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Abstract

Several diseases, including Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease
(HD), are associated with specific proteins aggregating and depositing within tissues and/or
cellular compartments. The aggregation of these proteins is characterized by the formation of
extended, B-sheet rich fibrils, termed amyloid. In addition, a variety of other aggregate species also
form, including oligomers and protofibrils. Specifically, HD is caused by the aggregation of the
huntingtin (htt) protein that contains an expanded polyglutamine domain. Due to the link between
protein aggregation and disease, small molecule aggregation inhibitors have been pursued as
potential therapeutic agents. Two such small molecules are epigallocatechin 3-gallate (EGCG) and
curcumin, both of which inhibit the fibril formation of several amyloid-forming proteins. However,
amyloid formation is a complex process that is strongly influenced by the protein’s environment,
leading to distinct aggregation pathways. Thus, changes in the protein’s environment may alter the
effectiveness of aggregation inhibitors. A well-known modulator of amyloid formation is lipid
membranes. Here, we investigated if the presence of lipid vesicles altered the ability of EGCG or
curcumin to modulate htt aggregation and influence the interaction of htt with lipid membranes.
The presence of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine or total brain lipid extract
vesicles prevented the curcumin from inhibiting htt fibril formation. In contrast, EGCG’s
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inhibition of htt fibril formation persisted in the presence of lipids. Collectively, these results
highlight the complexity of htt aggregation and demonstrate that the presence of lipid membranes
is a key modifier of the ability of small molecules to inhibit htt fibril formation.

Graphical Abstract
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INTRODUCTION

The polymerization of specific proteins into fibril aggregates with an underlying cross-p-
structure, generically termed amyloid, is associated with a broad range of diseases. For
example, aggregation of the amyloid-p peptide (AB) and tau are associated with Alzheimer’s
disease; a-synuclein (a-syn, UniProtKB P37840) is implicated in Parkinson’s disease;
aggregates of islet amyloid polypeptide (IAPP, UniProtkKB P10997) form in diabetes
mellitus type 2; and mutated forms of the huntingtin (htt, UniProtKB P42858) protein with
an expanded polyglutamine (polyQ) stretch underlie Huntington’s disease (HD). Amyloid
formation is a complex, heterogeneous process that involves a number of intermediate
aggregate species, including a variety of oligomers, protofibrils, and amorphous aggregates.
(2-3) In particular, oligomers have been implicated as prominent toxic species.(4-6) The
aggregation process for any given amyloid-forming protein is highly dependent on its
environment. For example, changes in pH,(7,8) metal ions,(9) and preparatory protocols(10)
influence aggregate structure and morphology. In particular, HD is caused by an expanded
polyglutamine domain that must surpass a critical threshold of ~35 repeat units,(11-13) and
the extent of htt fibrillization correlates directly with an increase in polyQ length.(14-16) htt
can form a heterogeneous mixture of oligomers(15,17-19) that have been observed in a
variety of HD models.(20-24)

Due to the apparent role of protein aggregation in amyloid diseases, a number of small
molecules that inhibit or modify amyloid formation have been identified.(25,26) Two
specific polyphenols, (-)-epigallocatechin 3-gallate (EGCG) and curcumin, have been
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extensively studied due to their ability to generically inhibit amyloid formation. EGCG, a
compound commonly found in green tea, reduces the level of aggregation and cytotoxicity
of AB,(27-30) a-syn,(27,31,32) and tau.(33) For htt, EGCG decreases the level of formation
of toxic htt aggregates in both yeast and Drosophila models.(34) Curcumin, an abundant
molecule in the spice turmeric, inhibits the fibril formation of Ap and a-Syn.(35-37) With
regard to htt, the ability of curcumin to inhibit fibril formation is less clear, as it has been
reported to both promote(38) and inhibit htt fibril formation.(39) This apparent contradiction
may lie in the ability of other cellular factors to influence htt aggregation and the interaction
between htt and curcumin.

With the notion that the cellular environment may influence the efficacy of small molecule
inhibitors of amyloid formation, it becomes important to understand how specific cellular
components influence the ability of small molecules to modify aggregation. Lipid
membranes are known modulators of aggregation as altered aggregation in the presence of
membranes, compared to bulk solution, has been observed for multiple amyloids, including
htt,(40-43) AB,(44-47) and a-Syn.(48,49) The presence of cellular membranes comprised
of lipid bilayers also alters amyloid aggregation by nucleating aggregation or stabilizing
certain aggregate species and morphologies.(50) Specifically with regard to HD, mutant htt
shows an increased binding affinity for phospholipids over nonmutated htt and can also
disrupt the structural integrity of phospholipid bilayers.(51-53) EGCG has been shown to
inhibit permeabilization of model membranes and mitochondrial membranes by Ap and a-
syn aggregates.(54-56) EGCG also interacts with and binds to membranes themselves but
significantly weakens the membrane disruption capabilities of AP upon preincubation with
the peptide.(57) To determine the effect these small molecules have on htt aggregation in
membranous environments, we investigated if the presence of lipid altered the ability of
either EGCG or curcumin to modulate aggregation and influence htt lipid binding. We found
that the presence of either pure or physiological membrane systems interfered with the
ability of curcumin to slow htt fibril formation, while EGCG’s inhibition of fibril formation
persisted in the presence of lipids. Our studies suggest that the interaction between htt and
curcumin is largely altered by cellular environment, while EGCG led to a propensity for the
formation of amorphous aggregates regardless of the interaction with membrane systems.

