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Background: Huntington disease (HD) is caused by an expanded polyglutamine (poly(Q)) domain in huntingtin (htt),
leading to aggregation.
Results: Specific flanking sequences adjacent to the poly(Q) domain modulate htt aggregation on lipid bilayers.
Conclusion: Lipid-mediated htt aggregation may lead to membrane dysfunction in HD.
Significance: Flanking sequences may play a role in membrane dysfunction associated with Huntington disease.

Huntington disease (HD) is caused by an expanded polyglu-
tamine (poly(Q)) repeat near the N terminus of the huntingtin
(htt) protein. Expanded poly(Q) facilitates formation of htt
aggregates, eventually leading to deposition of cytoplasmic and
intranuclear inclusion bodies containing htt. Flanking
sequences directly adjacent to the poly(Q) domain, such as the
first 17 amino acids on the N terminus (Nt17) and the polypro-
line (poly(P)) domain on the C-terminal side of the poly(Q)
domain, heavily influence aggregation. Additionally, htt inter-
acts with a variety of membraneous structures within the cell,
andNt17 is implicated in lipid binding. To investigate the inter-
action between htt exon1 and lipid membranes, a combination
of in situ atomic forcemicroscopy, Langmuir trough techniques,
and vesicle permeability assays were used to directly monitor
the interaction of a variety of synthetic poly(Q) peptides with
different combinations of flanking sequences (KK-Q35-KK,
KK-Q35-P10-KK, Nt17-Q35-KK, and Nt17-Q35-P10-KK) on
model membranes and surfaces. Each peptide aggregated on
mica, predominately forming extended, fibrillar aggregates. In
contrast, poly(Q) peptides that lacked the Nt17 domain did not
appreciably aggregate on or insert into lipid membranes. Nt17
facilitated the interaction of peptides with lipid surfaces,
whereas the poly(P) region enhanced this interaction. The
aggregation of Nt17-Q35-P10-KK on the lipid bilayer closely
resembled that of a htt exon1 construct containing 35 repeat
glutamines. Collectively, this data suggests that the Nt17
domain plays a critical role in htt binding and aggregation on
lipid membranes, and this lipid/htt interaction can be further
modulated by the presence of the poly(P) domain.

An expanded polyglutamine (poly(Q))3 repeat near the N
terminus of the protein huntingtin (htt) causesHuntington dis-
ease (HD), a fatal neurodegenerative disorder (1). This poly(Q)
expansion leads directly to the formation of fibrils and other
aggregates that deposit inclusion bodies inHDbrain tissues (2).
In HD, the age of onset and severity of disease are correlated
with poly(Q) length. That is, poly(Q) domains shorter than�35
are not associated with disease; 35–39 repeats may cause dis-
ease; 40–60 repeats lead to adult onset; and greater than 60
repeats causes juvenile forms of HD (3). Although htt is over
3000 amino acids, htt undergoes proteolysis, resulting in a vari-
ety of truncation products (4, 5). In particular, the first exon of
htt may play an important role in HD. The expression of htt
exon1 with an expanded poly(Q) tract is sufficient to cause a
progressive neurological phenotype in transgenic mice (2, 6),
and N-terminal fragments similar to exon1 are detected in
knock-in mouse models of HD that express full-length htt (7).
Fragments slightly larger than exon1 have been detected in HD
patients (5).
Flanking sequences directly adjacent to the poly(Q) domain

within htt strongly influence aggregation (8, 9). The first 17
amino acids of htt exon1 (Nt17) has been shown to promote
oligomer formation in synthetic poly(Q) peptides (10, 11), and
targeting the Nt17 domain is an effective way of altering the
aggregates formed and the kinetics of formation (10, 12). Stud-
ies with synthetic peptides indicated that the addition of a
10-residue polyproline (poly(P)) sequence to the C terminus of
a poly(Q) peptide altered aggregation kinetics and conforma-
tional properties of the resulting poly(Q) tract (13). Flanking
poly(P) sequences can also inhibit the formation of the �-sheet
structure in poly(Q) peptides by inducing PPII-like helix struc-
ture (14).
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Approximately 50% of endogenous htt distributes with
membranes after subcellular fractionation of neuron-like
clonal striatal cells (15), and htt aggregates have been shown to
accumulate brain lipids in mouse models of HD (16, 17). Stud-
ies, based on structural analysis, demonstrated a potential role
of Nt17 in htt binding to lipids (18, 19). Nt17 functions as a
membrane targeting domain and in trafficking of htt to the
endoplasmic reticulum,mitochondria, Golgi, and vesicles (20–
22). Furthermore, N-terminal fragments of htt are associated
with membranes isolated from brain (4), and there is an appar-
ent correlation with poly(Q) length and insertion into lipid
membranes (23). This interaction between htt and lipid mem-
branes could result in altered membrane properties and
dysfunction.
Although the importance of htt aggregation in HD has been

appreciated for some time, the role of quasi-“solid/liquid” inter-
faces, such asmembranous surfaces, on the aggregation process
of htt is poorly understood. The two-dimensional liquid envi-
ronments associated with lipid membranes can profoundly
influence protein structure and dynamics via a variety of spe-
cific and nonspecific interactions. Importantly for HD, lipid
bilayers may modulate protein conformation and exert influ-
ence on htt aggregation. Here, we characterize the role of flank-
ing sequences associated with htt exon1 in the aggregation of
poly(Q) peptides in the presence of surfaces, including lipid
bilayers. The poly(Q) peptides sequences studied here were
chosen based on several considerations: 1) studies demonstrat-
ing the 35 repeat Gln in synthetic peptides is sufficient for
aggregation (11); 2) the poly(P) domain length (10 prolines) is
similar to that directly adjacent to poly(Q) in htt exon1; and 3)
the known lipid-binding properties of the first 17 amino acids of
htt (20) (Fig. 1).

