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ABSTRACT
Toxic aggregation of pathogenic huntingtin protein (htt) is implicated in Huntington’s

disease and influenced by various factors, including the first seventeen amino acids at the N-
terminus (Nt17) and the presence of lipid membranes. Nt17 has a propensity to form an
amphipathic a-helix in the presence of binding partners, which promotes a-helix rich oligomer
formation and facilitates htt/lipid interactions. Within Nt17 are multiple sites that are subject to
post-translational modification, including acetylation and phosphorylation. Acetylation can
occur at lysine 6, 9, and/or 15 while phosphorylation can occur at threonine 3, serine 13, and/or
serine 16. Such modifications impact aggregation and lipid binding through the alteration of
various intra- and intermolecular interactions. When incubated with htt-exon1(46Q), free Nt17
peptides containing point mutations mimicking acetylation or phosphorylation reduced fibril
formation and altered oligomer morphologies. Upon exposure to lipid vesicles, changes to
peptide/lipid complexation were observed and peptide-containing oligomers demonstrated

reduced lipid interactions.

INTRODUCTION

Huntington’s disease (HD) is a fatal neurodegenerative disease resulting from an
expansion in the poly-glutamine (polyQ) domain within the huntingtin (htt) protein.[1] The
expansion of the polyQ domain beyond a threshold of approximately 35 repeats(2, 3] causes htt
to aggregate into amyloid-like fibrils.[4-6] The aggregation pathway is very complex and
involves various aggregate species, including oligomers and amorphous aggregates.[7]
Sequences directly adjacent to the polyQ domain of the protein, including the first 17 amino

acids at the N-terminus (Nt17), heavily influence htt interactions with respect to both



aggregation[8-10] and lipid binding. [11-14] Htt is an intrinsically disordered protein,[15, 16] but
the Nt17 domain has a propensity to form an amphipathic a-helix that facilitates early
interactions of htt through intermolecular association, promoting the formation of a-helix rich
oligomers. [17-21] Within these oligomers, polyQ domains are brought into close proximity,
promoting fibril nucleation.[20, 22]

The Nt17 domain also facilitates lipid interactions and subsequent damage through its
ability to form an amphipathic a-helix.[13, 23] Many of the normal functions attributed to htt,
including vesicle transport and synaptic transmission,[24, 25] require interactions with a variety
of lipid membrane systems. Specifically, htt associates closely with the endoplasmic reticulum
(ER),[26-28] mitochondrial,[29-33] nuclear,[27, 28, 34] and plasma[35] membranes. Mutant htt
aggregation damages organelle membranes. Inclusions interact with the ER, resulting in
membrane deformation, impaired organization, and altered dynamics of the membrane.[36]
Damaged and fragmented mitochondria accumulate at the periphery of htt inclusions and have
increased respiration rates.[37] Interactions of htt at the nuclear envelope exacerbate age-
related degeneration of the membrane and impairs nucleocytoplasmic transport.[38]

Both aggregation and interactions between Nt17 and lipids are modulated by a variety
of factors, including lipid composition. Compared to aggregation in bulk solution, total brain
lipid extract (TBLE)[39] and cellular lipid extracts[40] reduce htt fibrillization. Some pure lipid
systems, such as palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC)[39, 41] and a mixture
also containing 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS)[42] enhance fibril
formation, with the POPC/POPS system promoting a unique aggregation pathway facilitated by

Nt17 versus aggregation observed in the absence of lipid.[42] Conversely, 1,2,-dioleoyl-sn-



glycero-3-phosphocholine (DOPC) inhibits fibril formation.[41] Lipid physiochemical properties
play a large role in htt/lipid interactions, with htt demonstrating preferential interactions with
anionic phospholipids compared to zwitterionic lipids.[14, 43] Additionally, while changes to
lipid tail groups did not display a direct correlation between aggregation and htt/lipid
complexation, it was revealed that membrane defect sizes in conjunction with Nt17 orientation
and hydrophobic residue sizes are critical to lipid interactions.[41] Changes to lipid composition
by additional lipid components, including ganglioside (GM1) and sphingomyelin (SM) content,
further modulate htt/lipid with the addition of either GM1 or SM to TBLE, reducing the
insertion of htt into the membrane and promoting unique aggregate morphologies.[44]

A second modulating factor of htt interactions are several sites within Nt17 that are
subject to post-translational modifications (PTMs). Such modifications include phosphorylation,
[45-48] acetylation, [46, 49] ubiquitination,[50] and SUMOylation.[51] PTMs at these sites alter
both the aggregation propensity[45, 46, 48, 49, 52] and lipid interactions[49, 52, 53] of htt.
Specifically, phosphorylation within Nt17 reduces aggregate accumulation,[54] while lysine
acetylation decreased the formation of large, globular oligomers and reduced membrane
damage by altering Nt17/lipid association.[49] Peptides with other mutations have also been
used as mutant htt inhibitors; the incubation of htt with analogs of human Nt17 and sequence
variants from evolutionarily distant organisms inhibited aggregation,[55] while other Nt17
derived peptides, especially those containing D-amino acids and sequences where cell
penetrating sequences were attached, inhibited nucleation and subsequent aggregation.[22]

Aggregation is dependent on a variety of factors, including the presence of lipids and

their composition in addition to post-translational modifications within the Nt17 domain.



