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Curcumin binds AB oligomers and reduces
their interactions with an anionic membrane

ABSTRACT: Many neurodegenerative diseases involve amyloido-
genic proteins forming surface-bound aggregates on anionic
membranes, and the peptide amyloid  (Af) in Alzheimer’s disease
is one prominent example of this. Curcumin is a small polyphenolic
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anionic membrane. From a combination of liquid surface X-ray
scattering experiments and molecular dynamics simulations, we
found that curcumin embedded into an anionic 1,2-dimyristoyl-sn-
glycero-3-phosphorylglycerol (DMPG) membrane to rest between the lipid headgroups and the tails, causing disorder and
membrane thinning. FO accumulation on the membrane was reduced by ~66% in the presence of curcumin, likely influenced by
membrane thinning. Simulation results suggested curcumin clusters near exposed phenylalanine residues on a membrane-embedded
FO structure. Altogether, curcumin inhibited FO interactions with a DMPG membrane, likely through a combination of altered
membrane structure and interactions with the FO surface. This work elucidates the mechanism of curcumin as a small molecule that

oum 10uM ¥
Curcumin Curcumin

Downloaded via ARGONNE NATL LABORATORY on November 16, 2023 at 14:56:56 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

inhibits amyloidogenesis through a combination of both membrane and protein interactions.
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B INTRODUCTION

Alzheimer’s disease (AD) is the most prevalent in a family of
neurodegenerative diseases that share a common theme of
neurotoxic protein misfolding into an amyloidogenic form. The
amyloid cascade hypothesis is the most supported mechanism
to explain the neurodegeneration observed in AD, with
decades of research investigating the idea that the proteins
amyloid beta (Af) and tau misfold into f-sheet-rich amyloid
structures.””” Many other important factors also contribute to
AD, likely including microglia-mediated neuroinflammation,
Apoe4 allele prevalence, exposure to heavy metal toxins, the
gut—brain axis, and many more. However, the theme of
protein misfolding into amyloid structures is inescapable
considering that amyloidogenic misfolding is also observed
for the protein a-synuclein in Parkinson’s disease, prion
protein in prion diseases, huntingtin protein in Huntington’s
chorea, and SOD1 and other proteins in amyotrophic lateral
sclerosis.”*

The amyloid cascade hypothesis posits that a monomeric
protein misfolds into pf-sheet-rich oligomers, and those
oligomers grow into larger amyloid fibrils."”” In AD, the
oligomers are generally accepted as the most toxic species to
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cell and animal models;>™® therefore, there is substantial
interest in reducing the toxicity of these oligomers and
preventing their formation. In this study, Af 1—40 was selected
for its slower aggregation kinetics, which allows us to
accurately assess the monomeric (Af,) and pJ-sheet-rich
oligomer states.”

Ap and tau interact with cell membranes to nucleate the
formation of f-sheet-rich structures,'’™"° and in vitro studies
report that membranes accelerate fibrillation.'>'*'¢ AS_
interacts with anionic membranes, such as PS, PG, or
ganglioside lipids, through a combination of favorable
interactions with the hydrophobic lipid tails and the charged
lipid headgroups.'*'”~"” Oligomers also bind to anionic
membranes and cause more disruption to membrane structure
compared to monomers. ' Consequently, Af interactions
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Figure 1. Confirmation of monomeric amyloid beta (Af,,) and FO structures and an overview of the experimental design. (A) FTIR data for Af,,
solubilized in DMSO and preformed FOs in water. The FO peak at 1624 cm™" is distinctly characteristic of -sheets. (B) Chemical structures of
curcumin and 1,2-dimyristoyl-sn-glycero-3-phosphorylglycerol (DMPG). (C) Schematic of the experimental design. A DMPG lipid monolayer was
deposited at the air/water interface in a Langmuir trough to a surface pressure of 25 mN/m. 10 #M curcumin was injected into the water subphase
and incubated for 2 h. A, or FO (2.5 mM) was then injected into the subphase and allowed to bind the membrane, comparing interactions with a

pure membrane or a membrane containing curcumin.