EXPERIMENTAL PROCEDURES

Peptide Preparation—KK-Q35-KK, KK-Q35-P10-KK, Nt17-
Q35-KK, and Nt17-Q35-P10-KK were obtained via custom syn-
thesis (Keck Biotechnology Resource Laboratory, New Haven,
CT). Lysineswere added to theN- andC-terminal sides to aid in
solubility. Disaggregation and solubilization of poly(Q) pep-
tides was achieved based on published protocols (24). In short,
crude peptide was dissolved for 3 h in a 1:1 mixture of trifluo-
roacetic acid (Acros Organics) and hexafluoroisopropanol
(Acros Organics) to a concentration of 0.5 mg/ml. After rigor-
ous vortexing, the solvent was then evaporated off with a gentle
stream of N2 and placed in a Vacufuge concentrator (Eppen-
dorf, Hauppauge, NY), producing a thin peptide film. The
remaining peptide residue was resuspended in ultrapure water
adjusted to pH 3 with trifluoroacetic acid to 200 �M, snap fro-
zen, and stored at �80 °C. This stock solution was thawed and
immediately diluted with phosphate-buffered saline (PBS)
(Fisher Scientific) to a final concentration of 20 �M at a pH of
7.3 prior to any AFM experiment.
Purification of GST-htt-Exon1 Fusion Proteins—Glutathione

S-transferase (GST)-htt exon1 35Q fusion protein was purified
as described elsewhere (25). Expression of GST-htt fusion pro-
teins was induced in Escherichia coli by isopropyl �-D-thiogal-
actoside (4 h at 30 °C). The cells were lysed with the addition of
0.5 mg/ml of lysozyme. The fusion proteins were purified from

lysate by liquid chromatography (Bio-Rad) with a GST affinity
column. Gel electrophoresis was utilized to verify the pertinent
fractions and determine purity. Freshly purifiedGST-htt exon1
35Q fusion proteins were used for each experiment. Prior to
any experiment, solutions of the GST-htt exon1 35Q fusion
protein were centrifuged at 20,000� g for 30 min at 4 °C to
remove pre-existing aggregates. Cleavage of the GSTmoiety by
Factor Xa (Promega, Madison, WI) initiated aggregation. Fac-
torXa and theGST-htt exon1 fusion proteinwere incubated for
1 h on ice to ensure efficient GST cleavage. All experiments
were carried out in buffer A (50 mM Tris-HCl, pH 7.0, 150 mM

NaCl, 1 mM DTT).
AFM and SPAM Imaging Conditions—In situ AFM experi-

ments were performed with a Nanoscope V MultiMode scan-
ning probe microscope (Veeco, Santa Barbara, CA) equipped
with a closed-loop “vertical engage” J-scanner and a sealable
tapping fluid cell. Images were acquired with V-shaped oxide-
sharpened silicon nitride cantilevers (Veeco, Santa Barbara,
CA) with nominal spring constants of �0.5 N/m. Scan rates
were set at 1–2 Hz with cantilever drive frequencies ranging
from �8 to 10 kHz. The free amplitude of the cantilever was
�25 nm, and the tapping amplitude was set at 75% of free
amplitude.
For SPAM experiments, 5 � 1.25-�m images were captured

with 512 � 128 pixel resolution. Using a signal access module
(Veeco, Santa Barbara, CA) and CompuScope 14100 data
acquisition card (Gage, Lachine, Quebec) cantilever deflection
trajectories were captured at 2.5 MS/s and 14-bit resolution
with a vertical range of 4 V. These deflection trajectories were
used to reconstruct the time-resolved tip/sample force as
described (26). The Matlab image processing toolbox (Math-
works, Natick, MA) was used to analyze AFM images. Physical
dimensions of aggregates were measured automatically as
described elsewhere in literature (27, 28). Themolecularweight
of oligomers was estimated from AFM volume measurements.
Images were imported into Matlab such that a flattening algo-
rithm could be applied to correct for curvature due to the imag-
ing process. A height threshold was then applied to the flat-
tened images to generate binary maps of aggregate location.
This was accomplished by assigning values of 0 or 1 to any pixel
of the image that represented a height below or above the allo-
cated threshold, respectively. By applying pattern recognition
algorithms to the binary map, discrete aggregates were located.
Once a discrete aggregate was located, physical properties such
as height and position within the image were measured
automatically.
Determining the Number of Peptides per Oligomer from AFM

Images—Volumemeasurements were partially corrected using
geometric models for error associated with the finite size of the
AFM tip (28). The volume of an individual poly(Q) peptide was
estimated based on the molecular weight of each peptide and
the average density of globular proteins (29, 30). By dividing the
measured, corrected volume of individual aggregates by the
estimated volume of a single monomer, the number of mole-
cules per each oligomer was calculated. This calculation
assumes that individual monomers are efficiently packed into
aggregates and that protein density is the same in the aggre-
gated and unaggregated state.
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Preparation of Supported Total Brain Lipid Extract (TBLE)
Bilayers for AFM Experiments—Lyophilized TBLE (Avanti
Polar Lipids, Alabaster, AL) was resuspended in phosphate-
buffered saline to a concentration of 1 mg/ml. Using liquid
nitrogen, bilayers and multilayer lipid sheets were formed by
five cycles of freeze-thaw treatment. Prior to experimentation,
these lipid suspensions were bath sonicated for 15 min to pro-
mote the formation of vesicles used to create bilayers for AFM
experiments. All AFM experiments were performed with the
same lot of lipids.
Langmuir Trough Set-up—Surface activity and monolayer

insertion experiments were performed using a computer con-
trolled Teflon Langmuir trough with Delrin-coated symmetric
moving barriers (large inverted microscopy model, NIMA
Technologies, Coventry, England). A stationary Wilhelmy bal-
ance (NIMA Technologies, Coventry, England) was used to
measure surface pressure. All surface activity and monolayer
insertion measurements were collected at 30 � 0.5 °C and
trough temperature wasmaintained by a circulating water bath
(Isotemp 3016D water circulator, Thermo Fisher Scientific).
Measuring Peptide Surface Activity—To prepare peptide

samples, pH 3 trifluoroacetic acid (Sigma) was added to solvate
a lyophilized peptide film and subsequently vortexed. The stock
solution was diluted with PBS (Invitrogen) to a final concentra-
tion of 100–300 �M at pH 7.3 and used immediately. To deter-
mine peptide affinity for the air/water interface, surface activity
wasmeasured. Trough barrierswere compressed to forma 195-
cm2 surface area and peptide was injected under the barriers
using an L-shaped syringe (Hamilton, Reno, Nevada) to a final
peptide concentration of 900 nM.Aftermixing, surface pressure
was monitored; within 20 min, material equilibrated at the
interface and longer wait times, up to 90 min, had no effect on
the surface activity.
Measuring Peptide Insertion into Lipid Monolayers—Inser-

