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Abstract: Understanding the membrane interactions of the N-terminal 17 residues of the huntingtin
protein (HttN) is essential for unraveling its role in cellular processes and its impact on huntingtin
misfolding. In this study, we used atomic force microscopy (AFM) to examine the effects of lipid
specificity in mediating bilayer perturbations induced by HttN. Across various lipid environments,
the peptide consistently induced bilayer disruptions in the form of holes. Notably, our results
Ht#N, while
lipids suppressed hole formation. Furthermore,

unveiled that cholesterol enhanced bilayer
(PE)

phosphatidylglycerol (PG) and cardiolipin lipids, along with cholesterol at high concentrations,

perturbation induced by

phosphatidylethanolamine anionic
promoted the formation of double-bilayer patches. This unique structure suggests that the synergy
among HttN, anionic lipids, and cholesterol can enhance bilayer fusion, potentially by facilitating
lipid intermixing between adjacent bilayers. Additionally, our AFM-based force spectroscopy
revealed that HttN enhanced the mechanical stability of lipid bilayers, as evidenced by an elevated
bilayer puncture force. These findings illuminate the complex interplay between HttN and lipid
membranes and provide useful insights into the role of lipid composition in modulating membrane
interactions with the huntingtin protein.

Keywords: atomic force microscopy; force spectroscopy; lipid bilayer structure; membrane fusion;
lipid specificity; anionic lipids; cardiolipin

1. Introduction

The Huntington protein, also known as huntingtin, is a large protein characterized
by its solenoid architecture [1]. It is closely associated with the neurodegenerative
disorder Huntington’s disease (HD) [2—4]. Central to investigations into the molecular
underpinnings of HD is the exploration of the structural and functional attributes of a
polyglutamine tract located near the N-terminus of huntingtin [5-9]. Preceding the
polyglutamine tract is a 17-residue fragment known as HttN, a dynamic and multifaceted
region that has garnered significant attention. HttN plays a pivotal role in various cellular
interactions [10] and post-translational modifications [11]. Unlike many other proteins,
HttN lacks a well-defined globular domain due to its intrinsic disorder, allowing it to
adopt multiple conformations [12-16], facilitating interactions with diverse cellular
binding partners. Intriguingly, membrane association [17-19] or crystallization [20] of the
N-terminal region can transform its disordered structure into an amphipathic a-helix.

H#N is subject to an array of post-translational modifications, including
phosphorylation, acetylation, and palmitoylation [11]. Phosphorylation at specific serine
and threonine residues within this region can modulate huntingtin’s function,
aggregation propensity, and cellular localization [21,22]. Conversely, acetylation
regulates huntingtin’s stability and interactions with other proteins and membranes
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[23,24]. These tightly regulated modifications influence huntingtin’s behavior in both
physiological and pathological contexts.

One of the striking features of huntingtin’s N-terminus is its ability to associate with
cellular membranes. This association has been observed with various membrane
compartments, including the endoplasmic reticulum (ER), Golgi apparatus,
mitochondria, and synaptic membranes [10]. The presence of specific amino acid motifs
within HttN, such as amphipathic helices, is believed to facilitate this interaction. These
motifs allow huntingtin to bind to specific lipids within the membrane [25,26], thereby
influencing its localization within these cellular structures.

HttN, when associated with membranes, features amphipathic segments
characterized by the juxtaposition of hydrophobic and hydrophilic amino acids, a critical
attribute for direct interactions with lipid membranes [17]. These interactions play a
pivotal role in various cellular processes, including vesicle trafficking and membrane
curvature modulation. Consequently, HttN’s capacity to bind to and modify membrane
properties bears significant implications for cellular physiology.

Dysregulated membrane interactions of HttN have been implicated in disrupted
cellular processes in HD, spanning membrane trafficking, autophagy, and synaptic and
mitochondrial functions [27]. Therefore, investigating membrane interactions with HttN
is instrumental in advancing our understanding of HD pathogenesis. These interactions
may hold the key to unraveling the mechanistic links between huntingtin dysfunction and
neuronal dysfunction in the context of HD.

