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Abstract

Early-stage oligomer formation of the huntingtin protein may be driven by self-association of the 

seventeen-residue amphipathic α-helix at the protein’s N-terminus (Nt17). Oligomeric structures 

have been implicated in neuronal toxicity and may represent important neurotoxic species in 

Huntington’s disease. Therefore, a residue-specific structural characterization of Nt17 is crucial to 

understanding and potentially inhibiting oligomer formation. Native electrospray ion mobility 

spectrometry-mass spectrometry (IMS-MS) techniques and molecular dynamics simulations 

(MDS), have been applied to study coexisting monomer and multimer conformations of Nt17, 

independent of the remainder of huntingtin exon 1. MDS suggests gas-phase monomer ion 

structures are comprised of a helix-turn-coil configuration and a helix-extended coil region. 

Elongated dimer species are comprised of partially-helical monomers arranged in an antiparallel 

geometry. This stacked helical bundle may represent the earliest stages of Nt17-driven oligomer 

formation. Nt17 monomers and multimers have been further probed using diethylpyrocarbonate 

(DEPC). An N-terminal site (N-terminus of Threonine-3) and Lysine-6 are modified at higher 

DEPC concentrations, which led to the formation of an intermediate monomer structure. These 

modifications resulted in decreased extended monomer ion conformers, as well as a reduction in 

multimer formation. From the MDS experiments for the dimer ions, Lys6 residues in both 

monomer constituents interact with Ser16 and Glu12 residues on adjacent peptides; therefore, the 

decrease in multimer formation could result from disruption of these or similar interactions. This 

work provides a structurally selective model from which to study Nt17 self-association and 

provides critical insight toward Nt17 multimerization and possibly, the early stages of huntingtin 

exon 1 aggregation.

Huntington’s disease is a fatal neurodegenerative disease caused by an expanded, glutamine-

coding CAG repeat sequence in the huntingtin gene (1). The resulting expanded (>37 

residue) polyglutamine (polyGln) tract in huntingtin exon 1 is responsible for aggregation 
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(2, 3). Directly adjacent (N-terminal) to the polyGln tract is a seventeen-residue amphipathic 

α-helix (Nt17). This tract is the driving force behind potentially toxic oligomer formation (4, 

5), anchoring to a lipid substrate (6–8), and cellular trafficking (9). In the present work Nt17, 

independent of the polyGln domain, was used to model the earliest stages of Nt17-driven 

oligomer formation of the huntingtin protein. A motivating factor in this study is that 

modifications of this sequence at selected side-chains may be used to glean insight to 

inhibiting toxic oligomerization. To date, no study has directly probed interactions of Nt17 

monomers or downstream effects of monomer modification on multimer formation and 

structure. This study serves as a model for early stages of Nt17-mediated huntingtin 

aggregate nucleation and provides insight into key residues in initial Nt17 association.

Nt17 populates multiple secondary structures, ranging from 75% random-coil to mostly 

helical, depending on the buffer and proximity of binding partners (10–12). Jayaraman et al. 

suggest that Nt17 adopts a helical structure only upon interaction with a second Nt17 tract 

(5). Nt17 does maintain a helical structure in fibrils of huntingtin exon 1 (13), which 

suggests that the helical conformation of Nt17 may be involved in fibril formation. Further 

evidence that Nt17 is important in htt aggregation is provided by post-translational 

modifications within Nt17, such as phosphorylation of Thr3, Ser13 and Ser16, that retard 

Nt17-mediated aggregation possibly by stabilizing a random coil arrangement and thus 

preventing formation of helical structure (14–16). The structural heterogeneity of the system 

suggests the need for direct measurement of individual monomer and multimer species. 

High-resolution techniques, such as NMR, have been crucial to elucidating fibril structure 

(7, 13, 17, 18); however, labeling multiple residues, as in the case for NMR, can become 

cost-prohibitive. Additionally, other spectroscopic methods, such as circular dichroism, only 

offer a global view of protein structure, as it cannot differentiate the structure of individual, 

coexisting protein or peptide conformers. Systems, such as Nt17, where structural 

heterogeneity could be a critical determinant in oligomer formation, require structurally 

selective methods to fully comprehend the interplay of secondary structure content and 

multimer formation. The current study utilizes ion mobility spectrometry-mass spectrometry 

(IMS-MS) for structural characterization of peptide ions in the form of collision cross 

section determinations. IMS is a post-ionization, gas-phase separation technique that 

differentiates ion populations on the basis of a collision cross section (size). This cross 

section can be related to discrete secondary, tertiary, and quaternary structure through 

comparisons to in silico structures (19–26). If the protein is ionized at a low-energy, under 

native solution conditions, the gas-phase structures that are observed may be related to the 

solution structure (27–29). The observation of individual ion populations exhibiting different 

collision cross sections suggests the presence of multiple solution conformations (28, 30). 

Collision cross sections can also track conformational abundances as a function of solution 

conditions (30, 31).

IMS-MS has seen widespread use in structural characterization of carbohydrates, peptides 

and proteins (27, 30, 32–41). Traditional drift tube IMS (DTIMS), consisting of stacked ring 

electrodes providing a constant electric field (32, 42, 43) has been used in the present study. 

IMS-MS is used in the current study to examine native structural heterogeneity of a system 

whose oligomerization is predicated on formation of an amphipathic α-helix (5, 44). The 
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conformational resolution afforded by IMS is used to determine effects of covalent 

modification on secondary structure stability and multimer formation. Here, IMS-MS is used 

to directly monitor various monomer and multimer comformers.

IMS-MS has been used extensively in aggregate (45) and early amyloid (29, 34, 46–48) 

characterization, primarily for the amyloid β peptide (Aβ). Specifically, IMS-MS revealed an 

oligomerization mechanism that occurred via multimer association for the Aβ peptide (47). 