Considering the close association of htt with a variety of membrane systems and subsequent
damage observed in HD, understanding htt-lipid interactions and how such interactions can be
modulated is crucial to gaining a better understanding of the toxic mechanism and
pathogenesis. Using the ability of truncated Nt17-derived peptides to inhibit fibril
formation,[22] our aim was to identify how the incorporation of modified Nt17-derived
peptides, with altered net charges, into htt oligomers structures modulates aggregation, lipid
binding, and htt/lipid complexation.

METHODS

Preparation of synthetic peptides. Synthetic Nt17 peptides were obtained via custom synthesis
by GenScript. These peptides and their sequences are indicated in Figure 1a. Based on analysis
provided by GenScript, peptide purities ranged from 95-98.6%. Peptides were solubilized in
dimethyl sulfoxide (DMSO) to a stock concentration of 2,000 uM. Solubilized peptide was
stored at -20 °C until needed. On the day of the experiment, solubilized peptide was thawed
and diluted to the desired final concentration such that the concentration of DMSO was less
than 1% in the final solution.

GST-htt-exon1 fusion protein purification. Disease length (46Q) glutathione S-transferase
(GST)-htt-exon1 fusion protein (Figure 1b) was purified as previously described using the pGEX-
5X-1 vector.[56, 57] In short, GST-htt fusion proteins were expressed by induction in Escherichia
coli with isopropyl-thio-galactopyranoside (IPTG) at 30 °C for 4 h. Cells were lysed using
lysozyme (0.5 mg/mL) and sonication with a sonic dismembrator (FisherSci). Liquid
chromatography (BioRad LPLC) with a GST affinity column was then used to purify the fusion

proteins and the concentration was determined with Coomassie Bradford reagent. High speed



centrifugation at 20,000 g for 45 min at 4 °C removed any preexisting aggregates from fusion
protein solutions. Incubation of fusion proteins with Factor Xa (Promega, Madison, WI) cleaved
the GST tag and initiated aggregation for experiments.

Lipid vesicle preparation. Lyophilized lipids of POPC, POPS, and TBLE were dissolved in
chloroform and aliquoted into Eppendorf tubes. Aliquots were allowed to dry overnight, and
the dry films were stored at -20 °C until needed. POPC and POPS aliquots were redissolved in
chloroform and mixed to obtain 75/25% w/w PC/PS samples, which were dried overnight and
stored at -20 °C until needed. For experiments, the dried films were rehydrated in tris buffer
(150 mM NaCl, Tris-HCI, pH 7.4) for 1 h at 30 °C. Rehydrated lipids were subjected to 10 freeze-
thaw cycles using liquid nitrogen. Lipid solutions were then bath sonicated for 1 h and stored at
4°C.

Thioflavin T (ThT) aggregation assays. ThT assays were used to monitor fibril formation of htt-
exonl1(46A) incubated with and without various Nt17 peptides. For all conditions htt-
exonl1(46Q) (10 uM) was incubated with ThT (125 uM) in black Costar 96-well plates with flat,
clear bottoms. For conditions with Nt17 peptides, 10 uM of each peptide was added, resulting
in an Nt17QssP1o:peptide ratio of 1:1. Assays were performed using a SpectraMax M2
microplate reader where ThT fluorescence was measured at 37 °C using excitation and emission
wavelengths of 440 nm and 480 nm, respectively. Emission data was collected every 10 min
over 18 h. A blank sample containing no peptide was used to collect background fluorescence
and correct for background. Samples were run in triplicate and averaged.

Polydiacetylene (PDA) lipid binding assays. Htt-exon1(46Q) interactions with lipids were

measured using a PDA lipid binding assay using previously reported protocol.[58] Briefly,



diacetylene monomers of 10,12-tricosadiynoic acid and the lipid system of choice were mixed
at a 2:3 molar ratio in 4:1 chloroform/ethanol solution. The solution was evaporated off to yield
dry lipid films that were reconstituted in 70 °C tris buffer. Lipid solutions were sonicated
(amplitude 50) for 10 min using a dismembrator (FisherSci) and stored overnight at 4 °C to
allow for self-assembly of vesicles. For experiments, lipid mixtures were irradiated at 254 nm
for 10 min with constant stirring to polymerize the 10,12-tricosadiynoic acid, resulting in a dark
blue solution which undergoes a colorimetric shift to red with increased fluorescence when
exposed to mechanical stress. Experimental conditions were performed in triplicate in black
Costar 96-well plates with flat, clear bottoms. Assays were performed using a SpectraMax M2
microplate reader where fluorescence was measured at 25 °C every 10 min over 18 h using
excitation and emission wavelengths of 489 nm and 570 nm, respectively. The positive control
included saturated NaOH (pH 12) while the negative control consisted of PDA/lipid vesicles and
tris buffer. Mutant Nt17 peptides were incubated with htt-exon1 in a 1:1 ratio for 3 h to obtain
peptide-containing oligomers. Polymerized vesicles were exposed to htt-exon1(46Q) oligomers
at a final concentration of 10 uM. Samples were run in triplicate and averaged.