Extensive research has contributed valuable insights into HttN-mediated
polyglutamine misfolding and toxicity [12,28-38], as well as its interactions with lipid
bilayers [39]. The amphipathic nature of HttN has been revealed as pivotal for subcellular
localization [10] and membrane anchoring [18,39] of huntingtin. Moreover, research has
unveiled various facets of membrane interactions with HttN, encompassing binding
affinity, predictive models for HttN positioning and conformation in lipid membranes,
and their influence on lipid membrane order and structure [17-19,27,40-44]. However, a
comprehensive understanding of the membrane structural alterations induced by HttN
binding remains incomplete.

Atomic force microscopy (AFM) has emerged as a valuable technique for visualizing
intricate membrane perturbations induced by external elements [45-47]. An example can
be found in a recent review paper on applying AFM to study the reorganization of lipid
bilayers treated with antimicrobial and lipopeptides [48]. AFM has also been broadly
employed to investigate membrane interactions with polyglutamine-containing
huntingtin fragments [38,39,49-53]. In addition to imaging, AFM-based force
spectroscopy can be used to reveal the mechanical properties of lipid bilayers (see the
review article for an example [54]). In our research, we harnessed the capabilities of liquid-
based AFM to examine an assortment of macromolecules and their impact on the
topographical and mechanical characteristics of lipid bilayers. Through our studies, we
have unveiled a spectrum of membrane alterations, ranging from the formation of
nanometer-sized pores [55], subtle interfacial indentations [56], the emergence of
micrometer-sized perforations [57,58], and lipid clustering [59].

In this study, we specifically focus on the N-terminal region of huntingtin, HttN, with
the primary objective of utilizing AFM to elucidate detailed changes in membrane
topography resulting from the binding of HttN. Of particular interest is the role played
by anionic lipids, cholesterol, and phosphatidylethanolamine (PE) lipids in mediating
membrane responses to HttN exposure. Through AFM imaging, we present a dynamic
spectrum of novel membrane structures arising from interactions with HttN.
Additionally, we employ AFM-based force spectroscopy to investigate the impact of HtN
on mechanical properties of lipid bilayers.

The lipid bilayer stands as a fundamental component within cellular membranes,
providing a dynamic platform that orchestrates a myriad of biological processes. Notably,
the composition of lipid bilayers exhibits significant variation across distinct cellular
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compartments, and this diversity wields profound influence over the behaviors exhibited
by membrane-associated proteins. Hence, the imperative to unravel the intricate interplay
between HttN and lipid bilayers of varying compositions becomes readily apparent.
Moreover, it has been well-documented that lipids possessing different chemical
compositions have the capacity to modulate the aggregation propensity of huntingtin
peptides [60,61]. Consequently, it is important to systematically investigate how HttN
engages with lipid membranes characterized by diverse lipid compositions. Such an
investigation holds the promise of yielding valuable insights into the molecular
mechanisms underpinning the membrane-related functions of HttN.

2. Results
2.1. POPC Bilayers

We used AFM imaging to examine topographical changes in 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidylcholine (POPC) bilayers induced by varying HttN concentrations.
In Figure 1A, the control bilayer displayed a smooth surface. However, with the
introduction of 2 uM HtN (Figure 1B), noticeable bilayer disruption became evident,
characterized by the formation of isolated holes. Height profile measurements indicated
a depth of ~2 nm for these holes. Note that the apparent depth of these holes can be
influenced by parameters such as scan size and tip geometry. In previous high-resolution
scans, we reported bilayer thicknesses of ~3 nm [56-58]. However, based on the apparent
hole depth of 2 nm observed in this study, which surpasses half the bilayer’s thickness,
we can reasonably deduce that the holes induced by HttN traverse the entire bilayer.
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Figure 1. Perturbations of POPC bilayers exposed to varying concentrations of HttN. (A) 0 uM HittN,
(B) 2 uM HittN, (C) 5 uM HittN. For 2 uM and 5 uM HttN, multiple images acquired at different scan
sizes are presented. The scale bar indicates the size of each scan. Height scale is represented by the
color bar on the right side, with units in nanometers (nm). The lower panels display height profiles
along the white dashed lines depicted in the corresponding AFM images. The intact bilayer is
marked by a red arrow, while the disrupted region is indicated by a blue arrow.