Annular hexameric structures could subsequently nucleate into dodecameric oligomers that 

are hypothesized as precursors for amyloid fibril formation (47), which demonstrates the 

ability of IMS-MS to elucidate mechanistic details in aggregation phenomena. A second, 

complementary approach for discerning multimeric arrangement is to covalently modify 

solvent-accessible residues. Sites of covalent modification can be used to help determine the 

binding face. Covalent modifications have been widely used to probe solvent accessibility of 

other amyloid proteins, such as β2-microglobulin (49–51). These studies utilized 

diethylpyrocarbonate (DEPC) to carbethoxylate residues that have heteroatom-containing 

side chains. DEPC targets alcohol and amino groups, such as those found in His, Thr, Lys, 

and Ser. The Lys6 and Lys15 residues in Nt17 are, at least partially, solvent-inaccessible 

from an early aggregate state (52), which suggests the presence of an intermolecular side 

chain interaction. Modification at one of these residues could destabilize oligomerization.

Residue-specific label reactions and post-translational modifications can sometimes 

compromise the structural integrity of the native protein by altering hydrophobicity or 

introducing a new intramolecular interaction not present previously (53). Typically, sites of 

covalent modification are determined through a bottom-up approach; the protein is modified 

at increasing label concentrations, digested with a common enzyme, such as trypsin, and 

analyzed using reversed-phase liquid chromatography (49, 50, 53, 54). This work takes 

advantage of structural selection afforded by the IMS separation to subvert the need for 

enzymatic digestion.

The current study demonstrates the inherent structural heterogeneity of a sequence that is 

implicated in potentially toxic oligomer formation in Huntington’s disease. Rather than 

monitoring bulk structural populations, the present work utilized IMS to resolve and monitor 

relevant monomer and multimer ion structures. When combined with molecular dynamics 

simulations (MDS), two monomeric structural types resembling partial helices (proposed 

solution structures) are observed. Additionally, several multimeric species are observed, 

ranging from compact globular to extended helical bundle. For dimer ions, MDS suggests 

that the most elongated, and potentially most relevant, conformation is an arrangement of 

antiparallel helices stabilized by intermolecular hydrogen bonding interactions. Finally, 

covalent modification reveals solvent accessibility of residues near the N-terminus of the 

peptide at the boundary of the hydrophobic and hydrophilic faces. This modification serves 

to destabilize multimer formation. This is the first instance of direct, structurally-specific, 

monitoring of Nt17 oligomer formation. This model provides insights into the structural 

underpinnings of Nt17-driven huntingtin oligomerization while also providing a potential 

target for inhibition.
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MATERIALS AND METHODS

Sample Preparation

Nt17 peptide was purchased as a lyophilized powder (Genscript, Inc.). 1.0 mg of powder 

was dissolved in 1.0 mL of 50/50 trifluoroacetic acid/hexafluoroisopropanol (TFA/HFIP) 

and separated into 200 μg aliquots. All solvent was evaporated by a stream of nitrogen, then 

samples were placed in a vacuum evaporator for three hours to create a peptide film. Films 

were stored at −20°C until use. All samples were reconstituted in 0.1 M ammonium acetate 

(Fisher) to yield a final concentration of 0.2 mg mL−1. All water used was purified to 18.2 

MΩ resistance (Millipore).

Carbethoxylation with Diethylpyrocarbonate (DEPC)

DEPC solutions were made by diluting stock DEPC (Thermo) into LC-MS grade 

acetonitrile (Fisher). Typically, structural analyses avoid the use of organics as much as 

possible; however, DEPC has a very low solubility in water, so organic solvents, in this 

case, were unavoidable. Freshly reconstituted samples were labeled at 5×, 50×, and 250× 

(mol DEPC:mol Nt17) concentrations. In each case, 1% (v/v) acetonitrile was added to the 

samples. DEPC stock solutions were made such that at higher concentrations, only 1% of 

the final sample contained organic solvent. See Supporting Information for blanks 

containing 1% acetonitrile. Samples were allowed to react for 10 minutes before a 200 μL 

aliquot was removed for electrospray.

Ion Mobility Spectrometry-Linear Ion Trap Mass Spectrometry (IMS-MS)

Samples were analyzed on a hybrid (home-built) IMS-linear ion trap (LIT) mass 

spectrometer (Thermo), which has been described in detail elsewhere (55, 56). Briefly, the 

1-m-long drift tube was constructed of stainless steel ring electrodes separated by Delrin 

spacers. IMS is a post-ionization technique that separates analytes based on mobility (K) 

through an inert buffer gas. The mobility of an ion is related to its drift velocity (vd) 

according to Equation 1:

(1)

where E is the electric field applied along the axis of the drift tube. vd is related to drift time 

(tD) and drift tube length (L) according to Equation 2:

(2)

Drift velocities can be related to collision cross sections according to Equation 3:

(3)

where z is numerical charge, e is the elementary charge, kb is the Boltzmann constant, and T 

is the temperature of the buffer gas. mI and mb are the masses of the ion and buffer gas 
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(helium), respectively. P is the pressure (maintained at ~2.61 Torr for these experiments) 

and N is the neutral number density of the buffer gas at STP. Ions were produced via nano-

electrospray ionization (nESI). The nESI voltage was maintained at 1.7 kV, with a 0.5 μL 

min−1 solution flow rate. The source temperature was maintained at room temperature, 

approximately 25°C. nESI emitters were pulled from untreated fused silica capillary. A 

linear voltage drop was applied along the length of the drift tube to give a constant field of 

1000 V m−1. Ions are trapped at the front of the drift tube after electrospray by an ion funnel 

(57), where they are introduced at 20.0 ms intervals. The potential on a second gate located 

near the drift tube exit was lowered to allow ions into the mass spectrometer (Thermo LTQ 

Velos Pro, Thermo Scientific, San Jose, CA). The delay between the front gate and the back 

gate is scanned to create the IMS-MS spectrum. Each mass spectrum was collected for 30 

seconds at each delay time setting, with a 400 ms maximum ion trap injection time. Four 

microscans were averaged to generate the mobility-resolved mass spectra. All mass spectra 

were collected from 150 to 2000 m/z.