MATERIALS AND METHODS

Purification of GST-htt-exon1 fusion protein.

Glutathione S-transferase (GST)-htt-exon1(46Q) fusion proteins were expressed and
purified as previously described.(58) In short, the GST-htt fusion proteins were expressed by
induction in Escherichia coli with isopropyl thiogalactopyranoside (IPTG) for 4 h at 30 °C.
The cells were lysed using both lysozyme (0.5 mg/mL) and sonication, and the fusion
proteins were purified by liquid chromatography (Bio-Rad LPLC) using a5 mL GST
affinity column. Fractions were analyzed using gel electrophoresis to verify the presence of
htt and purity. Protein concentrations were determined using Coomassie Bradford reagent.
Prior to any assay, fusion proteins were subjected to high-speed centrifugation at 20000g for
45 min at 4 °C to remove preexisting aggregates. To initiate aggregation for experimentation,
the fusion proteins were incubated with Factor Xa (Promega, Madison, WI1) to cleave the
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GST tag. All experiments were performed in buffer A [50 mM Tris-HCI (pH 7) and 150 mM
NaCl].

Preparation of lipid vesicles.

Lipid vesicles of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) or total brain lipid
extract (TBLE) were prepared by dissolving the lipid in buffer A. Lipid solutions were then
subjected to 10 freeze/thaw cycles using liquid nitrogen followed by bath sonication for 30
min. The size and polydispersity of lipid vesicles were measured via dynamic light
scattering (NanoBrook 90plus Particle Size Analyzer, Brookhaven Instruments) to verify the
formation of large unilamellar vesicles (LUVs). The mean and standard deviation of vesicle
sizes were determined by assuming a log-normal distribution of the DLS data.

ThioflavinT aggregation assays.

Purified htt-exon1(46Q) was diluted to a final concentration of 20 UM in the presence of 125
UM thioflavin T (ThT) (Sigma-Aldrich, St. Louis, MO) and the desired small molecule (20
or 100 uM). In experiments in which lipid was used, the lipid concentration was 400 pM,
resulting in a 20:1 lipid:protein ratio. Reactions were run in a black Costar 96-well plate
with a clear flat bottom, and the ThT fluorescence was monitored using a SpectraMax M2
microplate reader. Experiments were performed at 37 °C with 440 nm excitation and 484 nm
emission, with readings every 5 min for 18 h. The initial rate of each ThT plot was
calculated over a period of 3 h, starting at the point at which the intensity of the fluorescence
signal was larger than the set threshold. The threshold was set at 10% of the maximum
signal obtained for each condition; this ensures that the data have made a significant increase
from the baseline and avoid rate calculations starting in the noise of the lag phase. These
initial aggregation rates were normalized to the htt control (100%) for ease of comparison.
The relative maximum fluorescence was determined by finding the maximum fluorescence
intensity for each condition and normalizing them to the maximum fluorescence intensity of
the htt control (100%).

Atomic Force Microscopy (AFM).

Incubations of htt-exon1(46Q) (20 uM) in the presence and absence of small molecule
aggregation inhibitors (100 uM) were maintained at 37 °C and 1400 rpm using an orbital
mixer. Control incubations of small molecule aggregation inhibitors (100 uM) alone were
also used. In addition, incubations performed with lipid vesicles were performed at a
lipid:peptide ratio of 20:1. At various time points, 2 UL aliquots of each condition were
deposited on freshly cleaved mica (Ted Pella Inc., Redding, CA) for 1 min, washed with 200
uL of ultrapure water, and dried using a gentle stream of clean air. Images were collected
using a Nanoscope V Multi-Mode scanning probe microscope (VEECO) equipped with a
closed loop vertical engage J-scanner. Silicon oxide cantilevers with a nominal spring
constant of 40 N/m and a resonance frequency of 300 kHz were used. Scan rates were set
between 1 and 2 Hz with cantilever drive frequencies at 10% of resonance. All images were
then analyzed using the MATLAB image processing toolbox (MathWorks) as previously
described.(59,60)
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Vesicle-Binding Assay.
To measure the interaction between the htt and lipid vesicles, a polydiacetylene (PDA) lipid
binding assay was performed using previously reported protocols.(61,62) In short,
diacetylene monomers of 10,12-tricosadiynoic acid (GFS Chemicals, Columbus, OH) and
the lipid system of choice were mixed in a 2:3 molar ratio in a 4:1 chloroform/ethanol
solution. The solution was evaporated under a gentle stream of nitrogen, and then the
resulting dry films were reconstituted in buffer A at 70 °C. Lipid solutions were then
sonicated at 100 W for 10 min using a sonic dismembrator (FisherSci) before being stored
overnight at 4 °C to allow the self-assembly of vesicles. The next day, lipid mixtures were
irradiated at 254 nm for 15 min with constant stirring to polymerize the 10,12-tricosadiynoic
acid and result in a dark, royal blue solution. Experiments were performed in triplicate in a
96-well format, with the colorimetric response being recorded every 5 min for 18 h using a
SpectraMax M2 microplate reader. The negative control included equal ratios of PDA/lipid
solution and buffer, while the positive control included saturated NaOH (pH 12) to create a
range of colorimetric responses for each lipid system. Polymerized vesicles were exposed to
htt at a final concentration of 20 uM and small molecule concentrations of 100 pM. The PB,
defined by Ablue/(Ablue + Ared), was calculated for the control (PBO) and each sample
condition (PB). The percent colorimetric response (% CR) indicates the extent of insertion
or disruption of the lipid membrane by htt and was calculated using the following equation:

PB,— PB

Sl

) x 100 0

Data were normalized to the maximum colorimetric response for each system, which was
found by incubating the PDA/lipid solutions with 1:1 1 M NaOH.