tion experiments were carried out to determine the magnitude
of the poly(Q) peptide insertion into a lipid monolayer. 1,2-
Ditetradecanoyl-sn-glycero-3-phosphocholine (DMPC) and
TBLE (Avanti Polar Lipids) were obtained in powder form and
used without further purification. Spreading solutions of 0.4
mg/ml were created in chloroform (Sigma) and stored in glass
vials at �20 °C. The lipid monolayer was formed by dropwise
addition of spreading solution on the PBS surface, and the
organic solvent was allowed to evaporate for 15 min. The lipid
monolayerwas compressed to a surface pressure of 30mN/m to
mimic the lipid packing density of a normal bilayer (31). When
this surface pressure was attained, the barriers were switched
from compression to feedback mode that maintained constant
pressure by adjustingmonolayer surface area. Freshly prepared
peptide was then injected beneath themonolayer to a final con-
centration of 750 (DMPCmonolayers) or 900 nM (TBLEmono-
layers). After 10min, if no increase in average area permolecule
to signify insertion was observed, the surface pressure was low-
ered by a 2mN/m step and then the process repeated. If peptide
insertion did occur, the pressurewas held for additional 10-min
time increments until insertion ceased. This was continued
until the barriers expanded to the fully open position or the
surface pressure could no longer be lowered. Percent insertion
of each poly(Q) peptide was determined by summing the area

increase percent ((Afinal � Ainitial)/(Ainitial)) � 100) for each
surface pressure.
Vesicle Preparation for Leakage Assay—Large unilamellar

egg phosphatidylcholine (Avanti Polar Lipids) vesicles were
prepared using a mini extruder (Avanti Polar Lipids). Briefly, a
thin lipid film of egg phosphatidylcholine, dried under nitrogen
from a chloroform stock, was hydrated in 70 mM calcein
(Sigma) and vortexed for 10min. This solutionwas treatedwith
7 freeze-thaw cycles using ethanol/dry ice and warm water
baths and then extruded 11 times through a 100-nm pore poly-
carbonate filter. Vesicles were separated from excess dye with a
Sephadex G-50 (Sigma) size exclusion column. Dynamic light
scattering measurements with a Zetasizer ZS90 (Malvern,
Worcestershire, UK) were used to measure vesicle diameter of
�120 nmand ensure sample homogeneity. Lipid concentration
was determined by a phosphorus assay adapted fromAnderson
and Rouser (32, 33). An aliquot of vesicle solution (500 �l) and
8.9 NH2SO4 (225�l) were combined and heated at 155 °C for 20
min. After cooling, 75 �l of 6% H2O2 was added and heated for
1 h at 155 °C. After cooling, 2 ml of deionized water, 225 �l of
5% molybdic acid (Sigma), and 225 �l of 10% ascorbic acid
(Sigma)were added. The resulting solutionwas placed in a boil-
ing water bath for 10 min and absorbance measured at 820 nm
with a Jasco V-550 UV/visible spectrophotometer (Jasco, Eas-
ton, MD). Absorbance values were compared with a KH2PO4
reference plot to determine the phosphorous amount and cal-
culate lipid concentration.
Vesicle Leakage Assays—The release of calcein after 5 min of

peptide exposure to LUVs (34, 35) with peptide:lipid ratios
ranging from 1:64 to 1:1 was observed with a RF-1501 spectro-
fluorometer (Shimadzu, Columbia, MD) at 515 nm (excitation
495nm);maximum fluorescencewas observedwithin the first 5
min. Vesicles were then fully lysed by addition of 1% Triton
X-100 (Sigma) until no further increase in fluorescence was
observed. Vesicle leakage caused by peptide was calculated by,

% Relative fluorescence � �IF � II

IT � II
� � 100 (Eq. 1)

where IF is the measured fluorescence intensity, II is the initial
fluorescence of vesicles, and IT is the total fluorescence inten-
sity after LUV lysis. Vesicle leakage experiments were repeated
48 h later with the same prepared peptide samples to determine
the effect of incubation with non-monomeric peptides.

RESULTS

Flanking Sequences Do Not Alter Aggregate Morphology on a
Mica Surface—To determine how flanking sequences associ-
ated with htt exon1 modulate poly(Q) aggregation at solid/liq-
uid interfaces, the aggregation of four synthetic poly(Q)
peptides, KK-Q35-KK, KK-Q35-P10-KK, Nt17-Q35-KK, and
Nt17-Q35-P10-KK (Fig. 1A), were monitored onmica via in situ
AFM, which allows for the tracking of discrete aggregates as a
function of time. For these studies, freshly cleaved mica was
systematically exposed to newly prepared monomeric 20 �M

solutions of each peptide, and the aggregation was observed by
successive AFM images of the same area. To verify that the
aggregation on the mica surface was not influenced by the con-

Flanking Sequences Regulate htt Aggregation on Lipid Membranes

MAY 24, 2013 • VOLUME 288 • NUMBER 21 JOURNAL OF BIOLOGICAL CHEMISTRY 14995



tinual scanning associated with AFM, the imaging frame was
offset after each experiment to a new area of the surface that
was not previously scanned. By comparison of the aggregate
morphology and aggregate coverage observed on these areas, it
was determined that the continual scanning was not affecting
the aggregation process on the surface for any of the peptides.
On themica surface, all four poly(Q) peptides predominantly

formed extended, fibrillar aggregates thatwere highly branched
and interconnected. These fibrillar aggregates grew to cover
large areas of the mica surface, forming extensive meshes of
fibril aggregates (Fig. 2). The fibrillar aggregates were morpho-
logically indistinguishable between the four different peptides
with fibril heights ranging from �4.5 to 7 nm (Fig. 3A). This

observation suggests that the 35 glutamines common to each
peptide formed a similar sized core of the fibril structure.
Although these large meshes of fibrils were the predominant
aggregate formed on the mica surface, a very small population
(less than 2% of the total aggregated peptide) of discrete oligo-
mers was also observed for all four peptides. This result is con-
sistent with a previous report on poly(Q) peptide aggregation
(no flanking sequences) of various length on mica forming a
small population of oligomeric species (36). Although a small
percentage of these oligomers were stable for extended periods
of time (upwards of 30–50 min), most of the oligomers either
directly nucleated fibril growth or were quickly assimilated into
the larger fibril networks. The appearance of similar aggregate
morphologies for all four peptides was surprising based on pre-
vious reports that indicated that poly(Q) peptides in bulk solu-
tion form fibrils directly frommonomer, whereas, the addition
of Nt17 to poly(Q) peptides resulted in an aggregation mecha-
nism that favored the formation of an oligomeric intermediate
between monomers and fibrils (10, 11). This indicates that the
presence of themica surfacemay promote the direct formation
of fibrils from monomer despite any influence on aggregation
associated with flanking sequences.

FIGURE 1. a, schematic representations of the poly(Q) peptides used in this
study. The lipid binding domain is abbreviated as Nt17 in the article and (b)
forms an amphipathic �-helix.