Molecular Dynamics

MDS experiments required the construction of the [M+2H]2+ monomer and [M+3H]3+ 

dimer peptide ions. The charge sites for these ions were selected from experimental mass 

spectra. The ε-nitrogens of residues Lys9 and Lys15 were protonated for the doubly-charged 

monomer, while both Lys9 residues and a single Lys15 residue were charged for the triply-

charged dimer ion. Although a tentative selection, these residues are chosen as the charge 

site locations because upon carbethoxylation of Lys6, no reduction in [M+2H]2+ ion 

production is observed (see Results and Discussion). One linear starting structure was 

employed for each charge state. Each initial structure was optimized at a quantum chemical 

level of HF/6-31G(d) and used for calculating molecular electrostatic potential (MEP) 

values and charge fitting performed with the R.E.D. Server (58–61). To generate the initial 

extended structures for MDS, the AMBER force field FF12SB was employed. The method 

used for annealing was similar to that described previously (62). Energy-minimized 

conformers were subjected to simulated annealing for 40 ps using the AMBER12 package 

(63). First the conformers were subjected to dynamics at 1000 K. Next, they were subjected 

to a gradual temperature gradient (to 50 K) and were subsequently energy-minimized. For 

each ion conformer study, 1000 cycles of annealing were conducted for 40 ps and the final, 

energy-minimized structure from one cycle was subjected to dynamics at 1000 K for the 

next cycle. The 1000 cycles of annealing were conducted with no non-bonded cutoffs to 

generate 1000 candidate structures. The collision cross sections of the 1000 conformers were 

calculated using the Mobcal (64) software employing the trajectory method (TM) (65). The 

potential energies of the 1000 conformers were plotted as a function of collision cross 

section. Matching (<1% difference in collision cross section), low-energy ion structures 

were selected for comparisons to experimental data. Structures were illustrated using VMD 

ver. 1.9.2. The accuracy of mobility measurements for this instrument is estimated to be 

~1.5 5o 2% based on comparisons to previous experiments (66). Additionally, the high 

reproducibility of the drift time measurement (see Tables 1 and 2) ensures a good 

comparison between IMS dataset features and structures from MDS as demonstrated in 

numerous studies (28, 31, 67, 68).
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RESULTS & DISCUSSION

Nt17 Adopts Several Monomeric and Multimeric Conformations

IMS-MS distributions produced upon electrospray of the unlabeled sample are shown in 

Figure 1. Multimers up to, and including, a tetramer are observed. The mass spectrum is 

dominated by the doubly-charged monomer ([M+2H]2+) ions, which primarily adopt two 

conformations that are mobility resolved (Figure 1b.). The first conformer, arriving at 11.0 

ms, is of higher abundance (~4 fold) than the other as demonstrated in the drift time 

distributions shown in Figure 3a. The second, less-intense, feature corresponding to doubly-

charged monomer ions exhibits a longer drift time (~12.4 ms). From Equation 3, collision 

cross sections for the compact and more elongated [M+2H]2+ ions are determined to be 

399.8 ± 0.8 and 442.7 ± 0.1 Å2 (see Table 1).

At least four distinct dataset features corresponding to triply-charged dimer ([2M+3H]3+) 

ions are observed in the two-dimensional (2D) IMS-MS datasets (Figure 1c). A broad 

feature (tD ~1 ms FWHM) is observed at a drift time of ~10.6 ms as shown in the 2D drift 

time distribution in Figures 2b – e, as well as the tD distribution in Figure 4. A dataset 

feature was also observed at 12.0 ms, but was not reliably resolved within all replicate 

analyses; it was not possible to reliably ascertain a collision cross section and so this feature 

is not considered further in this work. Narrower features are observed at tD 11.6 and 12.6 ms 

(Figure 4a). The dataset feature at 12.6 represents the most intense peak for the [2M+3H]3+ 

ions, exhibiting a peak intensity that is ~2 fold greater than the other dataset features, which 

demonstrate similar intensity levels. A separate dataset feature representing a shoulder on 

the most intense peak is observed at a tD of 13.2 ms. The collision cross sections for the 

partially-resolved [2M+3H]3+ ions are 568.1 ± 0.3, 620.3 ± 0.1, 671 ± 5, and 708 ± 1 Å2 for 

the various conformations in order of increasing size. The broad feature at 10.6 ms appears 

in essentially all multimeric tD distributions, up to and including the tetramer (See 

Supporting Information Figure S1). In each spectrum, the feature has the same peak shape. 

This may suggest the feature is derived from higher-order (n>4) multimer species that 

dissociate after the drift separation. In support of this argument, a calculated collision cross-

section for a triply-charged dimer ion occurring at 10.6 ms is 568 Å2. This value is ~10% 

smaller than all of the smallest dimer configurations sampled by MDS (see Conformations 
of Multimeric Ions results section) and matches closely (~2.3% larger) to a spherical 

compact arrangement (45). In separate experiments, 2D IMS-MS spectra were acquired with 

an an ion activation potential was elevated to 120 V (as opposed to 2 V under standard 

conditions). This bias was applied across a small activation region at the exit portion of the 

drift tube. A large increase in the 10.6 ms feature was observed (see Supporting Information 

Figure S2) which is consistent with the dissociation of higher-order multimers at the rear of 

the drift separation. That said, we cannot entirely rule out the possibility that this species 

could be indicative of even greater structural homogeneity possibly comprised of 

unstructured monomers as supported by some CD studies (5). Early-stage oligomers would 

be expected to consist of arrangements of elongated helices, as observed in fibril structures 