RESULTS

Curcumin and EGCG inhibit htt fibrillization.

All experiments in this study were performed with a mutant htt fragment that expresses exon
1 with 46Q [htt-exon1(46Q)], which was purified from E. coli as a soluble fusion with GST.
Cleavage of the GST moiety with factor Xa released the htt-exon1(46Q) fragment, initiating
aggregation. To determine the relative ability of curcumin and EGCG to inhibit htt fibril
formation, ThT aggregation assays were performed with htt-exon1(46Q) and varying ratios
of the small molecules [1:1 and 5:1 small molecule:htt (Figure 1A,B)]. All relevant controls
were measured and subtracted from the curves to show only the fluorescence signal from the
htt aggregation (Figure S1), and multiple independent experiments were performed (Figure
S2). For the initial relative aggregation rate, curcumin slowed aggregation to 50% and 35%
of the control rate for 1:1 and 5:1 treatments, respectively (Figure 1C). At a 1:1 ratio,
curcumin reduced the intensity of the overall ThT signal to 62% of the control signal, and
increasing the dose of curcumin to a 5:1 ratio resulted in an additional reduction to 48% of
the control signal (Figure 1D). EGCG was more effective in reducing the level of apparent
fibril formation, as the relative initial aggregation rate was reduced to a larger extent [31%
and 10% of the control rate for 1:1 and 5:1 treatments, receptively (Figure 1C)]. EGCG
reduced the intensity of the maximum ThT fluorescence signal to 32% and 24% of the
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control singal for the 1:1 and 5:1 doses, respectively (Figure 1D). While ThT fluorescence is
traditionally considered to track fibril formation, ThT signals are not always indicative of
fibril formation. In addition, ThT does not provide information associated with the formation
of other types of aggregate species. As a result, further experimentation is required to verify
aggregate inhibition.

To further establish the inhibition of htt-exon1(46Q) fibrillization by curcumin and EGCG
and to determine the impact of these small molecules on aggregate morphology, AFM
analysis was performed. This is particularly important to do with regard to EGCG, as it can
compete with binding of ThT to fibrils for some amyloid-forming proteins.(29) Co-
incubation experiments were performed with fresh preparations of htt-exon1(46Q) and with
either curcumin or EGCG at a molar ratio of 5:1 (small molecule:protein). Control
incubations of htt-exon1(46Q) without the small molecules were also analyzed. The htt-
exon1(46Q) concentration was 20 UM. Representative AFM images of aliquots removed
from solutions of htt-exon1(46Q) in the presence and absence of curcumin or EGCG after
incubation for 1, 3, 5, and 8 h are shown in Figure 2. To quantify the effect of small
molecules on aggregation, AFM images from all incubations were analyzed by counting the
number of fibrils and oligomers per square micrometer (Figure 2B) using automated scripts
written in Matlab. For this analysis, oligomers were defined as any feature more than 0.8 nm
in height with an aspect ratio (longest distance across to shortest distance across) of <3.0,
indicating a globular structure. Fibrils were defined as aggregates more than 0.8 nm in
height with an aspect ratio of >3.0. These criteria were based on hand-measured
characteristics of representative examples of each aggregate type. The height threshold of
0.8 nm was chosen on the basis of the background RMS roughness of mica that had been
exposed to either curcumin or EGCG in the absence of htt (Figure S3).

Htt-exon1(46Q) incubated in the absence of small molecules exhibited extensive oligomer
formation after incubation for 1 h with a steady increase in the number of oligomers with
longer incubation times. After incubation for 1 and 3 h, oligomers were predominately 3-3.5
nm in height (Figure 2A,B). Oligomers became slightly larger with time [modes of 4-4.5
and 4.5-5 nm for 5 and 8 h time points, respectively (Figure 2C)]. Fibrils appeared after
incubation for 3 h in htt-exon1(46Q) alone, and the number of fibrils steadily increased with
time (Figure 2A,D). While the number of fibrils increased, the average height along the fibril
contours did not change with time [mode of 6.5-7.5 nm (Figure 2E)]