Atomic force microscopy (AFM). Purified htt-exon1(46Q) (10 uM) was incubated with Nt17
peptides in a 1:1 protein:peptide ratio in the absence of lipids at 37 °C and 1,400 rpm using an
orbital mixer. At selected time points, a 2 uL aliquot of each condition was deposited onto
freshly cleaved mica and allowed to sit for 1 min. Mica was then washed with 200 uL of ultra-
pure water and dried with a gentle stream of air. All images were collected with a Nanoscope V
Multi-Mode scanning probe microscope (Veeco, Santa Barbara, CA) equipped with a closed

loop vertical engage J-scanner. Silicon-oxide cantilevers with 300 kHz resonance frequency and



40 N/m nominal spring constant were used. Scan rates were set between 1 and 2 Hz with
cantilever drive frequencies at 10% of resonance.[59] All images were collected with 512 x 512
pixel resolution. The Matlab image processing toolbox (MathWorks) was used to analyze
oligomer morphology as previously described.[60, 61] In short, a height threshold of 0.8 nm was
used to create binary maps to locate objects in the AFM images. This threshold value was
chosen because the GST-htt-exon1(46Q) system used in this study has residual GST which
results in a granular background in the AFM images of RMS ~0.6 nm. The 0.8 nm eliminates
including artifacts associated with GST from the analysis. However, this also means that htt
aggregates shorter than 0.8 nm will not be detected either. To be included in the analysis, an
object must contain at least 10 pixels. Every object identified in the AFM image is assigned a
tracking number, and this number is plotted onto the AFM image to assure that all objects are
measured (Figure S1). As some large, non-oligomer aggregates are presented in some of the
images, additional filters based on morphology can be implemented to remove these from the
resulting data set. In this instance, oligomers were defined of having 50 (~4,700 nm? of surface
area) or fewer pixels associated with them. All morphology data on oligomers is compiled from
two independent experiments with at least five images taken at the 3 h time point used for
analysis.

Pulled-tip capillary emitter and capillary vibrating sharp-edge spray ionization (cVSSI) device
fabrication. Descriptions of cVSSI devices have been provided previously.[62, 63] Briefly, epoxy
glue was used to secure a piezoelectric transducer to the end of a glass slide coverslip. A glass
capillary emitter (0.5 mm 1.D.) was pulled (Sutter Instrument Company, Novato, CA) and cut

mechanically to the desired I.D. (70-100 um) verified under a microscope. The emitter tip was



secured to the glass slide coverslip opposite the piezoelectric transducer with glass glue. Using
epoxy glue, a fused silica capillary section (250 um I.D., 355 um O.D.) was inserted into the glass
emitter and secured at the flat end. PTFE tubing was attached to the fused silica capillary at one
end and secured to a syringe at the other to allow for sample infusion. A 5 cm platinum wire
inserted into the end of the PTFE tubing nearest to the cVSSI device and secured with epoxy
glue served as an electrode for field-enabled experiments.

Capillary vibrating sharp-edge electrospray ionization-mass spectrometry (cVSSI-MS). Mutant
Nt17 peptides (10 uM) were incubated with PC/PS (75/25% w/w) lipid vesicles in a 1:10 ratio
(peptide:lipid) at 37 °C for 5 h. Lipid vesicles were formed by rehydrating lipid films in 10 mM
ammonium acetate, which were then subjected to 10 freeze-thaw cycles using liquid nitrogen
followed by bath sonication for 1 h. Samples were analyzed using cVSSI devices and a Q-
Exactive hybrid quadrupole Orbitrap (Thermo Fisher, San Jose, CA) mass spectrometer. Spectra
were collected in positive ion mode over a mass-to-charge (m/z) range of 300 to 4,000. Samples
were infused at a rate of 10 uL/min with 1.8 kV applied to the Pt wire. The resolving power and
AGC target were set to 70,000 and 1x108, respectively. The inlet capillary temperature was
maintained at 250 °C. Mass spectra were recorded in triplicate for 30 s each. Between spectra
collections, the voltage supply to the cVSSI device was turned off, and the sample was allowed
to flow without voltage. Turning off the voltage between collections took into account any
variability across triplicate spectra, represented as the standard error of the mean (SEM), that
may result from changing devices or variations in plume generation and droplet sizes. Data

were analyzed using the Xcalibur 2.2 software suite (Thermo Scientific).



RESULTS & DISCUSSION

Incorporation of modified Nt17 peptides inhibits fibril formation and alters oligomer
morphologies. Wild type Nt17 peptides inhibit htt aggregation by incorporating into htt
oligomers and increasing the spacing between polyQ domains.[22, 55] To determine how the
charge-altering point mutations would impact the efficiency of this inhibition of fibril formation,
htt-exon1(46Q) (10 uM, Figure 1a) was incubated with Nt17 peptides (Figure 1b) in a 1:1 htt-
exonl:Nt17 peptide molar ratio. Nt17 peptides investigated included wild type Nt17, three
Nt17-derived peptides with point mutations mimicking acetylation (K6Q, K9Q, or K15Q), and
three Nt17-derived peptides with point mutations mimicking phosphorylation (T3D, S13D, or
S16D). Fibril formation was monitored as a function of time using ThT, which exhibits enhanced
fluorescence when bound to fibril-associated B-sheet structure (Figure 1c). Htt-exon1(46Q)
aggregation in the absence of Nt17 peptides was measured for comparison. The ThT signal for
each condition was averaged across triplicate runs and normalized to the htt-exon1(46Q) alone
control. Additionally, control ThT assays were performed with the truncated Nt17 peptides
without the htt-exon1(46Q) (Figure 1d). The Nt17 peptides alone do not induce a ThT signal, as