When the peptide concentration was increased to 5 uM, a considerable expansion in
both the number and size of disrupted regions within the bilayer was observed. These
disruptions no longer resembled isolated holes but rather irregularly shaped regions
coexisting with the intact bilayer. It appeared that the peptide disrupted the POPC bilayer
by extracting lipids, resulting in these irregularly shaped features, all with a consistent
depth of ~2 nm, as confirmed by height profile measurements.

2.2. Effect of Anionic POPG Lipids

We further investigated the influence of anionic lipids on bilayer perturbations
induced by HttN wusing a POPC/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol
(POPG) (4:1, molar ratio) bilayer system. Figure 2 illustrates the effects of the peptide at a
concentration of 2 uM. In contrast to the control bilayer, the addition of 2 pM HttN led to
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distinct bilayer alterations. These changes encompassed two key features: the formation
of numerous holes in the main bilayer and the emergence of elevated bilayer patches.
These elevated regions, referred to as ‘double-bilayer patches,” were found to be elevated
by 6 nm above the main bilayer, as indicated by height profile measurements. Notably,
isolated holes were also observed within these double-bilayer patches. The depth of holes
was about 2 nm, similar to those observed in POPC bilayers. We also examined the impact
of a 4 pM peptide concentration, but at this level, the majority of the POPC/POPG bilayer
dissolved, resulting in messy scans.
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Figure 2. Influence of anionic POPG lipids on bilayer perturbations induced by HttN. The lipid
bilayer comprises a mixture of POPC and POPG in a 4:1 molar ratio. Panels (A,B) depict bilayer
structures before (A) and after (B) exposure to 2 uM HttN. Three images obtained at different scan
sizes are provided for the 2 uM HttN condition. In the lower panels, height profiles along the white
dashed lines, as indicated in the AFM images, are displayed. Disrupted bilayer regions are
highlighted by red arrows, while elevated double-bilayer structures, measuring 6 nm in height
above the main bilayer, are indicated by blue arrows.

We also utilized AFM-based force spectroscopy to further investigate the double-
bilayer structures induced by HttN in POPC/POPG bilayers. Figure 3 presents the force
spectroscopy results obtained before and after introducing 2 uM HttN. In Figure 3A, a
composite of around 200 force curves is displayed, which were acquired while the AFM
tip approached the bilayer and subsequently punctured it. The separation distance,
denoted as ‘s’, represents the distance between the AFM tip and the mica substrate.

During the approach phase (s > 6 nm), the force remains close to zero. Upon contact
with the bilayer, the tip induces elastic deformation, leading to a gradual increase in force
(as s decreases from 6 nm to 4 nm). Once the force reaches a threshold value, defined as
the bilayer puncture force (Fp), the bilayer is punctured (s = 4 nm). It is noteworthy that
the puncture force serves as an indicator of the mechanical stability of lipid bilayers [54].
Within the regime of bilayer elastic deformation, we observe a continuous increase in
force, following a power-law trend. For the control POPC/POPG bilayer, the average
bilayer puncture force is measured at 1.6 + 0.1 nN.
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Figure 3. Force spectroscopy reveals alterations in mechanical properties of lipid bilayers induced
by HttN. (A) Force spectroscopy data of a POPC/POPG (4:1) bilayer before exposure to HttN and
(B,C) after exposure to 2 uM HttN. Panel (B) presents force measurements in the main bilayer region,
while panel (C) displays force measurements in the double-bilayer region. The single and double-
bilayer regions are illustrated in the inset images in (B,C) by cyan and red boxes, respectively. Each
panel in the top row depicts a superposition of ~200 force curves. In the bottom panels, three
representative force curves are shown. The bilayer puncture force (Fp) is indicated at a separation
distance (s) of ~4 nm for the single bilayer and ~8 nm for the double bilayer. Within the elastic
deformation regime (as s decreases from 6 nm to 4 nm in single bilayers), the force steadily increases
until reaching the puncture force.