When curcumin was co-incubated with htt-exon1(46Q), the formation of aggregates was
inhibited. Oligomers appeared in similar numbers as the control after 1 h of co-incubation
with curcumin; however, the number of oligomers per unit area was significantly reduced
from the 3 h time point for the duration of the experiment (Fig 2 A and B). Fibrils were not
detected until after 3 h of incubation, and they were significantly reduced in number
compared to control (p < 0.05, Fig. 2 A and D). The fibril population continued to be
significantly smaller in comparison with control for the duration of the experiment (p < 0.05
and p < 0.01 after 5 and 8 h respectively). While the number of oligomers and fibrils was
reduced in the presence of curcumin, the size of the htt oligomers observed with curcumin
was different compared to control experiments (Fig. 2 C). At 1 h, the mode height of
oligomers formed in the presence of curcumin was 2.5 nm. With longer incubation times, the
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oligomers became progressively larger with a mode height of 4.0-4.5 nm after 3 h and
6.5-7.0 nm after 5 and 8 h of co-incubation with curcumin. This was consistent with a
previously reported tendency of conditions that slow htt fibrillization promoting larger
oligomeric aggregates.1® 63 Fibrils formed in the presence of curcumin were similar in
morphology to control. The average height along the contour of the fibril did not change
with time with an overall mode of 6.5-7.0 nm (Fig. 2E).

When EGCG was co-incubated with htt-exon1(46Q), the formation of aggregates was
robustly inhibited. Both oligomer and fibril formation were significantly (p < 0.01)
decreased at all time points (Fig. 2 A, B, and D). While the number of aggregates was
reduced, the morphologies of the observed aggregates formed in the presence of EGCG were
very different compared with those observed in control and + curcumin experiments (Fig. 2
C and E). Aggregates distinguished as oligomers from our automated scripts were often
large and conglomerate-looking in morphology. That is, these aggregates were granular in
appearance, adopted a variety of shapes, and often had a flat (~ 2-2.5 nm thick) region
around its periphery. These aggregates were larger than the typical oligomers formed by htt,
occupying a much larger area of the surface, and more heterogeneous in morphology (Fig.
S2).The propensity to form these large aggregates of htt in the presence of EGCG has
previously been reported.34 While a small population of fibrils were detected, the
morphological characteristics of these fibrils were very different compared to control as they
had a much smaller average height along their contours (mode of 1-1.5 nm) compared to
fibrils formed by htt alone or with curcumin (Fig. 2E and 3). These thin, fibrillar species
often (although not always) appeared to be growing from a larger, conglomerate aggregate
(Fig. 3). This unique structure could represent a single protofilament that are incorporated
into larger amyloid fibrils.

Lipid membranes alter the ability of curcumin and EGCG to inhibit fibrillization.

To determine if the presence of lipid membranes impacts the ability of curcumin or EGCG
to alter htt aggregation, we used two lipid systems. POPC was selected as it was previously
shown to promote a distinct htt aggregation process.(43) The other system was total brain
lipid extract (TBLE) as it also alters htt aggregation(40,64,65) and represents a more
physiologically relevant mixture of lipids. Both lipid systems were introduced as vesicles,
and the lipid:protein ratio was 20:1. Initially, the relative ability of curcumin and EGCG to
inhibit htt fibril formation in the presence of POPC or TBLE vesicles was assessed by ThT
aggregation assays (Figure 4; all independent trials are shown in Figure S2). As determined
by DLS, the preparation protocol used produced POPC vesicles with an average diameter
~130-145 nm with a polydispersity index (PDI) of ~0.34-0.4 and TBLE vesicles with an
average diameter of ~180-195 nm with a PDI of ~0.25-0.3 (representative DLS
distributions are presented in Figure S5). The concentration of htt-exon1(46Q) was 20 uM,
and the small molecule:protein ratio was 5:1.

The impact of exposing htt-exon1(46Q) to these two lipid systems (in the absence of small
molecules) was varied. The addition of POPC accelerated htt aggregation compared to the
absence of lipids, whereas TBLE slowed htt aggregation (compare the fluorescence intensity
of the htt alone experiments in Figures 1 and 4). In the presence of POPC, curcumin could
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delay the onset of fibrillization, as a lag phase was clearly observed. However, fibril growth
occurred rapidly once initiated, as the initial aggregation rate exceeded that of htt alone in
the presence of POPC (35% larger). The overall ability of curcumin to inhibit fibrillization
was weakened in the presence of POPC, with the intensity of the maximum ThT signal
being 68% larger than the control. In the presence of TBLE vesicles, htt aggregation
proceeded faster without a discernible lag phase in the presence of curcumin compared to
control (35% increase in the initial aggregation rate), and the intensity of the relative
maximum ThT signal was increased by 40% compared to that of the control. htt-exon1(46Q)
aggregation in the presence of POPC and TBLE vesicles was inhibited by EGCG based on
the ThT assay (intensities of relative maximum ThT signals that were reduced to 41% and
22% compared to the control signal for incubations with POPC or TBLE, respectively).