change the membrane structure, resulting in a Variety of
impacts on the cell, from altering cell 51%na11n to
membrane thinning and pore formation.”'"'®**~>> Membrane
binding and amyloid nucleation are well documented for AS;
however, this is also observed for tau, a-synuclein, and other
amyloido%emc proteins involved in neurodegenerative dis-
ease, 12/13:15,26-29

The polyphenolic molecule curcumin has gained popular
attention as a medicinal compound found in turmeric, which
has been used in Eastern Medicine for the last 4000 years.*
Regardless of the clinical efficacy of curcumin for AD
treatment, we see this as a unique opportunity to better
understand the fundamental mechanism of interactions of
amyloidogenic proteins with membranes and how they can be
inhibited by small molecules. There are a few noncompeting
hypotheses about how curcumin reduces Af neurotoxicity for
in vitro and in vivo AD models. It is well established that
curcumin directly interacts with monomeric, oligomeric, and
fibrillar forms of AB.>" However, reports vary in their findings,
reporting curcumin preventing aggregation, restructuring A
aggregates, and disassembling aggregates. Curcumin also
embeds into membranes, causing thinning and increased
membrane fluidity. Curcumin binds approximately parallel to
the membrane and perpendicular to the lipid tails, positioning
itself just beneath the glycerol moiety. Importantly, curcumin
alters the behavior of bound proteins due to its impacts on
membrane strucutres.’” A complete discussion and additional
references describing curcumin interactions with membranes
and A are provided in the Supporting Information.

Given that curcumin independently binds both soluble Af
and membranes, it is necessary to investigate its interactions
with Af in a membrane system. This has been studied using
Ap 25-35, which is thought to be the predominant segment
required for f-sheet formation and toxicity. Curcumin reduced
the amount of p-sheet-rich structures formed on the
membrane surface, measured by circular dichroism spectros-
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copy, thioflavin T fluorescence, and X-ray diffraction.”>** This
reduction in Af 25-35 aggregation was attributed to
curcumin’s thinning effect on the membrane, suggesting
monomeric Af} preferentially inserts into thicker and more
ordered membranes.” Another study measuring Af 1—42
aggregation using thioflavin T and immunoassays showed that
curcumin-decorated hposomes reduced Ap aggregation
compared to pure liposomes.”® Finally, curcumin inhibited
Af 1—-40 interactions with a lipid monolayer, as evidenced by
surface pressure measurements.’

A remaining question is curcumin’s relative effectiveness at
inhibiting preformed Af oligomers from interacting with an
anionic membrane compared to monomers. In this work, we
coupled X-ray scattering experiments with molecular dynamics
(MD) simulations to investigate the structure of a f-sheet-rich
fibrillar oligomer (FO) interacting with curcumin and a lipid
membrane. Using X-ray reflectivity (XR) and grazing incidence
X-ray diffraction (GIXD), we found that curcumin inhibits
binding of both A, and FO to a model membrane.
Simulations predict that curcumin interacts with exposed
phenylalanine residues in a membrane-embedded FO
structure. Therefore, curcumin is likely reducing FO binding
through both impacts on the membrane fluidity and direct
binding to the FO surface.

B RESULTS AND DISCUSSION

We used a combination of X-ray scattering experiments and
MD simulations to study how curcumin impacts the
interactions of Af,, and FO with anionic membranes. A lipid
monolayer deposited at the air/water interface in a Langmuir
trough served as the in vitro system for liquid surface XR and
GIXD experiments. XR is used to determine the structure of
the membrane and any associated proteins through analysis of
an electron density profile normal to the membrane. Therefore,
this method can be used to measure changes in membrane
structure resulting from curcumin interactions and protein
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Figure 2. Curcumin binds to a DMPG membrane and reduces lipid ordering. XR and GIXD data were collected from a pure DMPG monolayer
deposited at 25 mN/m, and with the addition of 10 #uM curcumin after 0.5 and 2 h of incubation. (A) Normalized electron density profiles (p/
Puater) that result from reflectivity fitting are plotted as a function of depth along z, normal to the air/water interface. A cartoon lipid is overlaid on
the electron density profile. Reflectivity fits are shown in Figure S1A, and XR fit parameters are in Table S2. Lipid tail thickness (B) and headgroup
P/Pyater (C) parameters from the model-dependent fitting of the XR data. (D) GIXD data are shown as points with experimental error, and the
peak fits are overlaid as lines (when applicable). Data are background subtracted. (E) Quantified lipid diffraction peak area. Full GIXD fit
parameters and calculated values are reported in Table SS. Error bars in panels (B—E) are the parameter errors obtained from fitting.