FIGURE 2. Freshly prepared 20 �M solutions of KK-Q35-KK, KK-Q35-P10-KK, Nt17-Q35-KK, or Nt17-Q35-P10-KK were exposed to an anionic mica surface
and imaged continuously in solution using atomic force microscopy. Time-lapse images of the same 2.5 � 2.5-�m region of mica are presented to
demonstrate the aggregation of all four peptides. Although extensive meshes of fibrils are the predominant aggregate form, some oligomers were observed
for all four peptides (blue arrows).
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To analyze the rate of aggregation on the mica surface, the
percent of the mica surface covered by peptide aggregates was
determined as a function of time (Fig. 3B). Contrary to previous
studies in free solution (11) (without the presence of a surface),
Nt17-Q35-KK aggregated at a slower rate than KK-Q35-KK as
measured by the percentage of surface covered by peptide
aggregates. The addition of just the poly(P) region (KK-Q35-
P10-KK) appeared to retard aggregation on the surface as well;
however, the addition of the Nt17 and poly(P) flanking
sequences (Nt17-Q35-P10-KK) resulted in a similar aggregation
rate as KK-Q35-KK.
The Interaction of Poly(Q) Peptides with Lipid Membranes Is

Dependent on Flanking Sequences—To investigate the role of
flanking sequences on the aggregation of poly(Q) peptides on
lipid surfaces, supported lipid bilayers onmica were exposed to
the various poly(Q) peptides and images using in situAFM as a
function of time. The supported bilayers were produced via the
fusion of TBLE vesicles. The resulting supported lipid bilayers
preserve many properties associated with free membranes,
such as lateral fluidity (37). TBLE contains a physiologically
relevant ratio of membrane components and amixture of zwit-
terionic and negatively charged lipids, more specifically 9.6%
phosphatidylcholine, 16.7% phosphatidylethanolamine, 1.6%
phosphatidylinositol, 10.6% phosphatidylserine, 2.8% phospha-
tidic acid, and 58.7% unknown. Only defect-free TBLE bilayers,
as assessed by AFM imaging, were exposed to the poly(Q) pep-
tides, and observations were limited to regions of the surface
that were verified to be defect-free. The fluid cell was washed
with PBS three times to reduce the amount of lipid components
not bound to the mica substrate. Once formed, control experi-
ments verified that the supported TBLE bilayers were stable on
the mica surface for at least 14–15 h, i.e. there were no visible
morphological changes as assessed by AFM imaging in the
absence of any peptide.
Similar to experiments performed on mica, the supported

bilayers were exposed to freshly prepared aliquots of each
poly(Q) peptide at a final concentration of 20 �M. Although
fibrillar aggregates of KK-Q35-KK and KK-Q35-P10-KK were

observed on mica within 10 min, these two peptides did not
appreciably aggregate on the lipid surface during the 90-min
time frame of the experiment, and nomorphological changes of
the bilayer were observed (Fig. 4). This indicates that poly(Q)
alone does not interact directly with lipid membranes and that
the addition of a poly(P) region was not sufficient to facilitate
the interaction between poly(Q) peptides with a lipid bilayer.
When the TBLE bilayer was exposed to Nt17-Q35-KK, small,

discrete oligomers were observed on the lipid bilayer within
15–30 min after the injection of peptide (Fig. 4). In contrast to
the small population of oligomers observed on mica, these
oligomers of Nt17-Q35-KK were numerous, stable, and did not
transition to a fibrillar morphology. Whether these oligomers
of Nt17-Q35-KK formed directly on the bilayer or in solution
before binding to the bilayer cannot be determined directly
from the experiment; however, it is clear that the preferred
aggregate form of Nt17-Q35-KK on the lipid bilayer was oligo-
meric. The appearance of these oligomers of Nt17-Q35-KK on
the lipid bilayer demonstrates that the Nt17 domain facilitates
the interaction between htt and lipid membranes.
Upon exposure to the TBLE bilayer, Nt17-Q35-P10-KK

formed a smaller number of discrete oligomers compared with
Nt17-Q35-KK; however, the dominant aggregate form associ-
ated with Nt17-Q35-P10-KK was large amorphous accumula-
tions of peptide that appeared to have some fibrillar character
around their periphery (Fig. 4). It is also likely that some lipid
components are directly incorporated into these large aggre-
gates. In some experiments, these areas appeared as slightly
rougher areas of the lipid surface; in others, these were much
larger accumulations of protein and lipid (Fig. 5). These larger
aggregates, whereas immobile on the surface, grew in size (both
height and diameter) in successive AFM images (Fig. 4). Again,
the Nt17 domain was necessary to facilitate the interaction
between poly(Q) peptides and the lipid bilayer; however, in this
case, the presence of the poly(P) flanking sequence on the
C-terminal side of the poly(Q) domain modulated the interac-
tion with the bilayer, resulting in aggregation beyond the for-
mation of oligomers. For both Nt17-Q35-KK and Nt17-Q35-

FIGURE 3. a, zoomed in AFM images of fibril meshes are presented for KK-Q35-KK, KK-Q35-P10-KK, Nt17-Q35-KK, or Nt17-Q35-P10-KK that had aggregated in the
presence of mica. The white line in each image corresponds to the height profile directly below the image. b, the area of the surface covered as a function of time
demonstrates the relative aggregation rate of KK-Q35-KK, KK-Q35-P10-KK, Nt17-Q35-KK, and Nt17-Q35-P10-KK on a mica surface. Error bars represent the S.D. over
3 separate experiments for each peptide.
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P10-KK, the morphology of the aggregates on the surface were
distinct from those formed on mica, indicating that the pres-
ence of the lipid bilayer directly influenced aggregation.
To determine the relative rate of aggregation of the various

poly(Q) peptides in the presence of the TBLE bilayer, the num-
ber of discrete aggregates per square micron and the total vol-
ume of aggregates occupying the surface was determined as a
function of time (Fig. 6, a and b). Although KK-Q35-KK and
KK-Q35-P10-KK resulted in few aggregates, if any, on the
bilayer, Nt17-Q35-KK and Nt17-Q35-P10-KK formed aggre-
gates that increased in number with time. Nt17-Q35-KK
formed discrete aggregates on the bilayer at a significantly

FIGURE 4. Freshly prepared TBLE bilayers were exposed to 20 �M solutions of KK-Q35-KK, KK-Q35-P10-KK, Nt17-Q35-KK, or Nt17-Q35-P10-KK and
imaged continuously in solution using atomic force microscopy. Time-lapse images of the same 2.0 � 2.0-�m region of the bilayer are presented as
three-dimensional surfaces with two-dimensional insets zooming into 500 � 500-nm regions of the surface to provide morphological detail of specific
aggregates. In the two-dimensional representations, blue arrows represent discrete oligomers, and green arrows represent fibrillar aggregates.