To further establish that POPC or TBLE vesicles altered the ability of curcumin and EGCG
to inhibit htt-exon1(46Q) fibrillization, AFM analysis was performed. As before, co-
incubation experiments were performed with fresh preparations of htt-exon1(46Q) (20 uM)
and with either curcumin or EGCG at a molar ratio of 5:1 (small molecule:protein);
however, lipid vesicles of either POPC or TBLE were also added to the co-incubations at a
20:1 lipid:protein ratio. Control incubations of htt-exon1(46Q) with POPC and TBLE
vesicles but without the small molecules were also performed (Figure S3). Representative
AFM images of aliquots removed from solutions of htt-exon1(46Q) in the presence and
absence of curcumin or EGCG after incubation for 1, 3, 5, and 8 h in the presence of POPC
or TBLE vesicles are shown in Figures 5 and 6, respectively. To quantify the effect of the
small molecules on aggregation in the presence of lipids, AFM images from all incubations
were analyzed by counting the number of fibrils and oligomers per square micrometer
(Figures 5 and 6) using automated scripts written in Matlab. As the addition of lipids to
these incubations resulted in taller backgrounds once samples had been deposited on mica
(Figure S3), the height threshold used for image analysis was increased to 1.5 nm. As a
result, oligomers were defined as any feature more than 1.5 nm in height with an aspect ratio
of <3.0, indicating a globular structure. Fibrils were defined as aggregates taller than 1.5 nm
in height with an aspect ratio of >3.0.

Htt-exon1(46Q) incubated in the presence of POPC exhibited extensive oligomer formation
after 1 h of incubation (Fig. 5). While the number of detectible oligomers increased after 3 h,
the oligomer population remained relatively stable during the time course of the experiment
(Fig. 5B). After 1 h of incubation the mode height of oligomers was 4-5.5 nm (Fig. 5C).
Oligomers were slightly larger at 3 and 5 h of incubation as the mode height was 5-6 nm at
these time points. At 8 h of incubation, oligomers decreased in size with a mode height of
~2.5-3.5 nm. These oligomer species may contain lipid components; however, it is unlikely
that they are comprised of lipids alone, as features observed from pure lipid incubations
were all smaller than 1.5 nm in height and were not globular in appearance (Fig. S1). Fibrils
appeared after 1 h of incubation in the htt-exon1(46Q) with POPC incubations, which was
earlier than without any lipids (Fig 5A and D). The number of fibrils steadily increased with
time, reaching a larger population compared with htt incubations without lipids, which is
consistent with results from the ThT assays. While the number of fibrils increased, the
average height along the fibril contours (mode of 6-7 nm) did not change with time and was
comparable to fibrils formed in the absence of lipids (Figs. 5E and 7A).
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Upon co-incubation with htt-exon1(46Q) in the presence of POPC, curcumin’s ability to
slow aggregation was dampened (Figure 5). While there was initially a significant reduction
in the level of oligomers, the number of oligomers formed at 5 and 8 h co-incubation time
points was not significantly different from that of incubations of htt-exon1(46Q) in the
presence of POPC (Figure 5B). There was, however, a larger distribution of oligomer sizes,
yet the mode size of oligomers was comparable to those formed in the presence of POPC but
in the absence of curcumin at 1, 3, and 5 h (Figure 5C). At 8 h, the oligomer height
distribution was shifted toward larger sizes. The promotion of larger oligomers by curcumin
that was observed in the absence of lipid was much more subtle in the presence of POPC
due to the larger distribution of oligomer sizes. Similar populations of fibrils were detected
after 1 and 3 h from co-incubations with curcumin to control in the presence of POPC, and a
small (but significant; p < 0.05) reduction in the fibril population was observed at 5 and 8 h
(Figure 5D). Fibrils formed in the presence of curcumin were similar in morphology to the
control (Figures 5E and 7A). The average height along the contour of the fibril was larger
that that of the control fibrils, with a mode average height along the fibril contour of 8.5-9
nm; however, the distribution of these heights was also much broader, suggesting that lipids
may be incorporated into the fibril structure.

When EGCG was co-incubated with htt-exon1(46Q) in the presence of POPC vesicles,
EGCG wias still an effective inhibitor of fibril formation (Figure 5). The number of
oligomers per unit area was significantly (p < 0.01 at all time points) reduced compared to
that of the control (Figure 5B), and no fibrils were observed at any time point (Figure 5D).
While the number of oligomers was reduced, the morphologies of the observed oligomers
formed in the presence of POPC vesicles and EGCG were very different compared with
those in the control (Figure 5C). There were a number of small oligomers (~2-3 nm in
height), but there was also a large population of larger aggregates that could be considerably
more than 10 nm in height (Figure 7A) and occupy large amounts of surface area (Figure
S6). The size of these large aggregates was heterogeneous, and the ability of EGCG to
promote large, globular aggregates of htt was not weakened by the presence of POPC.
However, unlike the large aggregates observed when EGCG was incubated with htt in the
absence of lipid, these species were more rounded and smooth in appearance.

htt-exon1(46Q) incubated in the presence of TBLE exhibited oligomer formation after
incubation for 1 h with the population of oligomers increasing with time (Figure 6A,B).
Unlike incubations in the absence of lipids or with POPC vesicles, the oligomers that formed
in the presence of TBLE increased in size with time [going from a mode height of 5-6 nm at
1 h to a mode height of 7.5-8.5 nm after incubation for 8 h (Figure 6C)]. This increase in
height is consistent with the observed trend that slowing fibril formation can promote large
oligomeric species of htt to form. The number of fibrils per unit area (with TBLE) was
smaller compared with that of incubations performed with POPC vesicles (Figure 6C);
however, fibril numbers were comparable with htt-exon1(46Q) incubations without lipids.
Closer inspection of the AFM images suggests that the fibrils formed in the presence of
TBLE were shorter than those grown in the absence of lipids, which could result in the
reduced intensity of the ThT signal. That is, while the number of fibrils is comparable, the
longer fibrils formed in the absence of TBLE would have more surface area (due to more
monomers per fibril) to bind ThT, producing a stronger signal. Despite this apparent
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difference in fibril length, the average height along the fibril contours (mode of 6.5-7 nm) of
fibrils formed in the presence of TBLE did not change with time and was comparable to that
of fibrils formed in the absence of lipids and POPC (Figures 6E and 7B).