Following the addition of 2 uM HttN, we acquired about 200 force curves from
regions within the main bilayer, as shown in Figure 3B. The average bilayer puncture force
exhibited an increase to 1.8 + 0.1 nN, suggesting an enhanced mechanical stability of the
lipid bilayer. Additionally, the location of bilayer puncture shifted from s = 3.5 nm for the
control bilayer to s = 3.2 nm with 2 uM HttN. We also obtained about 200 force curves
from regions within the double-bilayer patches, as depicted in Figure 3C. Two bilayer
puncture events were observed. The first puncture event, centered at s = 3.3 nm, had an
average puncture force of 1.9 + 0.1 nN, and the same average puncture force (1.9 + 0.2 nN)
was observed at the second puncture event, located at s = 8.8 nm. The distance between
the two puncture events, 5.5 nm, aligned well with the height of the double-bilayer
patches. Based on the identical puncture force between the two puncture events and the
similarity in the elastic deformation behaviors preceding them, it was apparent that the
double-bilayer patches corresponded to a second bilayer residing atop the main bilayer.

2.3. Effect of Anionic Cardiolipin Lipids

To further investigate the influence of anionic lipids, we introduced a doubly charged
cardiolipin lipid, 1',3"-bis[1,2-dioleoyl-sn-glycero-3-phospho]-sn-glycerol (TOCL), into the
bilayer composition along with POPC. Cardiolipin lipids are unique and are typically
found in the mitochondria of eukaryotic cells. Figure 4 displays the bilayer topology of
POPC/TOCL (9:1, molar ratio) before and after the addition of 2 uM HttN. Similar to the
observations in POPC/POPG bilayers, HttN induced the formation of double-bilayer
patches situated atop the main bilayer, elevated by 6 nm. Peptide-induced holes were also
evident in both the main bilayer and the elevated patches, with a depth of about 2.5 nm.
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Figure 4. Impact of anionic cardiolipin lipids on bilayer responses to HttN binding. The lipid bilayer
consists of a mixture of POPC and TOCL in a 9:1 molar ratio. Panels (A,B) represent bilayer
structures before (A) and after (B) exposure to 2 uM HttN. Three images obtained at different scan
sizes are provided for the 2 uM HttN condition. In the lower panels, height profiles along the white
dashed lines, as indicated in the AFM images, are displayed. Disrupted bilayer regions are
highlighted by red arrows, while elevated double-bilayer structure, measuring 6 nm in height above
the main bilayer, is indicated by a blue arrow.

2.4. Effect of Cholesterol

To assess the impact of cholesterol (Chol), we employed a POPC/Chol bilayer system
with cholesterol mole fractions ranging from 0% to 40%. Figure 5 presents the
topographical structures of POPC/Chol bilayers treated with 2 pM HttN. Notably, as the
cholesterol fraction increased, the extent of bilayer perturbation became more
pronounced, as indicated by hole size, albeit some heterogeneity was observed at all
cholesterol fractions. Additionally, our data analysis revealed that the hole area coverage
was smaller at lower cholesterol content (0.02 for 0% and 10% cholesterol) and larger at
higher cholesterol content (0.04 for 20%, 30%, and 40% cholesterol). These findings
emphasize that higher cholesterol content in POPC bilayers results in more significant
alterations of bilayer structures induced by HttN. Height profile measurements indicated
hole depths of ~3 nm. Note that for POPC with 0% cholesterol, the holes were too small
for precise measurement; more accurate hole depths can be found in Figure 1.
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Figure 5. Influence of cholesterol content on bilayer alterations induced by 2 pM HttN. The bilayer
compositions investigated include (A) POPC, (B) POPC with 10 mol% Chol, (C) POPC with 20 mol%
Chol, (D) POPC with 30 mol% Chol, and (E) POPC with 40 mol% Chol. Two AFM images, acquired
at different scan sizes, are presented for each lipid composition. The bottom panels illustrate height
profiles along the white dashed lines shown in the AFM images from the second row.

