

sheet fibrils because turn and random coil conformations have a less optimal hydrogen 

bonding pattern.59 This is in agreement with our UVRR data showing that SSPS Q20 is in a 

β-strand-like conformation with weaker hydrogen bonding compared to fibrils.

In contrast to SPPS PGQoA, Burra and Thakur showed that NDPGQ9A contains only 

antiparallel β-sheet conformation.59 Because random coil and turn conformations were not 

observed in NDPGQ9A, they concluded that NDPGQ9A must contain stronger peptide–

peptide hydrogen bonding compared to SPPS PGQ9A. 59 Their conclusions agree with our 

results showing that NDQ20 contains a β-strand-like structure and stronger peptide–peptide 

hydrogen bonding compared to SPPS Q20.

Additionally, Burra and Thakur do not observe signs of NDPGQ9A fibrillization after 

incubation in water for 3 h.59 In contrast, we find that NDQ20 forms fibrils after ~5 h of 

incubation in water. It is possible that Burra and Thakur did not observe fibrillization of 

NDPGQ9A because it requires an incubation time longer than 3 h to form fibrils.

The work by Burra and Thakur59 qualitatively examined the secondary structures of SPPS 

PGQ9A and NDPGQ9A. From the secondary structures, they predicted the hydrogen 

bonding in each species. Our measurements quantitatively extend the work of Burra and 
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Thakur59 by quantifying the peptide Ψ angle distribution and by directly measuring the 

peptide backbone and Gln side chain hydrogen bonding interactions for SPPS Q20 and 

NDQ20. As described above, our measurements provide new insights into the specific 

secondary structures and hydrogen bonding interactions experienced by insoluble polyQ 

species.

Implication of NDQ20 Fibrillization on the PolyQ Fibrillization Mechanism.

Currently, there are two major models for the polyQ fibrillization mechanism. The first 

model, proposed by Wetzel and co-workers,6,60 argues that polyQ aggregation occurs via 

nucleated growth. In this mechanism, the nucleus is thought to be a thermodynamically 

unfavorable conformation of the peptide monomer, and fibrils elongate by the recruitment of 

monomeric units to the growing fibril.6,61

The second model for the polyQ aggregation mechanism, developed by Pappu and co-

workers, proposes that polyQ peptides form inter- and intrapeptide hydrogen bonds that lead 

to the formation of non-fibrillar polyQ aggregates.12–14 They propose that these aggregates 

can undergo a conformational change to form fibrils.62

Here, we show that the insoluble NDQ20 (Figure 1d) peptide will convert from non-fibril 

aggregates to fibrils in water. This result suggests that non-fibril polyQ aggregates in water 

can undergo a conformational transition into fibrils.

CONCLUSIONS

The results of this work are summarized in Table 4.

We used UVRR spectroscopy to investigate the structures of Q20. NDQ20 is essentially 

insoluble in water (Figure 1d). In contrast, we find that disaggregation of Q20 renders the 

peptide (DQ20) highly soluble (Figure 1i). Using UVRR spectroscopy we find that DQ20 is 

in a PPII-like conformation with backbone and side chain amide groups hydrogen-bonded to 

water.

To examine the solubility of NDQ20 (Figure 1d), we collected UV absorption spectra of the 

NDQ20 supernatant (Figure 1e) after ultracentrifugation. We find that the supernatant has 

weak absorbance. Using UV absorbance and UVRR, we find a concentration of ~0.076 

mg/mL for the peptide in the NDQ20 supernatant. Using UVRR spectroscopy, we find that 

the soluble fraction of NDQ20 is in a PPII-like conformation (Figure 1e) with Gln side 

chains and peptide backbone hydrogen-bonded to water, similar to that of DQ1011 and 

DQ20. The presence of a PPII-like peptide structure in the NDQ20 supernatant could result 

from the use of TFA in the peptide synthesis, which can disaggregate polyQ in the absence 

of HFIP.48,49

We used UVRR spectroscopy to investigate the structures of SPPS Q20 (Figure 1c) and 

NDQ20 (Figure 1d). We find that SPPS Q20 and NDQ20 are in β-strand-like conformations 

(Ψ = ~138°) similar to that previously observed for NDQ10.11 Using UVRR spectroscopy, 

we also probed the backbone and side chain amide hydrogen bonding interactions in SPPS 

Q20 and NDQ20. We find that both NDQ20 and SPPS Q20 contain backbone amides with 
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weaker inter- and intrapeptide hydrogen bonding compared to that found in fibrils. In 

contrast, the side chain amide groups in SPPS Q20 and NDQ20 are involved in strong side 

chain–peptide hydrogen bonding. The number of side chain–peptide hydrogen bonds in 

NDQ20 is greater than that of SPPS Q20.

Upon incubation for ~5 h, we find that NDQ20 converts to fibrils (Figure 1f).17 These fibrils 

have a β-sheet secondary structure with side chain and backbone amides involved in strong 

peptide–peptide hydrogen bonding. This result, along with the observation that NDQ20 

contains more side chain–peptide hydrogen bonds compared to SPPS Q20, suggests that 

high molecular weight, non-fibrillar polyQ aggregates can undergo a conformational 

transition into fibrils. The discovery that apparently insoluble polyQ peptides can form 

fibrils may allow for fibrillization studies on NDQ peptides in a β-strand-like conformation 

without the need for disaggregation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Summary of the forms of Q20 examined here. Each letter (a–j) indicates a form of the Q20 

peptide. The blue text indicates the nomenclature for this particular form of Q20. The 

peptide models shown are from simulations previously calculated for Q10 by Punihaole et 

al.11,17 They depict the peptide structure of each state examined. The structures shaded in 

blue are found to have the backbone and Gln side chain primary amides hydrogen-bonded to 

water, while structures not shaded in blue have amide groups that are not hydrogen-bonded 

to water. These structures are discussed in detail within the text. PolyQ structural models 
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were adapted with permission from Punihaole, D. et al. (2017). J. Phys. Chem. B, 121(24), 