When co-incubated with htt-exon1(46Q) in the presence of TBLE, curcumin no longer
reduced the level of aggregation compared to the control (Figure 6). After 1 h, a significant
increase in the htt oligomer population was observed for co-incubations with curcumin
(Figure 6B). The large number of oligomers per unit area was stable at later time points, and
the numbers were comparable to that of the control. The height distributions of oligomers
formed from co-incubations of htt with curcumin in the presence of TBLE were very
comparable to that of the control at all time points (Figure 6C). As TBLE in general reduces
the level of htt fibril formation, the size of htt oligomers did increase with time. Consistent
with the ThT analysis, the number of fibrils formed from co-incubations of curcumin in the
presence of TBLE was significantly larger compared with that of the control at 5 and 8 h
(Figure 6D). The average height along the contour of the fibril was larger for control fibrils,
with a mode average height along the fibril contour of 8.5-9 nm (Figure 6E); however, the
distribution of these heights was also much broader. The mode average height along the
contour was 5-6.5 nm for fibrils formed from co-incubations with curcumin in the presence
of TBLE. The thicknesses along these fibrils formed in the presence of TBLE (in the
absence and presence of curcumin) were quite varied (Figure 7B).

When EGCG was co-incubated with htt-exon1(46Q) in the presence of TBLE, the formation
of aggregates was robustly inhibited, as the number of oligomers per unit area was
significantly reduced compared to that of the control (Figure 6). Oligomer and fibril
formation was significantly (p < 0.01) decreased at all time points (Figure 6B,D). While the
number of aggregates was reduced, the morphologies of the observed aggregates formed in
the presence of EGCG were very different compared with those observed in control
experiments and experiments with curcumin (Figures 6C and 7B). Similar to the case for
incubations in the presence of POPC, aggregates distinguished as oligomers from our
automated scripts were often large, conglomerate-looking in morphology when incubated
with TBLE vesicles. These aggregates were larger than the typical oligomers formed by htt,
occupying a much larger area of the surface, and more heterogeneous (Figure S7). Again,
the lipid surfaces did not impede the ability of EGCG to prevent htt fibril formation and
promote large globular aggregates. These large, nonfibrillar aggregates tended to be smooth
and rounded similar to those observed with EGCG and htt in the presence of POPC. At the 8
h time point, some of these larger aggregates had a flat, peripheral feature. However, this
feature was distinct from the peripheral feature observed for EGCG and htt incubation in the
absence of lipids as these flat regions were between 5 and 10 nm in height, suggesting that
these might be lipid bilayer stacks.

As the presence of lipid vesicles altered the ability of curcumin and EGCG to inhibit fibril
formation, we next performed a series of colorimetric membrane binding assays using lipid/
polydiacetylene (PDA) vesicles. These vesicles were made with either POPC or TBLE as
the lipid component. Lipid/PDA vesicles have varied colorimetric responses (CRs) when
exposed to proteins or small molecules depending on the extent of interaction.(52,53) The
CR in the lipid/PDA vesicles is related to transitions of the PDA polymer backbone
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structure, which is affected by changes in tension associated with exogenous molecules
interacting with and/or inserting into the vesicle.(53) By measurement of the absorbance of
both the blue (640 nm) and red (500 nm) wavelengths of lipid/PDA vesicles upon exposure
to htt-exon1(46Q), the percent CR was obtained, which directly corresponds to the protein—
lipid interaction. Importantly, the %CR response takes into account background experiments
performed with the small molecules, so the response associated with curcumin or EGCG in
the absence of htt is easily removed to obtain the %CR associated specifically with the htt.
These background experiments with just curcumin or EGCG can be compared with neat
buffer to determine the extent to which each small molecule interacts with the lipids, as well
(all independent PDA assays are shown in Figure S8). With POPC/PDA vesicles, curcumin
by itself invoked a minimal %CR, demonstrating that curcumin has little interaction with
POPC (Figure 8A). However, the %CR of curcumin alone was extensive with TBLE/PDA
vesicles, starting as high as 45% and reaching >60% within hours, suggesting that curcumin
strongly binds to TBLE (Figure 8C). EGCG, which is known to bind lipids,(57) interacted
with both POPC and TBLE, with a slightly stronger interaction with TBLE (Figure 8A,C).
htt-exon1(46Q) by itself had a stronger (~3-fold) interaction with TBLE/PDA vesicles than
with POPC/PDA vesicles. The addition of curcumin or EGCG weakened the interaction of
htt-exon1(46Q) with both POPC/PDA and TBLE/PDA vesicles (Figure 8B,D).