(5, 13, 69). Unfortunately, the multimer from which the 10.6 ms feature may have arisen is 

not distinguished in the 2D distribution and cannot be reliably identified. These results are 

described in the Supporting Information section.
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Several higher-order multimeric structures ([3M+4H]4+ and [4M+5H]5+ ions, Figures 1D 

and E) are also evident in the 2D spectrum. For the former ions, the same broad dataset 

feature centered at a drift time of 10.6 ms was observed as in the other conformations. A 

narrower yet still relatively broadfeature corresponding to a collision cross section of 886 Å2 

is observed at a longer drift time (12.4 ms). For the [4M+5H]5+ ions, a broad dataset feature 

is observed to have collision cross-section of 1073 Å2. In addition to these ions, at long data 

collection times, [5M+6H]6+ and [6M+7H]7+ ions are observed in 2D datasets. However, 

these ions are of such low intensity that the poor ion statistics associated with signal 

dispersion in two dimensions do not allow the determination of “peaks” for which collision 

cross sections can be assigned.

Compact and elongated Nt17 [M+2H]2+ Ion Structures from Molecular Dynamics 
Simulations

Solution studies have proposed that Nt17 exists primarily as a random coil in a native-like 

environment (13). Separate studies, both solution (70, 71) and simulation (12, 72, 73), have 

suggested the presence of helical monomers in solution. The IMS data presented here 

(Figure 2 and Figure 3) suggests the presence of two dominant coexisting solution structures 

for peptide monomers.

Figure 3a shows the tD distribution of the doubly-charged monomer. Figure 3b and 3c depict 

energy-minimized compact (Structure 1) and elongated (Structure 2) structures of Nt17 

obtained from MDS. These structures represent the lowest energy conformers that are within 

1% of the experimental collision cross-sections of the two [M+2H]2+ dataset features. It 

should be noted here, that all structures presented in the present study represent gas-phase 

conformations that best fit to experimental gas phase conformers arising from different 

solution structures (30). That is, although the monomer structures are modeled in the gas-

phase, they may not completely resemble solution conformers. Both monomeric conformers 

are helical. The high degree of helical propensity for both structures is consistent with 

proposed and experimentally observed solution structures contained within a huntingtin 

peptide aggregate (13, 74). The primary difference between the compact and elongated 

monomer structures is the propensity for the random coil region (residues 11 to 17) in 

Structure 1 to turn back on itself and potentially associate with the helix (Figure 3b). In the 

elongated structure, the portion C-terminal to the helical region is extended away from the 

rest of the peptide. Additionally, Structure 2 contains a 3–10 helix spanning residues Ala10 

to E12. This helix could prohibit C-terminal association as is observed in Structure 1. In 

Structure 1, residue Lys6 is in relative proximity to Ser16. Interestingly, Lys6 is potentially 

involved in intermolecular interaction from an early aggregate state (52). In solution, such 

proximity could lead to charge-dipole interactions between the ε-amino group on Lys6 and 

the primary alcohol group on Ser16. Previous experiments have shown that phosphorylation 

and S16D mutations decrease aggregation kinetics through inhibition of Nt17-driven 

oligomerization (14, 15). One hypothesis for the inhibition of oligomer formation could be a 

charge-dipole interaction formed between Lys6 and residue Ser16, though the proximity 

could be due to charge solvation of the neighboring Lys9 in the gas phase. Still, if this is 

reminiscent of a solution structure, this interaction could prevent the formation of the 

extended helices observed in short huntingtin peptide oligomers and mature huntingtin 
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fibrils (5, 13). It is intriguing that both of these structures match closely to the extended 

solution conformer found by Kelley et al (74). Indeed, the calculated collision-cross section 

of the elongated structure modeled here is within ±3% of the proposed solution helix.

Conformations of Multimeric Ions

Simulated annealing was performed on a dimeric species to gain some insight to possible 

gas-phase structures that arise from solution conformations. Figure 4a shows the tD 

distribution of all dimer species. Figure 4b, c, and d depict the results from the simulated 

annealing experiment (Structures 3, 4, and 5, respectively). Structure 3 corresponds to a 

dimer ion species that would have a tD of 11.2 ms (622 Å2), while Structures 4 and 5 depict 

ions that would have a tD of 12.6 (666.3 Å2) and 13.2 ms (709.9 Å2), respectively. Structure 

3 is composed of two partial 3–10 helices that are arranged skew to one another, which 

could represent the first step in transition to structures representative of Structures 4 and 5. 

The next, more elongated, conformer, Structure 4, consists of two partially helical 

monomers that are arranged offset to one another. The α-helix in one monomer ranges from 

the N-terminus to Ala10, where a random coil region leads into a 3–10 helix. This monomer 

constituent resembles Structure 2. The second monomer exhibits two 3–10 helices: one from 

the N-terminus to Glu5, the other from K15 to F17. It should be stressed here that the 

structures obtained from simulation are gas-phase structures and the actual degree of 

similarity to solution structures is unknown. Still, reliable estimates of solution conformation 

have been presented from gas-phase structures (27, 30, 31). It is also noteworthy that 

elements of secondary structure similar to those found in the monomer species (and 

contained in a fibril (5, 13)) are observed for the dimers.

Structure 5 depicts a structure obtained from MDS that is consistent with the most elongated 

conformation of the Nt17 dimer. In this model, both peptides are partially helical, with the 

α-helix spanning from the N-terminus to Ala10 in one monomer, and an extended α-helix-

coil-3-10 helix motif in the second monomer. Interestingly, the helices are arranged 

antiparallel to one another. Lys6 interactions stabilize the dimer structure through hydrogen 

bonding; at one end, Lys6 associates with Ser16, while at the other end Lys6 interacts with 

Glu12 (See Supporting Information Figure S3 for hypothetical structure depicting the 

interactions). Previous solution docking simulations have alluded to a stabilizing Lys6-Ser16 

interaction in antiparallel Nt17 helices (10). Additionally, solution-based deuterium 

exchange measurements revealed an increased role of Lys6 in Nt17 multimer structure (52). 