they do not contain a polyQ domain that drives fibril formation.
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Figure 1: Sequences of the (a) Nt17-derived peptides and (b) GST-htt-exon1(46Q) fusion protein
used. For the GST-htt-exon1(46Q) fusion protein, cleavage of GST with factor Xa initiates
aggregation. (c) ThT aggregation assay data for htt-exon1 mimic peptide htt-exon1(46Q)
incubated alone or with each Nt17 peptide. htt-exon1(46Q) concentration was approximately
10 uM, and incubations with peptide were approximately a 1:1 htt-exon1(46Q):peptide ratio.
Conditions were calculated and averaged across all runs, then normalized to the htt-
exonl1(46Q) control. Error bars represent SEM. Using a Student’s t-test, * represents a p-value
of <0.05, and ** represents a p-value of <0.01 relative to the htt-exon1(46Q) control. (d)
Control ThT assay performed with the Nt17-derived peptides in the absence of htt-exon1(46Q).
The control htt-exon1(46Q) ThT response is plotted for reference.

The impact of incubating htt-exon1(46Q) with Nt17 peptides was dependent on the
specific Nt17 peptide used, though all peptides significantly reduced fibril formation (p<0.01)
relative to the Htt-exon1(46Q) control. Wild-type Nt17 peptide, with no mutations, was the
most efficient at inhibiting fibril formation. Wild-type Nt17 peptides completely inhibited fibril
formation with a 87.1% reduction in signal relative to the htt-exon1(46Q) control. Nt17
peptides containing mutations mimicking acetylation (K6Q, K9Q, or K15Q), which effectively

remove a positive charge from within Nt17, were also efficient at inhibiting fibril formation, but

less efficient than wild-type Nt17 peptide. Nt17 peptides with K6Q, K9Q, and K15Q reduced



fluorescent signal relative to the htt-exon1(46Q) control by 68.5%, 74.6%, and 57.4%,
respectively. Nt17 peptides containing mutations mimicking phosphorylation (T3D, S13D, or
S16D), which add a negative charge to Nt17, were the least efficient at inhibiting fibril
formation. Relative to the htt-exon1(46Q) control, Nt17 peptides containing T3D, S13D, or S16D
resulted in a 48.6%, 36.8%, and 18.0% reduction in signal, respectively.

To further investigate the effect of Nt17 peptide incorporation into htt aggregation, the
morphologies of htt-exon1(46Q) aggregates formed in the absence and presence of the
different Nt17 peptides was evaluated using AFM (Figures 2). Freshly prepared htt-exon1(46Q)
(10 uM) was incubated in the presence and absence of Nt17 peptides in a 1:1 protein:peptide
molar ratio and sampled after 3 and 8 h (Figure 2a-b). At 3 h, the dominant aggregate type
observed for all conditions was oligomers. The number of fibrils per unit area observed on the
mica surface was not statistically different across conditions (Figure 2c). While oligomers were
still present for all conditions after 8 h of incubation, fibrils were also present in each condition;
however, the fibril density appeared to be lower for incubations of htt-exon1(46Q) with Nt17
peptides. To quantify this, the percent surface area occupied by fibrils was determined (Figure
2d). The surface area coverage was indeed smaller for all incubations of htt-exon1(46Q) with a
Nt17 peptide; however, the decrease with S13D and S16D did not reach significance. As it is
established that Nt17 peptides incorporate into htt oligomers,[22] the morphologies of the
resulting oligomers for all incubations at 3h was further evaluated using automated Matlab

scripts that measure morphological features of individually identified oligomers.[61]
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condition. (f) Correlation plots of diameters and heights of each oligomer at 3 h for htt-
exon1(46Q) versus htt-exon1(46Q) with each Nt17 peptide.

Oligomer morphology was evaluated by comparing diameters, heights, and volumes of
Nt17 peptide-containing oligomers to the pure htt-exon1(46Q) oligomers at 3 h (Figure 2e).
Overall, peptide-containing oligomers shifted to smaller heights, slightly larger diameters, and
smaller volumes. The pure htt-exon1(46Q) oligomers had a mode height of approximately 5
nm, diameter of 50 nm, and volume of 3.0 x 10°> nm?3, while oligomers with incorporation of
various Nt17 peptides ranged from 2-4 nm in height, 50-60 nm in diameter, and 2.0 x 103 nm?3
to 3.0 x 103 nm?3 in volume. Based on volume measurements, peptide-containing htt-
exonl1(46Q) oligomers were smaller. In addition, peptide-containing oligomers were typically
shorter (height) but were more spread out (diameters). This could be due to several reasons.
The oligomers may just have a different shape associated with incorporation of the truncated
peptides, they could have altered surface interactions due to the mutations altering the overall
charge of the oligomers, or peptide-containing oligomers could be more easily compressed,
e.g., less rigid, in comparison to pure htt-exon1(46Q) oligomers. The potential smaller overall
size and reduced aggregate rigidity could be due to the reduction in polyQ and proline-rich
domains contained in full-length htt-exon1, as peptide containing oligomers flatten out onto
the mica surface. That is, the absence of these domains associated on the peptides could make
the oligomers less dense. Looking more closely at oligomer diameter versus height of peptide-
containing oligomers compared to pure htt-exon1(46Q) oligomers at 3 h, trends suggesting
different peptide incorporation efficiencies emerge (Figure 2f). The most pronounced shift