FIGURE 5. AFM images of separate TBLE bilayers exposed to Nt17-Q35-
P10-KK demonstrate the morphological variability of the large regions of
aggregation.
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faster rate compared with Nt17-Q35-P10-KK. However, Nt17-
Q35-P10-KK was capable of forming larger aggregate structures
on the bilayer, resulting in a larger total volume of protein
deposited on the surface after 60min. The average height of the
oligomers formed by Nt17-Q35-KK remained constant as a
function of time (�0.6 � 0.2 nm) with a tight distribution (Fig.
6c). The measured volume of oligomers of Nt17-Q35-KK was
corrected for the contribution due to the finite size of the AFM
tip and used to estimate the molecular weight of the aggregates
(28). Oligomers of Nt17-Q35-KK were �78 kDa in size and
contained �10 peptides (Fig. 6d). The height and volume dis-
tribution of Nt17-Q35-KK oligomers as a function of time dem-
onstrates that the oligomers were highly stable on the bilayer
surface. In contrast, the oligomers (excluding the large amor-
phous aggregates) formed from Nt17-Q35-P10-KK exposed to
bilayer weremore diverse, as their height ranged from 0.8 to 1.5
nmwith a gradual increase in size as a function of time (Fig. 6, c
and d). Oligomers of Nt17-Q35-P10-KKwere comprised of�10
peptides at early time points but increased to �12–13 peptides
(�97 kDa) after 90 min. The regions of the bilayer displaying
perturbed morphology and amorphous aggregates were more

variable in size (Fig. 6e) as the distance across these regions
ranged from 25 to 225 nm and occupied a region of the surface
ranging from �0.05 to 0.1 �m2. Perturbed regions that did not
contain large amorphous aggregates had a tallest feature on the
range of �1.2–4 nm, and the amorphous features were typi-
cally larger than 5 nm (Fig. 6e).
Nt17 Facilitates the Interactions of Poly(Q) Peptides with

Lipid Monolayers—When injected into the aqueous subphase
of a Langmuir trough, peptide molecules partition between the
bulk and the air/water interface until a certain surface pressure,
the equilibrium spreading pressure, is attained. Surface pres-
sure is defined as surface tension of the aqueous interfaceminus
surface tension of the monolayer (� � �0 � �). Therefore, a
higher surface pressure measurement means the peptide is
more surface active and this may correlate to increased inser-
tion into or association with the amphipathic cell membrane.
The addition of monomeric htt peptides containing the Nt17
region to the subphase at a final concentration of 900 nM gives
rise to an equilibrium spreading pressure of 19.2 mN/m for
Nt17-Q35-KK and 17.3 mN/m for Nt17-Q35-P10-KK (Table 1).
The peptides without Nt17, KK-Q35-KK and KK-Q35-P10-KK,

FIGURE 6. a, the number of discrete aggregates and b, the total volume of aggregates appearing on the TBLE bilayer surface as a function of time demonstrates
the relative aggregation rate of KK-Q35-KK, KK-Q35-P10-KK, Nt17-Q35-KK, and Nt17-Q35-P10-KK on the TBLE bilayer. Error bars represent the S.D. over 3 separate
experiments for each peptide. c, histogram heights of oligomers formed by Nt17-Q35-KK or Nt17-Q35-P10-KK as a function of time demonstrate the relative
stability of these aggregates. d, based on corrected volume measurements and the molecular mass of each peptide, the number of molecules per aggregate
and the molecular weight for oligomers formed by Nt17-Q35-KK or Nt17-Q35-P10-KK were estimated as a function of time. e, histograms of diameter, area
occupied, and height of the large amorphous aggregates formed by Nt17-Q35-P10-KK.
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induced a negligible change in surface pressure (Table 1) indi-
cating theNt17 lipid binding domain (Fig. 1) is necessary for the
poly(Q) peptide to be surface active. To directly assess the role
of flanking sequences on poly(Q) peptide insertion into lipid
surfaces, we performed experiments to measure the amount of
peptide monomer insertion into a lipid monolayer, a model for
the outer leaflet of the cell membrane. Relatively low peptide
concentrations (750–900 nM) were used so as to determine the
role of the flanking regions of individual peptides, as opposed to
larger oligomeric/fibril structures, in the interaction of the pep-
tide with a cell membrane. A lipid monolayer at the air/water
interface was compressed to a physiologically relevant surface
pressure of 30mN/m (31, 38) and held at this pressure, whereas
freshly prepared peptide was injected into the subphase
beneath the monolayer. No immediate change in area per mol-
ecule for any of the peptides was observed at this pressure for a
period of 10 min. The pressure was then stepped down by 2
mN/m incrementswith 10-min equilibration times until amea-
sureable increase in area, indicating peptide insertion,
occurred. For a zwitterionic DMPC monolayer, chosen as the
simplest uncharged membrane model, 750 nM poly(Q) peptide
containing both flanking sequences, Nt17-Q35-P10-KK,
inserted themost at 14%, whereas removal of the poly(P) region
resulted in �6% insertion (Table 1). Both poly(Q) peptides
without the Nt17 terminus displayed negligible insertion and
inserted at lower surface pressures (Table 1).
To gain insight about how the poly(Q) peptides associate

with the more physiologically relevant lipid mixtures used for
the AFMmorphological studies, insertion into TBLEmonolay-
ers was also measured. In similar fashion, the poly(Q) peptide
with both the Nt17 and poly(P) flanking regions caused the
greatest increase in area due to insertion (38%), whereas those
lacking the N-terminal region had the least insertion (10% for
both KK-Q35-P10-KK and KK-Q35-KK) (Table 1). For both
monolayer types, Nt17-Q35-KK began inserting at a higher sur-
face pressure than Nt17-Q35-P10-KK even though the total
magnitude of insertion was significantly lower; this is likely due
to the slightly lower surface activity caused by the poly(P)
region (Table 1). It should be noted that in all cases, poly(Q)
peptides insert into the lipid monolayer at a surface pressure
higher than the equilibrium spreading pressure indicating a
driving force for the peptide to interact with themembrane and
notmerely to reside at the air/water interface. The results of the
insertion experiments show the poly(Q) peptides with theNt17
flanking sequence insert considerably more into amodel mem-
brane than the corresponding peptideswithout theN terminus.
The poly(P) region mediates this insertion, but only in the case

of the poly(Q) peptide with the Nt17 flanking region does the
addition of the 10 proline repeat lead to increased insertion into
the lipid monolayer; KK-Q35-P10-KK and KK-Q35-KK behave
similarly.
Nt17 and Poly(P) Flanking Region of Poly(Q) Peptides Neces-