5953–5967. Copyright 2017 American Chemical Society.
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Figure 2. 
UVRR spectra of (blue) DQ10 and (red) DQ20. The DQ10 spectrum was previously 

measured by Punihaole et al.11 The DQ10 spectrum was adapted with permission from 

Punihaole, D. et al. (2017). J. Phys. Chem. B, 121(24), 5953–5967. Copyright 2017 

American Chemical Society.
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Figure 3. 
UVRR determined Ψ angle distributions of (a) DQ20, (b) NDQ20 supernatant, and (c) 

DQ10. The Ψ distribution for DQ10 was previously calculated by Punihaole et al.11 The 

DQ10 Ψ distribution was adapted with permission from Punihaole, D. et al. (2017). J. Phys. 
Chem. B, 121(24), 5953–5967. Copyright 2017 American Chemical Society.
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Figure 4. 
(a) 197–204 nm difference spectrum and (b) 204–(197–204) nm difference spectrum of 

DQ20. The AmIP band is located at ~1681 cm−1 and the AmIS band is located at ~1675 cm
−1.
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Figure 5. 
(a) 204, (b) 197–204, and (c) 204–(197–204) nm UVRR spectra of DQ20 fibrils.
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Figure 6. 
(a) Ψ angle distribution and (b) TEM image of DQ20 fibrils.
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Figure 7. 
Absorption spectrum of the NDQ20 supernatant.
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Figure 8. 
UVRR spectra of (a) TFA and the (b) NDQ20 supernatant with (blue) and without (red) 

subtraction of TFA. (c) UVRR spectral comparison of (red) DQ20 and (blue) the NDQ20 

supernatant with TFA subtracted.
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Figure 9. 
UVRR spectra (204 nm) of 10% (v/v) TFA in water at (a) pH = ~−1.5, (b) pH = ~+0.5, and 

(c) pH = ~+12. At pH = ~+12 TFA is deprotonated, and at pH = ~−1.5 TFA is 

predominantly protonated.
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Figure 10. 
Absorbance calibration curve at 214 nm for (a) TFA and (b) DQ20.
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Figure 11. 
UVRR spectra of (red) NDQ10 and (blue) SPPS Q20. The NDQ10 spectrum was adapted 

with permission from Punihaole, D. et al. (2017). J. Phys. Chem. B, 121(24), 5953–5967. 

Copyright 2017 American Chemical Society.
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Figure 12. 
Ψ angle distribution of (a) NDQ10 previously calculated by Punihaole et al.,11 (b) SPPS 

Q20, and (c) NDQ20. The NDQ10 Ψ distribution was adapted with permission from 

Punihaole, D. et al. (2017). J. Phys. Chem. B, 121(24), 5953–5967. Copyright 2017 

American Chemical Society.
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Figure 13. 
UVRR spectra of (blue) SPPS Q20 and (red) NDQ20 in water.
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Figure 14. 
UVRR AmI spectral region of (a) NDQ20 and (b) SPPS Q20. The spectra were modeled as 

a sum of Gaussian and Lorentzian bands, shown in black, as described in the Supporting 

Information. The AmI bands are labeled in each spectrum.
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Figure 15. 
197–204 nm UVRR difference spectra of (a) NDQ20 and (c) SPPS Q20, and 204–(197–

204)nm difference spectra of (b) NDQ20 and (d) SPPS Q20.
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Figure 16. 
(a) UVRR spectra of NDQ20 (blue) and NDQ20 fibrils (red). (b) Comparison of the UVRR 

spectra of NDQ20 fibrils (red) and NDQ10 fibrils (blue) previously collected by Punihaole 

et al.17 The NDQ10 fibril spectrum was adapted with permission from Punihaole, D. et al. 

(2016). J. Phys. Chem. B, 120(12), 3012–3026. Copyright 2016 American Chemical 

Society.
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Figure 17. 
Ψ angle distribution of (a) NDQ10 fibrils and (b) NDQ20 fibrils. Both NDQ10 fibrils and 

NDQ20 fibrils contain Ψ angle distributions that peak at ~148° and ~123°, which are 

characteristic of antiparallel β-sheet and parallel β-sheet conformations, respectively.
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Figure 18. 
(a) 197–204 and (b) 204–(197–204) nm difference spectra of NDQ20 after ~5 h of 

incubation.
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Figure 19. 
TEM images of (a) NDQ10 fibrils previously collected by Punihaole et al.17 and (b) NDQ20 

fibrils (Figure 1f). The NDQ10 fibril TEM image was adapted with permission from 

Punihaole, D. et al. (2016). J. Phys. Chem. B, 120(12), 3012–3026. Copyright 2016 

American Chemical Society.
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Table 1.

Effects of Dielectric Constant (ε) and C=O Hydrogen Bonding on the Frequency and Intensity of the AmI 

UVRR Band

ε increase ε decrease H-bond strength increase H-bond strength decrease

Δ intensity decrease increase decrease increase

Δ frequency decrease increase decrease increase
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Table 2.

AmIII3S Band Assignments and Structures for NDQ10 and DQ10

AmIII3S band freq. (cm−1) Ψ angle (deg) secondary structure

DQ1011 ~1275 ~175 2.51-helix-like

DQ1011 ~1250 ~150 PPII-like

DQ1011 ~1215 ~10 turn-like

NDQ1011 ~1240 ~140 β-strand-like
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