For POPC bilayers containing 30% and 40% cholesterol, in addition to hole formation,
HttN also induced the appearance of double-bilayer patches, as shown in Figure 6. Height
profile measurements revealed that these double-bilayer patches had a height of 6.7 nm
above the main bilayer. The presence of double-bilayer patches in anionic POPC/POPG
and POPC/TOCL bilayers, as well as in POPC bilayers with high cholesterol contents,
suggests that both anionic lipids and cholesterol contribute to the formation of double-
bilayer patches induced by HttN.
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Figure 6. Formation of double-bilayer patches induced by 2 uM HtN in bilayers with elevated
cholesterol concentrations. The bilayer compositions used are as follows: (A) POPC with 30 mol%
cholesterol and (B) POPC with 40 mol% cholesterol. The lower panels display height profiles along
the white dashed lines in the AFM images, with the double-bilayer patches, elevated by 6.7 nm
above the main bilayer, indicated by red arrows. The yellow patch in (A) has a height of about 13
nm.
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2.5. Effect of POPE

PE lipids possess a conical shape and are believed to enhance membrane stability by
forming hydrogen bonds with neighboring lipids. To assess the impact of HttN on POPC
bilayers with varying fractions of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylethanolamine (POPE), we employed a peptide concentration of 5 uM. The
results are presented in Figure 7.
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Figure 7. Influence of POPE content on bilayer modulations induced by 5 uM HttN. Lipid bilayer
compositions: (A) POPC, (B) POPC with 10 mol% POPE, (C) POPC with 20 mol% POPE, (D) POPC
with 25 mol% POPE. The lower panels display height profiles along the white dashed lines marked
in the AFM images.

As the POPE mole fraction increased from 0% to 10%, a notable suppression of
bilayer hole formation was observed. This was substantiated by data analysis, which
revealed that the hole area coverage decreased from 0.35 at 0% POPE to 0.16 at 10% POPE.
A significant suppression of hole formation was also observed when the POPE content
increased from 10% to 20%, with the hole area coverage decreasing from 0.16 to 0.03. At
25% POPE, only holes with miniscule sizes were observed. Height profile measurements
indicated that hole depths were about 2 nm across all POPE contents.

3. Discussion

In this investigation, we explored the intricate interplay between HttN and lipid
bilayers of varying compositions. Our study utilized lipid-based AFM to scrutinize the
topographical alterations induced by HttN in different lipid environments, revealing
consistent trends across multiple lipid compositions. Notably, we observed that the
peptide induced bilayer perturbations by forming holes. Moreover, we uncovered the
pivotal role of lipid specificity in modulating these perturbations, along with the
intriguing emergence of elevated double-bilayer patches in the presence of anionic lipids
and high cholesterol concentrations.

3.1. Bilayer Hole Formation

One of the prominent findings in our study is the formation of holes within lipid
bilayers. This observation underscores an essential aspect of HttN’s interaction with lipid
membranes, emphasizing its ability to disrupt lipid bilayers by extracting lipids from
regions of perturbation. In line with our observation, previous studies have reported
HttN-induced dye leakage from lipid vesicles [40]. As HttN interacts with lipid bilayers,
it destabilizes local lipid packing or positioning, leading to the formation of voids within
the membrane. This behavior shares similarities with the action of detergents, known for
their lipid-extraction properties. HttN’s ability to create holes within the bilayer suggests
that it may act as a molecular detergent, disrupting membrane integrity through lipid
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extraction. The enhanced interactions with acidic lipids [25] can explain the increased hole
occurrence observed in the presence of POPG or cardiolipin. In contrast to the POPC
bilayer, the holes observed in POPC/cholesterol bilayers displayed a higher degree of
discreteness and featured well-defined perimeters (Figure 1 compared with Figure 5). This
difference is likely attributed to the effect of cholesterol on the physical properties of lipid
bilayers, such as bilayer thickness and chain order.

3.2. Implications of Force Spectroscopy

In POPC/POPG bilayers, our AFM-based force spectroscopy revealed that HttN
increased the bilayer puncture force and induced a shift in the puncture position. The
increase in bilayer puncture force implies that peptide binding enhances bilayer resistance
to mechanical perturbations. This could be caused by interactions between the peptide
and surrounding lipid molecules. Changes in the puncture position can be associated with
bilayer thickness. For instance, a decrease in the puncture position reflects a bilayer
thinning effect impacted by ethanol [62]. Given that HttN decreased the puncture position
from s = 3.5 nm to 3.2 nm, it could imply that the peptide slightly reduced the bilayer
thickness.