sary to Permeabilize Membranes—The measured insertion of
the poly(Q) peptides into lipid monolayers suggested the capa-
bility of these amphipathic peptides to permeabilize mem-
branes. Permeability was followed by calcein dye release from
LUVs where disruption of the membrane results in calcein
release, dilution, and fluorescence increase from the
unquenched dye. To determine the effects of poly(Q) peptides
on vesicle membrane permeability, monomeric peptides were
mixed with egg phosphatidylcholine vesicles in various lipid:
peptide ratios ([peptide] � 7.34–470 nM) and fluorescence
measured. To parallel the Langmuir trough measurements,
nanomolar peptide concentrations were used; this ensured
monomeric peptides with different flanking regions would
interact with themodel cell membrane. As shown in Fig. 7, only
Nt17-Q35-P10-KK was able to induce a significant calcein
release from LUVs compared with control volumes of trifluo-
roacetic acid/PBS buffer. The importance of these flanking
sequences is echoed in work where the C-terminal proline-rich
region of genetically engineered mouse brain htt exon1 frag-
mentswas required for disruption of brain lipid vesicles (16). At
certain peptide:lipid ratios, Nt17-Q35-KK caused slightly
greater vesicle permeability compared with the poly(Q) pep-

FIGURE 7. Calcein leakage, measured as relative fluorescence, from LUVs
exposed to KK-Q35-KK, KK-Q35-P10-KK, Nt17-Q35-KK, Nt17-Q35-P10-KK, or
buffer (acting as a control) plotted as a function of the peptide:lipid
ratio. Error bars represent the S.D. over 3 separate experiments for each
peptide.

TABLE 1
Surface activity and lipid monolayer insertion of polyQ peptides with different flanking sequences

Peptide construct
Surface activity, surface pressure

(mN/m) 900 nM peptide

Insertion

DMPC TLBE

Insertiona Insertionb Insertiona Insertion

Nt17-Q35-KK 19.2 � 0.9c 26 mN/m 5.8 � 0.5% 24 mN/m 26 � 3%
Nt17-Q35-P10-KK 17.3 � 0.7 22 mN/m 14 � 2% 22 mN/m 38 � 5%
KK-Q35-KK 0.2 � 0.1 14 mN/m 2.0 � 0.5% 18 mN/m 10 � 2%
KK-Q35-P10-KK 0.1 � 0.1 14 mN/m 1.1 � 0.5% 18 mN/m 10 � 3%

a Surface pressure at which insertion into lipid monolayer is first detected.
b % insertion determined be summing percentage area increase for each surface pressure step.
c Reported error is S.D. from three independent measurements.
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tides without the Nt17 region, suggesting insertion of the pep-
tide without membrane disruption. After mixing of the vesicles
and Nt17-Q35-P10-KK peptide, the fluorescence emission
increased sharply for 3min and plateauedwithin 5min indicat-
ing the membrane disruption was complete; the effect of the
three other peptides was seen within 1 min of mixing and can
primarily be attributed to solvent effects (kinetics data not
shown). Similar vesicle leakage assays were repeated 48 h after
the peptide solutions were initially prepared to compare the
effect of monomers and more complex monomer/oligomeric/
fibrillar mixtures. After a 48-h waiting period, the Nt17-Q35-
P10-KK peptide solution wasmarkedly less efficient at inducing
calcein release; as an example, for a 0.125 peptide:lipid ratio, the
% release went from �85 to �20%. For the Nt17-Q35-KK,
KK-Q35-KK, and KK-Q35-P10-KK peptides, the leakage
remained comparable with buffer exposure. These results, in
conjunctionwith themonolayer insertion experiments, suggest
that the Nt17 region is necessary for insertion of the mono-
meric poly(Q) peptides into the lipidmembrane and addition of
the C-terminal poly(P) segment induces a structural change,
which promotes an increase in membrane disruption.
Nt17-Q35-P10-KK Interacts with Lipid Membranes Similarly

to htt exon1(35Q)—Todeterminewhether the poly(Q) peptides
interacted with bilayers in a similar fashion compared with
purified htt exon1, supported TBLE bilayers were exposed to a
htt exon1 fragmentwithGln35 (the same length as the synthetic
peptides). Although Nt17-Q35-KK and Nt17-Q35-P10-KK both
formed aggregates on the lipid membrane, the aggregation of
htt exon1(35Q) on the bilayer more closely resembled that
ofNt17-Q35-P10-KK (Fig. 8). Although somediscrete oligomers
of htt exon1(35Q) were observed, the dominant morphological
feature associated with the interaction of htt exon1(35Q) was
amorphous regions of increased roughness, reminiscent of
those observed for Nt17-Q35-P10-KK. These increased areas of

roughness may represent an accumulation of htt exon1 pro-
teins with lipid components, resulting in the observed patches
of increased roughness. There were some differences between
the morphologies of these larger aggregate types formed by
Nt17-Q35-P10-KK and htt exon1(35Q). First, these roughened
regions were typically shorter for the htt exon1 interactionwith
lipids compared with Nt17-Q35-P10-KK. Second, there was no
obvious fibrillar structure around the periphery of these regions
for htt exon1(35Q).
Next, the mechanical impact of aggregates on the lipid

surface were analyzed using scanning probe acceleration
microscopy (SPAM) to spatially resolve the rigidity of lipid
bilayers exposed to Nt17-Q35-KK, Nt17-Q35-P10-KK, or htt
exon1(35Q). SPAM is suitable for this purpose because it is
capable of reconstructing the time-resolved forces between the
probe tip and sample associated with every tapping event dur-
ing tapping mode AFM imaging in solution. Although the total
force per oscillation cycle remains constant at any given set of
operation parameters, features of the time-resolved tip/sample
force changes in response to specific mechanical properties of
the surfaces. Specifically, the maximum tapping force (Fmax),
defined as the peak or largest positive force experienced
between the tip and surface, increases with an increase in sur-
face rigidity (measured as the Young’s modulus) with a power
lawdependence (39). As a result, spatially resolvedmaps ofFmax
can be used to correlate the information the relative rigidity to
specific topographical features of surfaces. Spatially resolved
Fmax images that correspond to the topographical images of
lipid bilayers exposed to Nt17-Q35-KK, Nt17-Q35-P10-KK, or
htt exon1(35Q) deposited on lipid bilayers were obtained. In
the Fmax images of bilayers exposed to these peptides, there is a
distinct contrast between the unperturbed regions of bilayer
and regions containing either oligomers or disrupted regions of
the bilayer. The stable oligomers of Nt17-Q35-KK were associ-