Finally, S13D and S16D mutations in Nt17 prevented aggregation of huntingtin exon 1 

synthetic models via the Nt17-mediated pathway (14). The dimer conformations resemble 

the assembly of two elongated monomer structures (Structure 5). Considering structure 

comparisons above, as well as the native nESI conditions, these analyses may well provide 

information regarding Nt17 binding face in the earliest stages of oligomer formation.

For the [3M+4H]4+ ions, the larger ions (Figure 1D) with collision cross sections of 873 Å2 

and 902 Å2 are ~22% and 24% larger, respectively, than expected values for globular 

structures based on a fit to experimental data (45). The larger ions show a percent difference 

that is near that (~21%) expected for helical bundles of this size but well below that (~51%) 

determined for helices joined end on. The calculated cross section of the elongated trimer is 
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near that of insulin A chain packed as a helical bundle (874 Å2 vs. 840 Å2 for insulin chain 

A) (45). The two peptides are similar in length (17 amino acid residues versus 21 for insulin 

chain A), suggesting the possibility of a similar helical arrangement for this smaller peptide. 

The [4M+5H]5+ ion conformers (Figure 1E) display a similar trend. The elongated (1073 

Å2) ion has a collision cross section that is ~26% larger than the expected value for a 

globular multimeric structure based on a fit to experimental data. This value is slightly 

above the percent difference for helical bundles (~16), and well below that expected for the 

percent difference increase (~75%) for helices arranged end on. Additionally, the calculated 

cross section of the Nt17 tetramer, 1073 Å2, is in the same range as helical bundled insulin 

A chain (approximately 1010 Å2) The lack of a polyGln domain in the current study should 

be considered. In a fibril, polyGln β-sheet structure can impinge upon the Nt17 region at the 

last two Nt17 residues (17). In the present study, the C-terminal portion of Nt17 are 

disordered, so structural transition to β-sheet is a possibility. Finally, some higher-order 

oligomers were transiently observed ([5M+6H]6+ and [6M+7H]7+); however, signal levels 

were not sufficient to determine collision cross sections for these ions and are therefore not 

discussed here.

Carbethoxylation Introduces a New Monomer Structure

Covalent modification with DEPC was performed to determine effects of charged side chain 

modification on Nt17 multimerization. Figure 5 shows IMS-MS distributions of [M+2H]2+ 

peptide ions at various states of modification after ten minutes of incubation with DEPC (for 

2D IMS-MS distributions depicting the course of modification, see Supporting Information 

Figures S2 and S3). Drift times and collision cross sections for each species are presented in 

Table 2. At 5× label (Figure 5a), two distinct unlabeled [M+2H]2+ ion conformers are 

observed as well as two distinct species for the singly-labeled ions. The unmodified peptide 

and singly-modified peptide ion conformers are observed at shorter and longer drift times, 

respectively. The first modification increases the collision cross section of [M+2H]2+ 

peptide conformers by ~14 Å2 (Figure 5a). Doubly-modified peptide ion conformers are not 

observed in the 5× trials but were observed as significant species at higher label 

concentrations. Additionally, at the 5× label concentration, total monomeric peptide ions 

accounts for approximately 50% of the total peptide signal, with ~36% of the total peptide 

signal attributed to unlabeled monomer. The rest of the peptide signal is comprised of 

multimeric structures (see Figure 4D – F for range of dimer m/z values as well as the 

Supporting Information for modified dimer 2D IMS-MS distributions). Total dimer, trimer, 

and tetramer species comprise ~38%, ~9%, and ~3% of the total peptide signal, respectively. 

Each multimer exists in several states of covalent modification. It is noted that this technique 

is unable to determine the origin of multimers; that is, it cannot distinguish between species 

that are modified before or after association. For this reason, the effect of covalent 

modification on formation of multimeric species was calculated as a percent of total peptide 

species.

Overall monomer signal increases at the 50× label concentration (Figure 5e), to 

approximately 66% of the total peptide signal. At this concentration, a second modification 

is evident at m/z 1060 (Figure 5b and Supporting Information). The second modification has 

less effect on collision cross section; the largest increase in collision cross section was ~7 Å2 
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for the most extended conformer. Notably, a new conformer is observed at a tD of 12.2 ms 

(653 Å2) in the doubly-modified [M+2H]2+ ion tD distribution. It is noted that the size of 

this is closer to the more compact arrangement (Figure 3b, Structure 2). No additional 

collapsed monomeric structures are observed, and the small amount of organic solvent 

added to the solution to initiate the labeling was not sufficient to induce denaturation of the 

peptide (less than 1% by volume for each concentration); evidence for new structures was 

only observed once the peptide was doubly modified. Supporting Information Figure S6 

shows monomer and dimer distributions under solvent conditions with 1% (v/v) acetonitrile. 

When compared to Figure 1b and c, no significant change in monomeric or multimeric 

conformation is evident. Thus, the appearance of the compact conformer at 12.2 ms must 

arise from the modification of peptide, and not from addition of a small amount of organic 

solvent. Under these conditions, the majority of the monomer signal stems from the singly 

modified peptide; approximately 53% of the total peptide signal is attributed to this species 

alone. Multimer signal also decreases, falling to ~27%, ~5%, and ~2% total dimer, trimer, 

and tetramer at the 50× label concentration level, respectively.