3.3. Effect of Cholesterol

Modulations in cholesterol homeostasis have been implicated in HD [63-65].
Additionally, biophysical investigations have elucidated the role of cholesterol in
modifying huntingtin’s membrane interactions [66]. Our AFM study has unveiled useful
insights into the role of cholesterol in membrane dynamics. A striking positive correlation
was found between cholesterol concentration and the extent of hole formation induced by
HttN. Specifically, the presence of cholesterol fosters the formation of bilayer holes,
accompanied by an augmentation in the size and area coverage of these openings as
cholesterol concentration increases. This dose-dependent relationship underscores the
intricate interplay between cholesterol and HttN within the membrane.

Cholesterol is known for its capacity to influence membrane properties by
modulating lipid packing and ordering [67-69]. In the context of our investigation, it is
conceivable that cholesterol enhances the disruption of lipid-lipid interactions initiated
by HttN. The rigid and planar structure of cholesterol may introduce localized defects
within the lipid bilayer, facilitating the insertion of HttN and subsequent lipid extraction.
This perturbation in lipid organization, instigated by cholesterol, could potentially
amplify the destabilizing effects of HttN, leading to a higher propensity for hole
formation.

Cholesterol holds a prominent role in neuronal membranes, where it actively
contributes to membrane fluidity and the organization of lipid rafts [70]. Consequently,
the observed influence of cholesterol on HttN-induced hole formation bears implications
for neuronal membrane integrity and functionality. Cholesterol-induced holes may
disrupt the compartmentalization of membrane proteins and lipids within lipid rafts,
potentially impacting crucial cellular processes. The altered membrane properties could
compromise the function of membrane-associated proteins, including huntingtin and
other interacting partners.

3.4. Effect of POPE

Our investigation into the influence of PE lipids (specifically, POPE) on hole
formation has revealed intriguing insights into the role of these lipids in modulating
membrane dynamics. A notable reduction in hole formation was observed with increasing
POPE content within the bilayer. Higher POPE concentrations correlated with fewer holes
and a diminished hole area coverage, shedding light on the regulatory potential of PE
lipids in mitigating the disruptive effects of HttN. A similar result demonstrating the
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inhibitory effect of PE lipids on HttN-membrane interactions has been reported through
molecular simulations [44].

PE lipids, which constitute a significant portion of total phospholipids in mammalian
cells, possess a distinctive conical shape, distinguishing them from other lipid species
present in cellular membranes. This unique geometry has been associated with stabilizing
membrane structures by promoting negative spontaneous curvature [71] and enhanced
lipid packing. The inverse relationship between PE concentration and hole formation
suggests that PE’s conical shape and capacity to enhance membrane stability may inhibit
HttN’s propensity to induce structural perturbations within the lipid bilayer.

The biological implications of PE-mediated regulation of hole formation are
multifaceted. Our findings suggest that PE lipids may serve as natural modulators,
tempering the destabilizing effects of the N-terminal region of huntingtin within neuronal
membranes. This regulatory role of PE lipids could play a crucial part in maintaining the
integrity of membrane-bound proteins and lipid domains. In the context of HD, where
membrane dysfunction is implicated, PE’s capacity to reduce hole formation may offer a
protective mechanism against the structural disruptions associated with the disease.

3.5. Double-Bilayer Patches

One of the prominent findings in our study is the appearance of double-bilayer
patches in bilayers containing anionic lipids (POPG and TOCL) or high contents of
cholesterol. These patches, characterized by a second bilayer elevated above the main
bilayer, point to the propensity of these lipid compositions to undergo bilayer fusion.
Interestingly, we also observed double-bilayer patches in our previous investigation
involving a peptidomimetic [72]. Further supporting our interpretation of the elevated
patch as a second bilayer are the similar two-puncture events observed in force
spectroscopy for a double-bilayer system formed by tethering two bilayers together [73].