DISCUSSION

Amyloid formation is highly dependent on environmental factors, complicating efforts to
design effective small molecules that inhibit disease-related protein aggregation. A major
environmental factor that influences the aggregation of numerous amyloid-forming proteins
is the presence of cellular and subcellular membranes comprised predominately of lipids.
Here, we investigated how the presence of lipid vesicles altered the ability of two known
amyloid inhibitors, curcumin and EGCG, to prevent htt fibrillization. First, we verified that
both curcumin and EGCG inhibited fibril formation of htt-exon1(46Q) in the absence of
lipid membranes. In particular, EGCG promoted unique htt aggregate species compared to
controls, i.e., large, globular aggregates and thin protofilaments. Next, we determined that
POPC enhances htt fibril formation whereas TBLE reduced the level of htt fibril formation.
In the presence of lipid vesicles of either POPC or TBLE, curcumin became ineffective in
inhibiting htt fibrillization and even promoted fibril formation in the presence of TBLE. In
contrast, EGCG remained effective in preventing htt fibrillization in the presence of lipid
vesicles; however, some small oligomers and large conglomerate aggregates still formed.
Collectively, these results underscore the complexity of htt aggregation and targeting fibril
formation with small molecules.

Surfaces, especially lipid membranes, are known to strongly influence amyloid formation,
even promoting unique aggregation pathways.(50) Results presented here showing that the
ability of curcumin and EGCG to alter htt aggregation is modified by the presence of lipid
vesicles further support this notion. For htt, taking into account the influence of lipid
membranes in the aggregation process of htt may play a key role in targeting the aggregation
process as a therapeutic strategy, as htt and its aggregate forms are often intimately linked to
a variety of membranes.(52) For example, htt localizes to specific subcellular compartments
as a result of its normal function via lipid interactions,(66) participates in the transport of
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lipid vesicles (endocytic, synaptic, or lysosomal),(53,67-69) is associated with acidic
phospholipids,(51) and localizes to brain membrane fractions.(70) htt also localizes to the
ER,(66,71-74) mitochondria,(75-80) and plasma membrane.(51) Literature reports have
suggested both enhanced(43) and inhibited(40,63,64,81) htt fibrillization in the presence of
membranes. This discrepancy appears to be due to properties of the particular lipid systems
used in these studies and can be modified by changes in membrane composition.(41,42)

Curcumin’s inability to effectively inhibit fibril formation in the presence of lipids may be
due to a variety of reasons. In the assays performed here, it is important to note that htt
aggregation is likely occurring both on the membrane surface and in solution, creating a
complex system. Curcumin initially appeared to delay the onset of htt aggregation in the
presence of POPC vesicles, but this ability dissipated with time. htt aggregation on POPC/
POPS bilayers proceeds via a unique mechanism compared to aggregation in solution.(43) A
plausible scenario is that curcumin is more effective against the pathway associated with
aggregation in solution than that occurring on the POPC membrane. However, curcumin did
reduce the overall level of interaction of htt with the POPC bilayer, and curcumin itself did
not significantly interact with the lipid surface. Perhaps more interestingly, curcumin
increased the level of fibril formation in the presence of TBLE vesicles. Unlike POPC,
TBLE appears to reduce the level of htt fibril formation.(40,63,82) On the basis of the PDA
assay, curcumin by itself strongly interacted with the vesicle surface, suggesting that the
curcumin was sequestered within the vesicle. In addition, the interaction of htt with the
TBLE vesicles was greatly inhibited by the presence of curcumin. Collectively, this suggests
a scenario in which curcumin is quickly taken up by the TBLE vesicles, altering the
membrane. This alteration reduces the amount of htt bound and aggregating on the TBLE
vesicle surface, which is a slower fibril-forming pathway. As a result, there is a larger
amount of htt aggregating in solution in the presence of curcumin than in controls of htt with
just the TBLE vesicles. As the curcumin that would inhibit fibrillization in solution has been
sequestered by the TBLE vesicles, the portion of htt in solution is free to aggregate. As a
result, the level of fibrillization increased in the presence of curcumin and TBLE vesicles.
While it has been investigated for its interaction with AR, it has also been suggested that
curcumin binds to later stage aggregate species like protofibrils.(83,84) If curcumin also
targets later stages of the aggregation process of htt, this too could contribute to its differing
abilities to modify htt fibrillization in the presence and absence of lipids, especially if the
aggregation process in the presence of lipids is altered.

EGCG remained effective in preventing htt fibril formation in the presence of lipid vesicles.
The effectiveness of EGCG as an amyloid inhibitor in the presence of lipids appears to be
protein specific, as EGCG was unable to prevent IAPP fibrillization on a lipid
membrane(85) but was more effective in preventing AP aggregation in the presence of
vesicles.(57) EGCG is known to be incorporated into lipid vesicles,(57) and we did observe
that EGCG by itself invoked a colorimetric response in our PDA assays, verifying that it
directly interacted with both POPC and TBLE. EGCG appears to target early events in htt
aggregation,(34) and this also appears to be the case for EGCG’s interaction Af and a-
synuclein aggregation.(27) This ability to intervene in the htt aggregation process at an early
stage could be why EGCG remained an effective inhibitor in the presence of lipids. Even
though EGCG remained effective in the presence of both lipid systems and promoted larger,
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nonfibrillar aggregates, the morphology of these large aggregates was distinct, suggesting
that lipid vesicles did influence how EGCG interacts with htt.
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Figure 1.
ThT aggregation assays for htt-exon1(46Q) in the presence of (A) curcumin or (B) EGCG.