At the 250× label concentration (Figure 5c and f), almost no residual unlabeled monomer 

exists. The base peak of the mass spectrum is the doubly modified monomer. Total 

monomer increased in this experiment to ~89% of the total peptide signal, while dimeric, 

trimeric, and tetrameric signal dropped to ~8%, ~2%, and ~0.5%, respectively. The 

appearance of the doubly-modified monomer does correlate with a sharp decline in multimer 

formation. One possible explanation is that the covalent modification induces instability in 

the complex leading to a shift in equilibrium to the monomeric state. These results could 

have implications in posttranslational modification studies of huntingtin exon 1, where 

modifications of hydrophilic residues have been shown to alter aggregation kinetics and 

morphologies, either by introducing a monomeric structural change or through inhibition of 

residue-specific interactions (14–16, 75).

Lysine-6 is Modified at Elevated DEPC Concentrations

Figure 6 shows a mobility-selected MS/MS spectrum of the new, doubly modified, 

intermediate monomer conformer at 12.2 ms. The front and back gates in the drift tube have 

been set to allow only species with an arrival time distribution from 12.0 to 12.6 ms. Mass 

selection and fragmentation was performed in the mass spectrometer. Figure 6 shows the 

sequence coverage obtained with MS/MS analysis. The Nt17 peptide contains several 

potential sites of modification, including the N-terminus, and residues Thr3, Lys6, Lys9, 

Ser14, Lys15, and Ser16. Singly modified peptides from MS/MS analysis are modified 

either at the N-terminus or at residue Thr3. Unfortunately, the b1 and b2 ions are not present 

in the observed ion sequence; therefore, the first modification could not be unambiguously 

identified. The N-terminus would be the most likely site of modification, because even in an 

aggregated state, it is solvent-exposed and heteroatom sites are very labile (5, 13, 52). It 

would appear that the modification of residues N-terminal to Leu4 does not introduce any 

structural rearrangement (Figure 5b, e, and h); this modification has little to no bearing on 

gas-phase conformation, other than a slight increase in collision cross-section owing to the 

larger carbethoxy moiety.
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At elevated DEPC concentrations, Lys6 is modified. MS/MS studies confirm that all three 

doubly modified monomeric conformers are modified at the same residues. The b7 ion is the 

most abundant ion in the MS/MS spectrum. A fragmentation product ion corresponding to 

unmodified Lys6 was not observed, suggesting that covalent modification is not 

heterogeneous. For these conformers, no other lysine residues were modified; 

carbethoxylation occurred exclusively on Lys6, and as such, resulted directly in the newly 

observed conformer at 12.2 ms (Figure 5 and Figure S4 F and I). Lys6 is contained within 

the conserved monomeric ion α-helix in the N-terminal portion of Nt17 from MDS (Figure 

3b and c, Structures 1 and 2). Additionally, MDS suggests that Lys6 could be directly 

involved in two stabilizing interactions in the Nt17 dimer; both Glu12 and Ser16 are 

potential binding partners for this residue. The most dramatic decrease in total multimer 

formation correlates with the emergence of the doubly-modified conformer at tD 12.2 ms, 

which suggests this structural transition increases destabilization of multimeric species, 

either by introducing a new intermolecular interaction that destabilizes the α-helix, or by 

preventing hydrophilic Lys6 interactions, such as those suggested by MDS.

Interpretation of Structural Findings

Simulations of pathogenic and non-pathogenic Nt17-polyGln-polyPro reveal that Nt17 has 

the propensity to form helical bundles early in the aggregation process (5, 13). Additional 

simulation and CD spectropolarimetry has shown 36% helicity in the Nt17 region at room 

temperature.(12) The monomeric extended helix conformer has been implicated in studies 

containing the amyloidogenic polyGln tract as the most prevalent structure, with helices 

ranging from residues 4 – 12 to 2 – 17 (5, 13, 72, 74). In contrast, solid state NMR studies 

on fully aggregated Nt17Glu35Pro10Lys2 showed that β-sheet character from the amyloid 

core penetrated to Ser16; however, helical nature was conserved over the region containing 

Lys6 (17). This is not out of the realm of possibility, as in light of the results obtained here, 

the random nature of the C-terminal portion of Nt17 suggested by MDS could very easily 

transition to a β-sheet conformation. Additonally, in recent studies a helix-breaking Pro-Gly 

segment was inserted between Phe17 and Gln18 in a huntingtin exon 1 mimic (76). Kinetics 

of aggregation were not changed upon insertion of the helix-breaker, which suggests 

penetration of the helix into the polyGln structure, or vice-versa, does not affect aggregation 

kinetics, and that the structure of Nt17 is mostly independent of polyGln structure. Previous 

simulations on the Nt17 region alone show a two-helix bundle is a dominant structure at 

room temperature; residues Met1 – Met8 are contained in an α-helix with a loop from 

residues Lys9 - Phe11 (74). In the same study, a second, straight helix conformer is 

evidenced at room temperature. The current study provides evidence for two relevant 

monomeric Nt17 structures stemming from solution species, which are mostly consistent 

with the findings of Kelley et al (74). A strong helical propensity is observed for the first 

eleven N-terminal residues; however, where Kelley et al. demonstrate a helix-turn-helix 

structure, referred to in their work as a two-helix bundle, the current study shows that the 

most abundant ion conformer contains a helical N-terminus with a disordered C-terminus. 

The second structure presented in the current study could most closely resemble the 

extended helix structure observed by Kelley et al.. The data presented in the study by Kelley 

et al., and the work presented here, contrasts previously published work that states no stable 

helix is evident in N-terminal huntingtin monomers (5, 77). It should be noted that 
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measurements in these referenced studies are based on circular dichroism 

spectropolarimetry, which only reports on average characteristics. It was assumed that α-

helix character was a result of transient oligomers present in solution upon reconstitution. 

While this was a valid conclusion based on the measurements and solution conditions, in 

light of the data presented here, this conclusion may be partially correct, as both the 

matching monomeric and multimeric MDS conformations contain a degree of helicity. 

Indeed, crystal structures of huntingtin model peptides with an extended polyGln tract show 

a large amount of helicity in the Nt17 region (71).