accumulation at the membrane surface. GIXD can detect any
semicrystalline ordered species present at the membrane,
including the repeated 4.7 A spacing between f-strands in an
amyloid S-sheet and lipid tails packed together in a liquid
condensed (LC) domain. To complement the in vitro
monolayer data, we performed MD simulations of a lipid
bilayer interacting with curcumin and FO. Curcumin was pre-
embedded into the membrane, and we used the Orientations
of Proteins in Membranes (OPM) server to predict a
membrane-bound structure for an experimentally determined
FO model. With all three components present in our system
(lipids, curcumin, and FO), we could determine interactions
occurring during 1 ps of simulation.
1,2-Dimyristoyl-sn-glycero-3-phosphorylglycerol (DMPG)
lipids were used as the model membranes for these studies.
At a biologically relevant surface pressure of 25 mN/m,”
DMPG lipid tails exist in an equilibrium of ordered LC and
disordered liquid-expanded (LE) phases. The LC lipids
produce a characteristic diffraction peak, meaning that GIXD
can be used to determine changes in the amount of lipid
packing caused by curcumin or protein interactions. A more
biologically relevant membrane containing cholesterol or
unsaturated lipids would not have this LC lipid diffraction
peak, and a membrane containing saturated lipids with longer
tails would contain only the LC phase at biologically relevant
surface pressures. Therefore, either of these choices would
hinder our ability to use GIXD to detect changes in the
membrane structure as a result of curcumin or Af binding.
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Although the lipid monolayer is an obvious limitation of in
vitro experiments, it is a suitable model for studying peripheral
protein interactions. Af forms strong initial interactions with
membranes through association with the lipid headgroups and
interactions with hydrophobic tails on one leaflet.”” Therefore,
the monolayer is a reasonable choice for investigating early
stage Af interactions with a membrane containing curcumin.

Intrinsically disordered Af,, and preformed f-sheet-rich FOs
were made from A 1—40. To confirm the structure of these
constructs, Fourier transform infrared spectroscopy (FTIR)
was used to probe the amide I absorption band as a readout for
protein secondary structure (Figure 1A).*" Af, had a broad
band centered on 1656 cm™', while the FO displayed a
complex amide I profile with a predominate peak at 1624
em™!, corresponding to random coils and J-sheets, respec-
tively. Altogether, the FO profile observed agrees with previous
literature characterizing f-sheet-rich FOs, distinguishing their
structures from full-length fibrils or nonfibrillar oligomers.*'~*

After successful Af,, and FO preparations were confirmed,
membrane interactions were determined by experiments using
X-ray scattering from the air/water interface in a Langmuir
trough. In these experiments, a DMPG membrane was
deposited on the air/water interface at 25 mN/m, and 10
UM curcumin was injected into the subphase (Figure 1B,C).
Previous work has shown that curcumin embeds into lipid
membranes, binding beneath the headgroups and increasing
lipid tail disorder.””** Af,, and FO are also known to interact
with anionic membranes, with the anionic membrane
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Figure 3. Curcumin reduces A, binding and fibrillation on a DMPG membrane. XR and GIXD data were collected from a pure DMPG monolayer
(A) or a monolayer incubated with 10 M curcumin for 2 h (B). Af,, was injected to reach a 2.5 uM subphase concentration, and data was
collected after 3 and 6 h of incubation. (A,B) Normalized electron density profiles (p/p,,) are plotted as a function of depth along z, normal to
the air/water interface. A cartoon lipid is overlaid onto the electron density profile. Reflectivity fits are shown in Figure SIB,C and XR fit
parameters are shown in Table S3. (C) Protein p/p,,. parameters were from the model-dependent fitting of the XR data. (D) Background-
subtracted GIXD data are shown as points with experimental error, and the peak fits are overlaid as lines (when applicable). Amyloids produce a
characteristic diffraction peak at 1.33 A™! due to repeated 4.7 A spacing between f-strands in f-sheets.*® (E) Protein diffraction peak area after 6 h
of protein incubation. Full GIXD fit parameters and calculated values are reported in Table SS. Error bars in panels (C,E) are the parameter errors

obtained from fitting.

accelerating binding and nucleating f-sheet formation after 6 h
of incubation.'" Overall, the purpose of these experiments was
to determine how curcumin affected the binding of A to an
anionic membrane.