The htt-exon1(46Q) concentration was 20 pM. (C) The initial rate of aggregation and (D) the
relative maximum fluorescence were determined with respect to the htt control.
Normalization was performed with respect to the htt control. Analyses shown in panels C
and D were determined as averages over all trials (shown in Figure S2). Error bars are
provided for every sixth data point (30 min) and represent the standard error of the mean.
One asterisk represents a p value of <0.05, and two asterisks represent a p value of <0.01.
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AFM analysis of the impact of curcumin or EGCG on htt-exon1(46Q) aggregation (5:1
small molecule:htt ratio). (A) Representative AFM images of 20 uM htt-exon1(46Q)
incubated alone, with curcumin, or with EGCG as a function of time. The color map is the
same for all images (see the top color bar). The insets in the AFM images of htt incubated
with EGCG use a reduced color map (see bottom, labeled color bar) to make the shorter
fibrils in these samples easier to see. (B) Image analysis of the number of oligomers per unit
area as a function of time. (C) Height histograms of oligomers observed in AFM images as a
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function of time. (D) Image analysis of the number of fibrils per unit area as a function of
time. (E) Height histograms of fibrils observed in AFM images as a function of time. For
panels B and D, error bars represent the standard deviation, one asterisk represents a p value
of <0.05, and two asterisks represent a p value of <0.01 using a Student’s t test.
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AFM images comparing the morphology of htt-exon1(46Q) fibrils formed (A) in the
absence of small molecules, (B) with curcumin, or (C) with EGCG. In panel C, the boxed
insets correspond to the second color bar to better visualize the fibril structures associated
with htt incubated with EGCG. The color lines in each image correspond to the height

profiles directly below each image.
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TBLE lipid vesicles. The htt-exon1(46Q) concentration was 20 M. Curcumin and EGCG
were added at a 5:1 small molecule:htt molar ratio. The initial rate of aggregation in the
presence of (C) POPC or (D) TBLE vesicles was made relative to the aggregation rate of htt
with the lipid vesicles in the absence of the small molecules. Finally, the relative maximum
fluorescence values of all conditions in the presence of (E) POPC or (F) TBLE lipid vesicles
at the end of the 18 h kinetic run are compared. Analyses shown in panels C-F were
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determined as averages over all trials (shown in Figure S2). Error bars are provided for every
sixth data point (30 min) and represent the standard error of the mean. One asterisk
represents a p value of <0.05, and two asterisks represent a p value of <0.01.
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Figureb5.
AFM analysis of the impact of curcumin or EGCG on htt-exon1(46Q) aggregation (5:1

small molecule:htt ratio) in the presence of POPC lipid vesicles (20:1 lipid:protein ratio).
(A) Representative AFM images of 20 uM htt-exon1(46Q) incubated with POPC with no
small molecules, with curcumin, or with EGCG as a function of time. The color map is the
same for all images. (B) Image analysis of the number of oligomers per unit area as a
function of time. (C) Height histograms of oligomers observed in AFM images as a function
of time. (D) Image analysis of the number of fibrils per unit area as a function of time.
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Arrows indicate that no fibrils were observed. (E) Height histograms of fibrils observed in
AFM images as a function of time. As fibrils were not observed for htt-exon1(46Q)
incubations with POPC and EGCG, this condition is not presented in the fibril histograms.
For panels B and D, error bars represent the standard deviation, one asterisk represents a p
value of <0.05, and two asterisks represent a p value of <0.01 using a Student’s t test.
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Figure 6.
AFM analysis of the impact of curcumin or EGCG on htt-exon1(46Q) aggregation (5:1

small molecule:htt ratio) in the presence of TBLE vesicles (20:1 lipid:protein ratio). (A)
Representative AFM images of 20 uM htt-exon1(46Q) incubated with TBLE with no small
molecules, with curcumin, or with EGCG as a function of time. The color map is the same
for all images. (B) Image analysis of the number of oligomers per unit area as a function of
time. (C) Height histograms of oligomers observed in AFM images as a function of time.
(D) Image analysis of the number of fibrils per unit area as a function of time. Arrows
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indicate that no fibrils were observed. (E) Height histograms of fibrils observed in AFM
images as a function of time. As fibrils were not observed for incubations of htt-exon1(46Q)
with TBLE and EGCG, this condition is not presented in the fibril histograms. For panels B
and D, error bars represent the standard deviation, one asterisk represents a p value of <0.05,
and two asterisks represent a p value <0.01 using a Student’s t test.
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Figure7.
AFM images comparing the morphology of htt-exon1(46Q) fibrils formed in the absence of

small molecules, with curcumin, or with EGCG for incubations performed in the presence of
(A) POPC or (B) TBLE vesicles. The color lines in each image correspond to the height
profiles directly below each image.
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Lipid binding assays for (A) PDA/POPC vesicles exposed to either curcumin or EGCG, (B)
PDA/POPC vesicles exposed to htt-exon1(46Q) with either curcumin or EGCG, (C) PDA/

TBLE vesicles exposed to either curcumin or EGCG, and (D)
to htt-exon1(46Q) with either curcumin or EGCG. Error bars
data point and represent the standard error of the mean.
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