Trimeric and tetrameric species have been observed that appear to have conformers similar 

in size to bundles of elongated helices (45). These structural assignments are in good 

agreement with prior work that states Nt17 associates via α-helical interactions and 

maintains its helical nature in mature amyloid fibrils (5, 13, 17, 74). Because the data in the 

current study seem to indicate that elongated, helical, structures are conserved in the gas 

phase, it is noted that the elongated trimer and tetramer conformers observed here are 

assumed to contain a degree of helicity. This can also be argued from the nature of Nt17 to 

form extended helices in amyloid fibrils as well as the similarity of collision cross sections 

to calculated helical bundle peptides of similar length.

Covalent Modifications Alter Structures

Multiple PTM’s have been implicated in accelerating or inhibiting huntingtin exon 1 

aggregation (14–16, 78, 79), while some have been implicated in promoting new 

morphologies from pre-aggregated species (80). Phosphorylation of Thr3 leads to decreased 

toxicity but increased aggregation rates (16). Carbethoxylation of heteroatoms, while not a 

physiological PTM, is a means to increase hydrophobicity and introduces steric hindrance in 

the helical region. Excess of label reagent can destabilize secondary structures (54). 

Previous studies have used carbethoxylation by DEPC as a means to probe solvent 

accessibility (49, 50, 54). Mendoza et al. use the reagent to track lysine, threonine, and 

histidine residues in isoforms of β2 microglobulin (49, 50). In the present work, however, 

the modification of a single, hydrophilic residue led to a new monomer conformer and in 

concert, reduced overall multimerization. This occurs with a decrease in the elongated 

monomer conformer. The total contribution of the elongated conformer drops from 10% to 

approximately 7% as the new conformer appears. This may suggest that the new conformer 

arises at the expense of the formation of the elongated species. Notably, the majority of the 

doubly modified conformer still exists primarily as the most compact conformation.

Previous work highlights the importance of Lys6 and its protection from an aggregated state 

in a huntingtin exon 1 model, indicating that Lys6 is involved in a stabilizing intra- or 

intermolecular interaction (52). In previous studies, which utilized top-down deuterium 

exchange techniques, it was not possible to determine the exact origin of monomeric 

peptide. Results from the present study suggest that Lys6 is available in a monomeric state 

and may be involved in stabilizing multimer interactions, which would account for previous 

reports of decreased accessibility (52). Modification of Lys6 in the peptide’s multimeric 

state could reduce stabilizing interactions, and as a result, favor dissociation of the multimer 

species. Additionally, the modification could present a monomer structure that is not 
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amenable for interaction mediated through Lys6 due to altered intramolecular interactions, 

once again preventing multimerization.

Implication of New Monomeric Structure

In some cases, post-translational modification can have accelerating effects on 

multimerization. For example, phosphorylation of Thr3 in huntingtin exon 1 increased 

aggregation rate, as well as decreased toxicity, in Drosophila models; Aiken et al. show that 

Thr3 phosphorylation occurs in vivo and may represent a therapeutic strategy for 

Huntington’s disease remediation (16). Two explanations for neuroprotection are proposed. 

Increased hydrophobicity of Thr3 due to modification either increases the rate of 

aggregation through the more toxic oligomeric state, thus reducing the amount of available 

toxic oligomer and leading to the neuroprotective fibrillar form. Conversely, modification of 

Thr3 destabilizes helical propensity and intermolecular association, thus preventing an 

oligomeric state to form entirely, leading to formation of fibrils that are not mediated 

through an oligomeric precursor. It should be noted that Lys6 lies on the boundary of the 

hydrophilic and hydrophobic faces, so the interpretation provided by Aiken et al. for Thr3 

could also be extended to Lys6. That is, the data in the current study would support the latter 

interpretation for neuroprotection proposed by Aiken et al.; that is, an altered helix state 

does not allow for extended Nt17 multimers to form, promoting aggregation via a pathway 

that is not modulated by Nt17. Alternatively, it must be noted that Nt17-self association is 

not the only potential mechanism by which huntingtin may form fibrils. Nt17 may interact 

with the polyGln tract, leading to increased fibrillization kinetics (the domain cross-talk 

model) (12, 81). In this model, hydrophobic residues in Nt17 are sequestered in polyGln, 

stabilizing polyGln structure and driving fibrillization. Alteration of hydrophilic residues 

could increase the propensity for domain cross-talk by altering the boundary between 

hydrophilic and hydrophobic domains. This could lead to an increase in aggregation 

kinetics, perhaps through bypass of the oligomeric state. However, since the model in the 

current study did not contain a polyGln tract, no comment on fibril formation or polyGln 

interaction can be made, nor can any conclusion be drawn regarding the effects of β-sheet 

formation in Nt17 as a result of extended polyGln segments; however, it can be concluded 

that modification of Nt17 at a critical boundary lysine residue reduces multimerization, 

which could lead to altered aggregation pathways.

Multiple studies have reported on the propensity of Nt17 to form an α-helix upon 

association with another Nt17 tract (5, 13) or a lipid bilayer (7, 82). Solid state NMR studies 

have shown that Nt17 is mostly helical in amyloid fibrils and retains its helicity even after 

advanced fibrillization, and that helicity increases with increased association (13, 17). 

Indeed, formation of an amphipathic α-helix is a critical step in exon 1 nucleation (5, 44, 

70). Tam et al. have shown that an amphipathic helix from residues 4 – 12 are necessary for 

advanced huntingtin fibrillization, which represents a more extended helix (70). In the 

present study, a large portion of the monomer conformation appears to exist in an extended 

helical state in the gas phase and, upon labeling, is destabilized. It would appear that 

antiparallel association (Figure 4C) of pre-elongated peptides is possible; however, it is 

unclear which (if either) conformation is the most disease-relevant. One interpretation is that 

destabilization of the pre-existing helix abrogates bundled multimer structure formation that 
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resembles Nt17 nucleation in full-length huntingtin exon 1. It could be that the more 

compact monomer conformer may not contribute as significantly to Nt17-mediated 

nucleation as the extended state due to the C-terminal coil region folding back into, and 

potentially interacting with, the helical region.