occurred with wild-type Nt17 peptide-containing oligomers, as the peptide-containing



oligomers show virtually no overlap with the pure htt-exon1(46Q) containing oligomers. An
intermediate shift occurred with oligomers containing Nt17 peptides with mutations mimicking
acetylation (K6Q, K9Q, and K15Q), where slightly more overlap with the pure htt-exon1(46Q)
oligomers overall. The smallest shifts occurred with oligomers containing Nt17 peptides with
mutations mimicking phosphorylation (T3D, S13D, and S16D), where overall there was the most
overlap with the pure htt-exon1(46Q) oligomers. The peptide-containing oligomers that have
less overlap with the pure htt-exon1(46Q) oligomers indicate the peptide has been more
efficiently incorporated, and these trends match well with those observed in the ThT
aggregation assay. For example, of the three phosphorylation mimicking peptides, T3D
displayed the least amount of overlap, and it was the most effective in reducing fibril formation

of these three peptides.

With respect to htt, Nt17 domains associate to form the a-helix rich structure of
oligomers, bringing polyQ domains into close proximity to promote nucleation.[9, 17, 19, 20,
22, 64] Nt17 peptides inhibit htt fibril formation by incorporating into the a-helix rich oligomer
intermediates, increasing the spacing between polyQ domains.[22] This enhanced spacing
reduces the efficiency of nucleation. The relative efficiency of the mutant Nt17 peptides to
inhibit fibril formation suggests altered ability to incorporate into oligomers. That is, wild type
Nt17 peptides readily incorporate into oligomers. Acetylation mimicking mutations reduce the
ability to incorporate into oligomers, and Nt17 peptides with phosphorylation mimicking
mutations are the least efficiently incorporated into oligomers. Phosphorylation[45, 47, 65] and

acetylation[49] within Nt17 of intact htt-exonl proteins reduce fibril formation, with



phosphorylation having a larger inhibitory effect. This suggests that these post-translational
modifications reduce aggregation in full-length htt-exon1 by destabilizing oligomer
intermediates and reducing the efficiency of nucleation.

The notion that the effectiveness of Nt17 peptides to impede fibril formation
corresponds to their relative incorporation into oligomer intermediates is further supported by
altered oligomer morphologies observed by AFM. Reduction of the polyQ and proline-rich
domains reduces the protein mass incorporated into oligomers, resulting in small, less rigid
oligomers. The largest shift in morphology is observed with free wild-type Nt17, with more
efficient incorporation causing a larger reduction in polyQ density that shifts toward smaller
oligomers. The peptides mimicking acetylation have an intermediate incorporation and the
phosphorylation mimics are least efficiently incorporated; all peptides generally shift to smaller
oligomer sizes, but relative to wild-type the shift is less pronounced for acetylation mimics and
least pronounced for phosphorylation mimics. Once incorporated, mutations within Nt17 likely
impact oligomer stability and the ability of oligomers to undergo nucleation. The incorporation
of free Nt17 peptide reduces the polyQ domain density in oligomers, decreasing the local
concentration to prevent nucleation and inhibit subsequent fibril formation. With more
efficient peptide incorporation, nucleation is more effectively inhibited.

Modifications within Nt17 alters complex formation between peptide and lipids. Nt17
facilitates htt-exon1(46Q) interactions with lipid and can modify aggregation on
membranes.[11] Nt17 peptide has a similar interaction mechanism with membranes as htt-
exon1(46Q),[32] and the mechanism is not significantly altered by the addition of

glutamines.[66] Therefore, synthetic Nt17 peptide with and without modifications was used to



investigate complex formation and determine the degree of membrane interaction between
Nt17 and lipids using cVSSI-MS. In this regard, complex refers to combinations of Nt17 derived
peptides and specific lipids that are retained after the cVSSI process, suggesting strong
association between the peptide and vesicles. To focus on the Nt17 lipid interaction and reduce
complications due to varying rates of fibril formation, truncated peptides without the polyQ
domain were used for this analysis. Each Nt17 peptide (10 uM) was incubated with POPC/POPS
(75/25% w/w) in a 1:10 peptide:lipid molar ratio for 5 h prior to analysis with cVSSI-MS.
POPC/POPS was chosen as it promotes a unique htt aggregation pathway that is mediated via
Nt17.[42] Experiments were performed in triplicate using positive ion mode. Identified isotopic
distributions of each complex were deconvoluted using automated Matlab scripts that
determine the individual contributions of each possible configuration of a complex by using
theoretical spectra to generate the best fit of the raw data over 1.0 x 10° simulations. The root
mean squared deviation (RMSD) between the simulated best fit and the raw data was
calculated. For each identified complex, the integrated peak area was calculated by integrating
the ion signal for each isotopic distribution of the given complex. Complexes are represented in
[M+L] format, where M represents Nt17 peptide and L represents lipid. To correct for plume
generation and performance, the integrated peak areas for each complex were normalized to
that of the singly-charged POPC lipid monomer ([L+H]* at m/z 760.59), since it was the most
abundant peak present across all sample conditions. For final comparisons, integrated peak
areas were then represented as a percentage of all peptide-containing ions.