Height measurements revealed that the elevated patches had a height of near 6 nm,
exceeding the thickness of the main bilayer (as seen in Figure 5E, which is 3.7 nm thick).
However, the elevated patch cannot be attributed to two bilayers because only one
additional puncture event was observed in our force spectroscopy measurements (Figure
3). One possible explanation for the 6 nm thickness of the elevated patch was the presence
of a water layer separating it from the main bilayer. Such a situation is not uncommon, as
water spacing typically exists between neighboring bilayers in multilamellar vesicles.
Indeed, previous studies employing X-ray diffraction have reported a repeating spacing
of about 6 nm in multilamellar vesicles [74,75]. These findings may elucidate the observed
6 nm thickness of the elevated patches in our study.

The formation of double-bilayer patches suggests that anionic lipids and cholesterol
can promote bilayer fusion, potentially by facilitating lipid mixing between adjacent
bilayers. Anionic lipids, such as POPG and TOCL, carry a net negative charge due to their
head groups, which can interact favorably with cationic regions of HttN. These
electrostatic interactions may bring the bilayers closer together, enhancing the tendency
of bilayer fusion. Additionally, cholesterol’s ability to modulate membrane fluidity and
ordering may play a role in promoting bilayer fusion. By inducing localized negative
curvature in the bilayer [76] and affecting lipid packing, cholesterol may facilitate the
merger of adjacent bilayers and the formation of double-bilayer patches.

It is noteworthy that a broad spectrum of amphipathic peptides has been shown to
exhibit fusogenic properties [77-81]. Due to the fusion tendency facilitated by HittN,
anionic lipids, and cholesterol, the extracted lipids can form complexes with the peptide,
which can fuse onto existing bilayer surfaces to form the observed double-bilayer patches.

3.6. Implications of Bilayer Fusion

The propensity for membrane fusion, exemplified by the formation of double-bilayer
patches mediated by HttN, anionic lipids, and cholesterol, holds significant biological
relevance, particularly within the contexts of synaptic vesicle trafficking and
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mitochondrial dynamics. In synaptic vesicle trafficking, the fusion of synaptic vesicles
with the presynaptic membrane involves membrane reorganization. Our findings
demonstrate that interactions between the N-terminal region of huntingtin and anionic
lipids and cholesterol can enhance bilayer fusion. The presence of double-bilayer patches
within neuronal membranes may impact the distribution and localization of synaptic
vesicle fusion sites, potentially influencing neurotransmitter release efficiency. Disrupted
synaptic vesicle trafficking is associated with HD [82,83], underscoring the relevance of
our findings in elucidating the mechanisms underlying synaptic dysfunction in this
disease.

Mitochondrial dysfunction is considered a contributing factor in HD pathogenesis
[84-86]. Membrane fusion, facilitated by interactions between anionic cardiolipin lipids
and the N-terminal region of huntingtin, may have profound implications for
mitochondrial dynamics. Mitochondrial fusion events involve the merging of
mitochondrial outer membranes, a process resembling bilayer fusion. The heightened
propensity for bilayer fusion in the presence of cardiolipin and HttN may influence the
dynamics of mitochondrial fusion events, potentially resulting in compromised energy
production and deficits in neuronal viability (prominent features of HD pathology) [87-
91].

3.7. Implications of Lipid Specificity

The lipid bilayer is an essential component of cellular membranes, playing a pivotal
role in maintaining cellular integrity and function. Our study highlights the influence of
lipid composition on the interactions between the N-terminal region of huntingtin and
lipid membranes. The specificity of lipid interactions observed in this study, such as the
formation of holes and double-bilayer patches, emphasizes the importance of considering
the lipid environment when investigating membrane-associated proteins.

HD is characterized by the accumulation of mutant huntingtin in various cellular
compartments, including the endoplasmic reticulum, Golgi apparatus, and mitochondria.
The selective vulnerability of specific neuronal populations in this disease may be linked
to the distinct lipid composition of their membranes, influencing the interaction of mutant
huntingtin with these membranes. Our results raise intriguing possibilities regarding the
role of lipid-specific interactions in the intracellular trafficking, aggregation, and toxicity
of mutant huntingtin.