Implication of Lysine Modification

Depletion of the most elongated dimer conformers was observed upon modification of Lys6, 

which implies that Lys6 could be involved in more elongated helical associations of Nt17. 

Additionally, simulations of gas-phase dimer interactions show the involvement of Lys6 in 

stabilizing hydrogen bond interactions with oxygen-containing residues. Multiple solution 

simulations show that Lys6 is contained in the helical portion of Nt17, whether in its 

monomeric form (17) or bound to a lipid substrate (6, 7, 82). While the current study did not 

probe aggregation kinetics, the study does suggest that modifying the ε-amino group on 

Lys6 inhibits inter-helical association. Modification of both the N-terminal residue and Lys6 

could work synergistically, by introducing steric hindrances that prohibit association and by 

altering secondary structure, to reduce multimer formation. Currently, it is not clear as to the 

mechanism of inhibition; however, Lys6 appears to be critical in Nt17 association.

Huntingtin Nt17 peptide monomer and multimer structures have been analyzed by IMS-MS 

and MDS. Direct observation of monomer structure reveals two populated solution states 

that correlate well with prior simulation and experiment, both of which could contain partial 

α-helices. Several multimeric conformations are also observed, particularly for the dimer 

structure, each containing a degree of helicity. The most elongated dimer structure may 

consist of an arrangement of antiparallel α helices, and could be the most disease-relevant 

conformation. This arrangement most closely resembles association of Nt17 in full-length 

huntingtin exon 1. MDS revealed intermolecular association in the elongated dimer ions is 

stabilized through Lys6-Glu12 and Lys6-Ser16 hydrogen bond interactions. 

Carbethoxylation of an N-terminal residue and Lys6 may destabilize the helical structure as 

a new compact conformer is observed in the doubly-modified spectrum. Additionally, this 

modification drastically reduced multimer formation, which may suggest the critical role of 

Lys6 in the earliest stages of Nt17-mediated huntingtin exon 1 aggregation.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

IMS-MS Ion mobility-mass spectrometry

Nt17 N-terminal 17-residue amphipathic α-helix of the huntingtin protein
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MD Molecular dynamics

DEPC diethyl pyrocarbonate

tD drift time
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Figure 1. 
False color IMS-MS distribution of Nt17 ions. Colored intensity is presented on a log scale.
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Figure 2. Expanded regions of the
IMS-MS distribution (Figure 1) showing monomer (a.), dimer (b.), trimer (c.), and tetramer 

(d.) ions. Discrete features corresponding to separate conformations are labeled sequentially 

in monomer and dimer distributions.
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Figure 3. 
Nt17 ribbon structures calculated from MDS. Pink regions are α-helical. Blue regions 

correspond to a 3–10 helix. a.) Extracted tD distribution for [M+2H]2+ ions. b.) Compact 

conformer (1) at 11.0 ms. c.) Extended conformer (2) at 12.4 ms. See Table 1 for assigned 

collision cross-sections
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Figure 4. 
Nt17 dimer structures calculated from MD simulation. Color schemes are the same as in 

Figure 3 a.) Extracted arrival time distribution. ‘3’, ‘4’, and ‘5’ correspond to relevant dimer 

structures, depicted in panels b., c., and d., respectively.
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Figure 5. 
tD distributions of covalently modified Nt17 [M+2H]2+ monomer at 5x (a.), 50x (b.), and 

250x (c.) DEPC. tD distributions are normalized to total peptide ion counts. Blue trace: 

unlabeled Nt17; green trace: singly modified Nt17; red trace: doubly modified. d. – f., mass 

spectra at each DEPC concentration showing monomer m/z range (light blue box) and dimer 

m/z range (light red box). The number of covalent modifications is shown next to each peak 

of interest in the mass spectra.
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Figure 6. 
Mobility selected MS/MS analysis of the intermediate, doubly modified conformer. a.) 

Sequence coverage by ion. b.) b-ion series. c.) y-ion series. d.) Enhanced region showing the 

y8 ion for clarity.
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Table 1

Calculated collision cross-sections for selected Nt17 conformers.

Speciesa m/zb td (ms)c Ω (Å2)d

Nt17 988.1 11.2 399.8 ± 0.8

12.4 442.7 ± 0.1

Nt17 x 2 1317 11.6 622 ± 0.1

12.6 666 ± 5

13.2 709 ± 1

Nt17 x 3 1481 12.6 874 ± 1

Nt17 x 4 1581 12.0 1074 ± 1

a
Species are identified as monomer (Nt17), dimer (Nt17 x 2), trimer (Nt17 x 3), and tetramer (Nt17 x 4).

b
measured m/z value.

c
measured drift time in ms.

d
calculated collision cross section with standard deviation (n = 3 replicates).
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Table 2

Calculated collision cross-sections for selected Nt17 modified conformers.

Speciesa m/zb td (ms)c Ω (Å2)d

Nt17 N/Thr3C 1024 11.6 413.75 ± 0.09

12.8 457.2 ± 0.1

Nt17 N/Thr3C, Lys6C 1060 11.6 413.73 ± 0.10

12.2 435.5 ± 0.1

13.0 464.4 ± 0.1

Nt17 x 2 N/Thr3C 1365 13.0 696.3 ± 0.2

13.6 729.0 ± 0.2

Nt17 x 2 N/Thr3C, Lys6C 1389 13.4 718.1 ± 0.2

a
Species are identified as monomer (Nt17), dimer (Nt17 x 2), with residue modifications listed.

b
measured m/z value.

c
measured drift time in ms.

d
calculated collision cross section with standard deviation (n = 3 replicates).
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