Peptide/lipid complexation was observed to some degree with all peptides studied.

Overall, wild-type Nt17 yielded a greater variety of peptide/lipid complexes that were generally



more abundant relative to those of the K6Q, K9Q, and K15Q acetylation mimics and the T3D,
S$13D, and S16D phosphorylation mimics (Figure 3a). Overall, all peptide complexes followed
the same observed trend as wild-type peptide with relative complex abundances of
M>2M>3M>4M and increased lipid content further reduced complex abundance such that
L>2L>3L. However, the exact lipid contributions for complexes formed by different peptides
were more variable. Incubation of wild-type Nt17 peptide with PC/PS lipid yielded eight unique
complexes, the most out of all peptides studied, containing upwards of 4M and 3L (Figure 3b,
Figure S2a, Table S1). After incubation of the K6Q mutant, three complexes were identified that
contained up to 2M and 2L (Figure 3c, Figure S2b, Table S2). The K9Q mutant yielded four
complexes after incubation that contained up to 3M and 2L (Figure 3d, Figure S2c, Table S3).
Incubation of the K15Q mutant yielded two complexes that contained M and up to 2L (Figure
3e, Figure S2d, Table S4). After the incubation of the T3D mutant, four complexes were
identified that contained up to 4M and L (Figure 3f, Figure S2e, Table S5). The S13D mutant
yielded five complexes after incubation that contained up to 3M and 2L (Figure 3g, Figure S2f,
Table S6). Incubation of the S16D mutant yielded seven complexes that contained up to 4M and

2L (Figure 3h, Figure S2g, Table S7).
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Figure 3: Analysis of Nt17/lipid complexation in the presence of POPC/POPS (75/25% w/w)
vesicles using cVSSI-MS. Peptide is denoted as M and lipid as L. The Nt17 peptide concentration
was 10 uM and the peptide:lipid ratio was 1:10. (a) The total percent relative peak areas for
1M, 2M, 3M, and 4M complexes identified for each peptide after 5 h incubation with lipid. (b-h)
The percent relative peak areas for each identified complex of a given peptide with specified
lipid iteration contributions. X indicates that the corresponding complex was not identified for

the given condition.



Considering htt demonstrates a preference for anionic lipids[14] and the variation in
contribution for different complex configurations, further analysis of complex lipid
compositions was performed where the percentage of POPS per complex was evaluated (Figure
4). Analysis revealed that higher order complexes that contain more peptides tend to favor the
incorporation of anionic POPS over zwitterionic POPC. For wild-type Nt17, the average POPS
composition of the [M+L] complex was 33.05%, [2M+L] was 64.33%, [3M+L] was 67.24%, and
[4M+L] was 99.01% (Figure 4a). The average POPS composition for the K6Q mutant complexes
[M+L] and [2M+L] were 54.5% and 91.52%, respectively (Figure 4b). For the K9Q mutant,
average POPS composition for [M+L] was 55.14%, [2M+L] was 71.77%, and [3M+L] was 80.26%
(Figure 4c). The average POPS composition for the K15Q mutant complexes [M+L] and [M+2L]
were 29.44% and 19.22%, respectively (Figure 4d). For the T3D mutant the average POPS
composition was 36.13% for [M+L], 63.46% for [2M+L], 65.94% for [3M+L], and 81.50% for
[4M+L] (Figure 4e). The S13D mutant had average POPS compositions of 57.54% for [M+L],
69.98% for [2M+L], and 75.75% for [3M+L] (Figure 4f). The average POPS composition for the
S$16D mutant complexes [M+L], [2M+L], [3M+L], and [4M+L] were 41.50%, 61.97%, 67.16%, and
97.48%, respectively (Figure 4g). Despite the clear trend of higher order complexes containing
more peptide correlating to increased POPS composition, an increase in the number of lipids

incorporated into a complex did not produce a clear trend.