4. Materials and Methods

Lipids including 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol ~ (POPG),  1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidylethanolamine (POPE), cholesterol (Chol), and cardiolipin 1’,3'-
bis[1,2-dioleoyl-sn-glycero-3-phospho]-sn-glycerol (TOCL) were purchased from Avanti
Polar Lipids (Alabaster, AL, USA). HttN was purchased in powder form from GenScript
Biotech (Piscataway, NJ, USA) with a reported purity of 94%. The peptide sequence is as
follows: MATLEKLMKAFESLKSFQQQ-NH:, where three glutamine residues are
included to facilitate a smooth transition from the N-terminal region to the polyglutamine
tract. The peptide is denoted as HttN. All percentages and ratios presented in this paper
are molar-based.

Lipid stocks were prepared by dissolving lipid powder in either chloroform or a
chloroform/methanol mixture. To prepare lipid samples with different compositions,
appropriate volumes of lipid stocks were mixed in glass test tubes. The organic solvents
were evaporated using a 12-position N-EVAP evaporator from Organomation Associates,
Inc. (Berlin, MA, USA). Further removal of organic solvents was achieved by subjecting
lipid films to vacuum pumping. Lipid dry films were hydrated using Milli-Q water
containing 5 mM calcium chloride. Small unilamellar vesicles (SUVs) were then generated
utilizing a Branson Ultrasonic Sonifier SFX 250 equipped with a flat tip. The obtained SUV
solution was briefly centrifuged before bilayer preparation.
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AFM experiments were conducted using a liquid-compatible Multimode 8 AFM
controlled by a Nanoscope V controller (Bruker, Santa Barbara, CA, USA), with the liquid
cell (MTFML-V2 from Bruker) employed for peptide-bilayer interactions. The
experimental procedure has been reported previously [92-94]. In brief, 200 pL of SUV
solution was injected into the liquid cell, leading to the formation of a mica-supported
planar bilayer. Excess SUVs were flushed out after bilayer formation. Silicon nitride
probes (Bruker DNP-S10 tip A, spring constant ~0.3 N/m) were used for both imaging and
force spectroscopy. Imaging was carried out in PeakForce quantitative nanomechanical
(QNM) mode, with a peak-force of ~400 pN. Subsequently, peptide solutions containing
various concentrations of HttN were slowly introduced into the liquid cell using a syringe
pump. Imaging was conducted after about 10 min of incubation of the peptide with the
lipid bilayer, with the peptide concentration maintained consistently in the liquid cell.
Multiple regions of the bilayer surface were scanned for both the control and peptide-
treated bilayers to obtain an averaged perspective. Each lipid composition experiment was
conducted on at least two separate occasions to ensure the consistency of our results.

For AFM-based force spectroscopy, the same bilayer preparation and peptide
introduction methods were followed. Initial imaging was conducted to locate regions for
force measurements. Force ramping was performed at multiple points using the point-
and-shoot function provided by the Nanoscope software. Custom Python scripts were
used to analyze and display the acquired AFM images and force spectroscopy data.

5. Conclusions

In this study, we conducted a comprehensive investigation into the topographical
alterations induced by the N-terminal region of huntingtin within lipid bilayers of varying
compositions. Our results reveal intriguing insights into the interplay between HttN and
lipid bilayers, shedding light on the mechanisms underlying bilayer perturbations.
Notably, we observed bilayer disruptions in all lipid compositions tested, characterized
by the emergence of transmembrane holes within the bilayers. The extent of these
disruptions was mediated by the lipid environment, with the presence of anionic lipids,
cholesterol, and PE lipids playing pivotal roles in modulating bilayer responses to HttN.
Additionally, the formation of double-bilayer patches was identified as a distinct
phenomenon in the presence of anionic lipids and high cholesterol contents, suggesting a
fusogenic property of these components. These findings emphasize the intricate
relationship between lipid composition and the interaction of HttN with lipid bilayers.
Such insights are crucial for our understanding of the molecular mechanisms underlying
HD pathogenesis. Our study underscores the importance of considering lipid
heterogeneity in biophysical investigations of membrane-associated proteins, as lipid
composition plays a critical role in shaping the bilayer responses to protein-induced
perturbations.
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