FIGURE 8. Exposing TBLE bilayers to (a) Nt17-Q35-KK, (b) Nt17-Q35-P10-KK, or (c) htt exon1(35Q) resulted in similar aggregate morphologies and local
regions of reduced Young’s modulus. The features in the topography image (top) correspond to regions associated with reduced values of maximum
tapping force in the Fmax images (middle) and histograms (bottom) recovered from SPAM analysis. Values of Fmax are directly related to the relative rigidity
(Young’s modulus) of the surface.
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ated with a slight decrease in the rigidity of the bilayer (lower
Fmax, Fig. 8a). In both cases, the domains where Nt17-Q35-
P10-KK or htt exon1(35Q) associated with the lipid were asso-
ciated with shifts to smaller magnitudes of Fmax, indicating that
these domains were less rigid compared with unperturbed lipid
bilayers (Fig. 8, b and c). This result demonstrates that not only
does Nt17-Q35-P10-KK form similar aggregates on lipid bilay-
ers compared with htt exon1(35Q), but also alters the local
rigidity of the lipid bilayer in a similar fashion. The relative shift
of the Fmax values associated with oligomers of Nt17-Q35-KK
compared with unperturbed bilayer was smaller than the shift
in Fmax associated with perturbed bilayer regions associated
withNt17-Q35-P10-KKor htt exon1(35Q), indicating thatwith-
out the poly(P) domain the mechanical changes in the bilayer
are less pronounced.

DISCUSSION

In this study, we investigated the role of flanking sequences
on the aggregation of poly(Q) peptides on surfaces with an
emphasis on lipid membranes. We report several findings.
First, we demonstrate that, unlike aggregation in free solution
(10, 11, 40), flanking sequences do not alter the aggregation
pathway of poly(Q) on an anionic mica surfaces. Second, we
provide direct evidence that theNt17 domain is essential for the
insertion of poly(Q) peptides into and interaction of poly(Q)
aggregates with lipid membranes. Third, we show that lipid
membranes can stabilize specific aggregate structures of
poly(Q) peptides containing just the Nt17 domain. Fourth, we
show that the addition of aC-terminal poly(P) domain, whereas
not being sufficient alone to induce interaction of poly(Q) pep-
tides with lipid surface, modulates the aggregation of poly(Q)
peptides containing the Nt17 domain and increases the extent
to which the peptides can permeabilize vesicles. Fifth, we dem-
onstrate that theNt17-Q35-P10-KKpeptide aggregates in a sim-
ilar fashion on brain lipid extract bilayers when compared with
a htt exon1 construct containing Gln35. Finally, we provide evi-
dence that the aggregation of Nt17-Q35-P10-KK and htt
exon1(35Q) on lipid membranes is associated with a similar
local reduction in the Young’s modulus of the membrane.
These results further support the hypothesis that flanking
amino acids sequences modulate the conformation and aggre-
gation of poly(Q) tracts and likely their biological activities.
The importance of Nt17 in htt aggregation and toxicity has

received considerable attention. Our studies indicate a role of
Nt17 in the interaction between htt and lipidmembranes. Nt17
forms an amphipathic �-helical structure (20), which can influ-
ence the first few glutamines in the poly(Q) domain to adopt an
�-helical conformation (41). The amphipathic properties of the
Nt17 �-helix (Fig. 1B) can act as a lipid-binding domain (19),
consistent with our observations that it facilitates interaction of
poly(Q) peptides with lipid monolayers and bilayers. The
importance of the �-helical Nt17 domain in facilitating the
interaction between htt and lipid membranes is reminiscent of
similar mechanisms of other amyloid-forming proteins. For
example, the interaction of �-syn with lipid structures is
directed by the first N-terminal 60 amino acids, containing an
amphipathic �-helix structure (42), and IAPP also appears to
interact with lipids via an �-helical binding domain (43). Sev-

eral aggregation pathways have been proposed for the forma-
tion of fibrils of poly(Q)-containing proteins. Two of the more
prominent aggregation schemes are: 1) re-arrangement of a
monomer to a thermodynamically unfavorable conformation
that directly nucleates fibril formation (44) and 2) the forma-
tion of soluble oligomeric intermediates that slowly undergo
structural re-arrangement into a�-sheet-rich structure leading
to fibrils (10, 11, 36). These aggregation pathways may not be
mutually exclusive, but environmental factors, such as surfaces,
may be able to promote a specific aggregation pathway (45). In
our studies, the presence of lipid bilayers resulted in predomi-
nately either stabilized oligomers (Nt17-Q35-KK) or in large
amorphous aggregates (Nt17-Q35-P10-KK), suggesting that the
interaction of flanking sequences with membranes further
modulates the aggregation pathway.
An important aspect of htt aggregation not addressed here is

the role of poly(Q) expansion on the stability of flanking
sequences and the consequences of poly(Q) expansion on the
interaction with lipid membranes. Computational studies sug-
gest that the Nt17 domain suppresses poly(Q) aggregation but
expanding the poly(Q) domain destabilizes the Nt17 �-helix
(40). Analysis of circular dichroism (CD) spectra of synthetic
peptides containing Nt17 demonstrated an increased �-helical
content associatedwith longer poly(Q) domain length, suggest-
ing that poly(Q) expansionmay act to stabilize theNt17 domain
(10). However, caution must be used in interpreting this result
as CD is incapable of assigning a secondary structure to specific
protein domains. Further clarification of the impact of poly(Q)
expansion on the structure and stability of the Nt17 domain is
warranted as this could further influence the interaction of htt
with lipid membranes. In this regard, we have observed an
increased rate of aggregation of htt exon1 proteins as a function
of increased poly(Q) length in the presence of lipid mem-
branes4; however, the aggregate morphology and mechanical
impact on the bilayer is consistent with the observations
reported here.
Despite the clear influence of the Nt17 and poly(P) domain

on htt aggregation in bulk solution (11–13), poly(Q) peptides,
with orwithout theNt17 domain, aggregated via the samepath-
way on mica based on tracking and observing changes in mor-
phology of individual aggregates over time. The four poly(Q)
peptides studied here displayed the same aggregation pattern
onmica, although the rate of aggregation formationwas altered
by flanking sequences; although, the effect of the different
flanking sequences was not systematic. The similarities in the
aggregation of the four peptides on mica demonstrate that the
presence of the anionic surface dictated the aggregation path-
way despite the presence of flanking sequences. As the only
common motif between the four peptides was the 35-amino
acid long poly(Q) sequence, one can reasonably conclude the
specific interaction between the mica surface and the peptides
was mediated by the poly(Q) domain.
Interestingly, the aggregation of poly(Q) peptides on a lipid

bilayer was greatly influenced by the presence of flanking
sequences. Although other studies suggested pure polyglu-