Nt17
100
3
5 80
x
8 60
40
®
20
0
O \~ R S
RUBIRCY 1\4\ b 1\3‘ b b
100 K6Q e 100 T3D
90 90
80 80
870 g 70
;: 60 % 60
o 50 o 50
Q o
— 40 = 40
] e
= 30 ® 30
20 20
10 10
0 X X X x X 0 x
D™ AL ™ \% q,» AL
\\4\ x r;}“* 5\“* rg,\&‘* o‘\«“k \\5\ x q,\\“ q, 3\5‘ \& \3‘*
100 f 90 S13D
90 80
80
% 70 © 70
£ o
60
w % 50
o 50 5]
a 2 40
o 40 o]
Q_E 30 O; 30
20 20
10 10
o] 0
'\\4\ \\*“
45 K15Q g 120 S16D
40
100
5 35 ©
2 30 280
- -
g 3 60
: :
e 15 S
10
20
5
§ X x x x x 0 X
A) b \, 2\ [\ A) N A D INT ) S\
\“‘x 'L\‘:\ ’5\hk '\“\x x q’\l\" x q"&\x ’5\&\* '5\‘\)‘ b“\‘\x
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For each peptide, the relative peak areas of complexes containing M, 2M, 3M, and 4M
peptide were calculated and the percentage of those complexes that contained lipid was
determined (Figure 5). For wild-type Nt17, the 4M species only existed as lipid bound (100%),
while 3M, 2M, and M complexes were 39.9%, 27.8%, and 12.8% lipid bound, respectively
(Figure 5a). For K6Q, only M (8.7%) and 2M (20.7%) complexes contained lipid. 3M complexes
were observed, and though none were lipid bound, the 3M complexes were of lower relative
peak area than those of the M and 2M (Figure 5b). In the case of K9Q, 8.4% of M, 19.1% of 2M,
and 24.6% of 3M complexes were lipid bound (Figure 5c). K15Q only formed M complexes, of
which 6.6% were lipid bound (Figure 5d). T3D 4M complexes were always lipid bound (100%)
followed by 3M (4.4%), 2M (2.9%), and M (1.1%) complexes (Figure 5e). For S13D, the 2M
complexes were more often lipid bound than M complexes, at 16.9% and 9.2% respectively,
and much like K6Q, the 3M complexes only existed without lipid but were of lower relative
peak area than the M and 2M complexes (Figure 5f). For S16D, M, 2M, 3M, and 4M complexes
were observed and 6.6%, 11.8%, 21.4%, and 100% of those complexes, respectively, were lipid
bound (Figure 5g). Generally, as peptides formed multimeric species, their probability of being

lipid bound increased, suggesting that oligomerization enhances lipid association.
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Nt17 facilitates lipid interactions via a transition to an amphipathic a-helix,[13, 23] a
transition that still occurs even with mutations mimicking acetylation and phosphorylation.
Previous studies have demonstrated that acetylation does not alter a-helical structure with
respect to lipid binding,[49] and the phosphomimic mutations also do not alter secondary
peptide structure.[46, 48] The interaction between Nt17 and lipid bilayers is summed up in four
general steps: approach, reorganization, anchoring, and insertion.[66] Generally the approach
step is driven by charged residues within Nt17; when Nt17 is exposed to a POPE membrane,
early interactions occur between the membrane and S13, K15, or S16.[66] Once at the
membrane surface, the structure and orientation of Nt17 is stabilized by salt bridges formed
between the membrane and peptide residues K6, K9, and E12 and by hydrogen bonding
between the membrane and peptide involving residues T3 and S13.[66] Another important
consideration is the role of lipid composition in Nt17/lipid interactions, as changes to lipid
composition can impact Nt17 approach and overall orientation at the membrane surface[41] in
addition to the degree of insertion.[67] For pure POPC membranes, Nt17 favors a C-terminal
approach where S13, K15, and S16 are close to the membrane surface, while T3, K6, and K9
broadly sample orientations ranging from parallel to antiparallel with the membrane
surface.[41] POPC/POPS vesicles demonstrate stronger interactions with Nt17 compared to
pure POPC vesicles, and increasing POPS content increases Nt17 affinity for the membrane,
demonstrating a major electrostatic contribution to peptide/membrane interactions where F11
inserts into the membrane to anchor the peptide.[67] With these considerations, it is likely that
the mutations in this study alter the approach of the peptide and stabilizing interactions at the

membrane surface, including electrostatics, salt-bridge formation, and hydrogen bonding.



Oligomer/lipid interactions are modified by the incorporation of modified Nt17 peptides.
Considering the ThT assays and AFM experiments indicate that oligomerization and subsequent
nucleation is altered in addition to Nt17/lipid complexation, and with oligomeric species being
the most lipid active,[68] further characterization of oligomeric interactions with respect to
lipid binding was necessary. To determine the impact incorporating free Nt17 peptides into
oligomeric structures had on their ability to bind lipids, a colorimetric/fluorescent membrane
binding assay with lipid/PDA vesicles was used. The lipid systems utilized in these experiments
were TBLE and POPC/POPS (75/25% w/w). The additional TBLE system was used to provide a
more physiologically relevant mixture of lipid components. TBLE was not used in the cVSSI-MS
analysis presented previously because of the complexity of this model system is not amenable
to straightforward analysis. When exposed to proteins, the fluorescence of each system directly
correlates to the extent of protein/lipid interaction, and the fluorescent signals for all
conditions were normalized to the htt-exon1(46Q) control and averaged across all runs (Figure
6). For all experiments, htt-exon1(46Q) oligomers with and without the incorporation of Nt17
peptides were generated by 3 h of incubation, providing starting oligomers consistent with

those analyzed by AFM in Figure 2.
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Figure 6: PDA/lipid binding assays for htt-exon1(46Q) incubated alone or with each Nt17
peptide in the presence of (a) TBLE or (b) PC/PS. Htt-exon1(46Q) concentration was 10 uM, and
the protein:peptide ratio was 1:1. All conditions were calculated and averaged across all runs
then normalized as a percentage to the htt-exon1(46Q) control. Error bars represent SEM.
Using a Student’s t-test, * represents a p-value of <0.05 and ** represents a p-value of <0.01
relative to the htt-exon1(46Q) control.