4 K. A. Burke, C. S. Umbaugh, K. M. Hensal, M. Chaibva, and J. Legleiter, unpub-
lished data.
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tamine peptides are capable of forming discrete channels in
planar lipid bilayers (46, 47), we did not observe any appreciable
aggregation of pure poly(Q) on the TBLE bilayers. Additionally,
the pure poly(Q) peptides did not insert into lipid monolayers
or disrupt vesicles. As neither the poly(Q) domain nor poly(P)
domain possess a net lipophilic hydropathy index, it is unsur-
prising that neither KK-Q35-KK nor KK-Q35-P10-KK apprecia-
bly aggregated on a lipid bilayer, suggesting that the poly(Q)
and poly(P) domains are not essential for lipid association. The
addition of only the Nt17 domain stabilized small, well defined
oligomers of poly(Q) peptides on a bilayer. It is not clear if these
oligomers form on the bilayer surface or in solution prior to
binding to the bilayer. If these oligomers form in solution, they
may represent similar oligomeric species observed in other
studies (10). Such results indicate that surfaces influence aggre-
gate formation and that surface effects in a physiological envi-
ronment may influence disease pathology.
The different aggregate morphologies observed between

Nt17-Q35-KK and Nt17-Q35-P10-KK on the lipid bilayer pro-
vides additional support for the importance of the poly(P)
domains in htt aggregation. Although the addition of the
poly(P) domain alone was not enough to induce an interaction
with the bilayer, the poly(P) domain caused larger, amorphous
aggregates to form on the bilayer when the Nt17 lipid binding
domain was present. This notion is in agreement with our
Langmuir trough studies, which demonstrate the Nt17 leads to
membrane insertion, whereas the poly(P) domain enhances
this interaction. The interaction and aggregation of Nt17-Q35-
P10-KK on the lipid bilayer was similar to that of an actual htt
exon1(35Q) construct. Beyond morphology, both the Nt17-
Q35-P10-KK and htt exon1(35Q) softened the bilayer surface
locally. It has been demonstrated that the addition of a poly(P)
sequence to the C terminus of a poly(Q) peptide influences the
conformation of the poly(Q) domain and alters the rate of
aggregation (13). The poly(P) domain has also been shown to
facilitate the ability of Nt17 to associate specifically with the ER
and Golgi (22). Flanking poly(P) sequences induce a PPII-like
helical structure on the adjacent poly(Q) domain, which can
increase the length of the poly(Q) domain that is needed to
induce fibril formation (14, 48). Our studies further support the
importance of poly(P) in htt aggregation but in the context of
lipid membranes.
The interaction of htt with membranous surfaces maymedi-

ate pathogenesis in a variety of ways. Interactions with lipids
could stabilize or promote the formation of specific aggregate
species thatmay prove toxic. Anchoring tomembranes can lead
to high local concentrations of peptide that facilitate aggrega-
tion. In such a scenario, post-translationalmodification ofNt17
that would reduce the affinity of htt for membranes would
reduce toxicity, as is observed for phosphorylation ofNt17 (49).
This is also consistent with observations that phosphomimetic
and phosphoresistant mutations in the Nt17 domain differen-
tially altered pathogenicity (50). Alteredmechanical integrity of
membranes due to htt binding and aggregation could lead
directly to their dysfunction as was seen with the disruption of
vesicles by Nt17-Q35-P10-KK. Lipid/htt interactions could also
play a role in the trafficking of htt, which has been shown to be
mediated by Nt17. Our results demonstrate that these interac-

tions are directly mediated by the flanking sequences directly
adjacent to the poly(Q) domain, suggesting therapeutic strate-
gies designed to target these domains (such as intrabodies) may
be appropriate to modulate membrane/htt interactions and
neutralize toxic mutant htt assemblies (51, 52).
It has been documented that the poly(Q) repeat in htt adopts

several conformations in monomers (41) and other aggregated
forms (53). It is plausible that a subset of these conformers
mediate pathogenesis in HD, and understanding environmen-
tal factors, such as membrane interactions that dictate the rel-
ative abundance of these different forms could provide insights
into mechanisms associated with htt aggregation and toxicity.
In light of these observed instances of htt aggregate heteroge-
neity, the ability of lipid bilayers to stabilize discrete, well
defined oligomer species of the Nt17-Q35-KK and to promote
different aggregate morphologies in Nt17-Q35-P10-KK was
striking, especially considering the distinct fibrillar morphol-
ogy observed on mica for aggregates of these two peptides.
Recent EPR structural studies of htt aggregates suggested that
the Nt17 domain form a rigid, interior core of the fibril (54).
The stabilization of oligomers by the lipid bilayer may partially
be caused by a strong interaction between the bilayer and the
amphipathic Nt17 domain, as suggested by the insertion of the
Nt17 containing peptides into monolayers, creating an ener-
getic barrier to rearrangement of the Nt17 domain to form the
core of the fibril. Nomatter themechanism, the stabilization of
oligomeric aggregates may play a role in a variety of toxic
mechanisms.
It has long been hypothesized that membrane elasticity

directly influences membrane stability and that alterations in
this mechanical property can lead to dysfunction and disease
(55, 56). Our results demonstrate Nt17-Q35-P10-KK shares a
similar aggregatemorphology andmechanical impact on a lipid
bilayer compared with htt exon1(35Q). Both Nt17-Q35-P10-KK
and htt exon1(35Q) produce roughened domains that aremore
compressible than unperturbed bilayers. This observed
mechanical change is consistent with a decreased efficiency of
lipid component packing as they stretch themselves to com-
pensate for protein insertion/binding, thus resulting in a
rougher bilayer that is more easily compressed by the AFM tip.
By binding to lipid membranes, inserting, and aggregating,
mutant huntingtin could disorder the lipid bilayer and disturb
subcellular membrane function, consistent with our observa-
tion that the compression modulus decrease in regions of the
bilayer displaying increased roughness or containing protein
aggregates. These observations are important in light of studies
comparing control and HD brains indicate that membranes
exposed to htt with expanded poly(Q) have altered physical
properties (57).
In the interaction of htt with lipid membranes, the flanking

sequences appear to play a significant role. The initial interac-
tion of htt with a variety of model membranes was dependent
on the addition of the Nt17 flanking region. Interestingly, the
ability of Nt17-Q35-P10-KK to cause significant leakage of cal-
cein dye from lipid vesicles is consistent with the large extent of
morphological and mechanical changes caused by Nt17-Q35-
P10-KK comparedwith the other peptides, as observed byAFM.
Collectively, these observations suggest that although Nt17 is
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necessary for lipid binding, poly(P) may facilitate membrane
damage associated with htt aggregation.
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