The incubation of htt-exon1(46Q) oligomers with free Nt17 peptides generally reduced
interactions with TBLE relative to oligomers composed purely of htt-exon1(46Q) (Figure 6a).
Oligomers containing free, wild-type Nt17 peptides demonstrated virtually no change in lipid
interactions. However, oligomers containing peptides mimicking acetylation showed significant

reductions in lipid binding (p<0.01 for all three peptides). Specifically, the K15Q mutant had the

greatest impact, with approximately a 40% reduction in signal relative to the htt-exon1(46Q)



control. The K6Q and K9Q mutants each demonstrated approximately a 20% reduction in signal
relative to the htt-exon1(46Q) control. Oligomers containing peptides mimicking
phosphorylation also showed significant reductions in lipid binding (p<0.01 for T3D and S16D,
p<0.05 for S13D). Oligomers containing S16D mutant peptides had the largest impact, with
approximately a 35% reduction in signal. Though less significant statistically, oligomers
containing S13D peptides demonstrated approximately a 20% reduction in signal. Oligomers
containing T3D peptides had the lowest impact, with an approximately 10% reduction in signal.

In the case of the PC/PS lipid system, generally the impacts of incorporating free Nt17
peptides were less than those observed with TBLE (Figure 6b). Oligomers containing free, wild-
type Nt17 peptides showed a significant reduction in signal (p<0.01) of approximately 15%. For
oligomers containing peptides mimicking acetylation, only the K9Q peptide showed a significant
reduction in signal (p<0.01) by approximately 15%. The K6Q and K15Q peptide-containing
oligomers showed no significant changes in lipid interactions relative to the htt-exon1(46Q)
control. For oligomers containing peptides mimicking phosphorylation, only those containing
S16D and T3D peptides showed significant reductions in lipid binding (p<0.01 and p<0.05
respectively). Oligomers containing S16D peptides showed approximately a 30% reduction in
signal, while those containing T3D peptides had less of an impact with approximately a 10%
reduction in signal relative to the htt-exon1(46Q) control.

It has been demonstrated that certain residues are crucial to stabilizing multimeric
structures once Nt17 transitions to an a-helical structure. Specifically, the potential
electrostatic interaction between K15 and E11 can help stabilize the dimer-dimer interface in a

tetrameric structure.!® The removal of positive charges by carbethoxylation favors monomeric



conformations of Nt17, as monomeric conformations become more abundant with increasing
modification while multimeric species are destabilized and decrease in abundance as detected
by IMS-MS.[18] Molecular dynamics studies indicated that K6 is likely involved in the
stabilization of dimeric species through interactions with E12 and S16,[18] while K9 is
implicated in intramolecular salt bridges with E5 and/or E12. [14, 49] With both S13 and S16
being solvent exposed, modification to these residues could be involved in the packing of
tetrameric structures into higher order species necessary for oligomer stabilization to facilitate
fibril formation.[45] Oligomer stability as a function of introducing mutations mimicking
acetylation and phosphorylation could be another dominant factor in altered oligomer/lipid
interactions as shown in PDA assays. Generally, there appears to be larger consequences for
changes made to the C-terminus, as modification of K15 had the largest impact among the
acetylation mimics while the S16 mutant had the largest impact among phosphorylation
mutants.
CONCLUSIONS

The process of amyloid formation and subsequent interactions is very complex and can
be modulated by a variety of factors including PTMs [45-50, 53, 54, 68, 69] and the overall
cellular environment.[70-72] In this study, the impacts of free Nt17 peptides with mutations
mimicking acetylation (removal of a positive charge) and phosphorylation (addition of a
negative charge) on htt aggregation, aggregate morphologies, protein/lipid complexation, and
lipid interactions were evaluated. With regard to a htt-exon1(46Q) protein, the addition of all
free Nt17 peptides significantly reduced fibril formation, with wild-type Nt17 being the most

effective and completely inhibiting fibril formation, followed by acetylation mimics then



phosphorylation mimics. The incorporation of free Nt17 peptides into oligomeric structures
resulted in a shift in aggregate morphology, with wild-type Nt17 causing the largest deviation in
morphology from pure htt-exon1(46Q) oligomers, followed by acetylation mimics then
phosphorylation mimics. The ability of the different peptides to complex with lipids was also
altered, with wild-type Nt17 forming the most unique peptide/lipid complexes that were
generally more abundant than those identified for the acetylation and phosphorylation mimics.
However, despite changes to the degree of peptide/lipid complexation across the peptides
studied, they all showed preferential interaction with anionic POPS lipid over zwitterionic POPC
lipid for higher order complexes that contained more peptide. Generally, higher order
complexes were also more frequently lipid bound overall. When free peptides were
incorporated into oligomers that were then exposed to lipid vesicles, the degree of interaction
between the oligomers and different lipid systems was dependent on the free peptide
incorporated in addition to the lipid composition. The data suggests complicated interactions
beginning at the monomeric level that translate to altered interactions at the oligomeric level,
and that such interactions are influenced by factors such as local peptide charge and the
environment.
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