Curcumin Binds a DMPG Monolayer and Causes Lipid
Tail Disorder. XR and GIXD measurements were first
collected from a lipid monolayer made of pure DMPG. The
measured reflectivity was normalized to the ideal interface
Fresnel reflectivity (R/Rg) and plotted as a function of the
scattering vector (g,) to highlight deviations caused by
electron-dense material present at the air/water interface
(Figure S1A). The reflectivity data were fit to construct a
model of electron density (p) as a function of depth along the
z axis, normal to the membrane. We used a model-dependent
fitting approach with distinct layers of electron density to
represent different chemical moieties in the membrane. For
example, the lipid tails, lipid heads, and water subphases were
each represented with a unique component in the model. Each
layer was parametrized with a value for electron density
(reported normalized to water, p/pyqe), thickness, and an
interfacial roughness for smoothing between layers. The results
of XR fitting were used to build a profile of electron density
along z, moving from the air to the lipid tails, then headgroups,
and finally to the aqueous subphase beneath the membrane.
The overall DMPG electron density profile (black trace) is
shown in Figure 2A, with a cartoon lipid overlaid as a guide.
The exact parameters used to construct the electron density
profile are shown in Figure 2B,C and Table S2. For pure
DMPG, the lipid tails were 16 A in length with p/p,,.c = 0.98
+ 0.02 and the headgroups were 9 A in length with p/p, e =
1.57 & 0.02. To ensure rigor in the fitting, each XR data set
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was also fit using a model-independent method. Results of this
additional fitting are shown in Figure S2.

Curcumin was then injected into the subphase and allowed
to interact with the DMPG monolayer. Data was collected
after 0.5 and 2 h of curcumin incubation (Figures 2, S1A and
Table S2). Curcumin caused a noticeable decrease in the lipid
tail length (Figure 2B), suggesting a thinner and more
disordered membrane. Curcumin also caused broadening of
the lipid headgroup and decreased headgroup p/per (Figure
2C), consistent with curcumin embedding into the membrane
to bind beneath the headgroups. XR measures an average of all
molecules in the path of the X-ray beam; therefore, as
curcumin embeds into the lipid headgroups, the data will
represent an average electron density that is in-between that of
a pure lipid headgroup and pure curcumin. The membrane
thinning and reduction in electron density were moderate at
0.5 h of curcumin incubation, but they became more
exaggerated after 2 h.

GIXD was used to detect the presence of semicrystalline
ordered species in the membrane, specifically the amount of
LC phase lipids under different conditions. From the fitted
position of the integrated diffraction peak, the lattice spacing of
the ordered species can be calculated (d = 27/ qu). From the
pure DMPG membrane, a single diffraction peak was observed
at q,, = 1.49 A~ (Figure 2D and Tab}e SS). This corresponds
to an intermolecule spacing of 4.9 A, assuming hexagonally
packed lipid tails. The diffraction peak area is proportional to
the relative amount of ordered material in the sample. After 0.5
h of interaction with curcumin, the area of the diffraction peak
was reduced, indicating that some of the lipids had been
converted from the LC phase to a disordered LE phase. No
diffraction peak was detected after 2 h of curcumin incubation,
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Figure 4. Curcumin reduces FO binding on a DMPG membrane. XR and GIXD data were collected from a pure DMPG monolayer (A) or a
monolayer incubated with 10 M curcumin for 2 h (B). FO was injected to reach a 2.5 uM subphase concentration, and data was collected after 3
and 6 h of incubation. (A,B) Normalized electron density profiles (p/py.:) are plotted as a function of depth along z, normal to the air/water
interface. A cartoon lipid is overlaid onto the electron density profile. Reflectivity fits are shown in Figure SID,E, and XR fit parameters are in Table
S4. (C) Protein p/p,,qe: parameters were from the model-dependent fitting of the XR data. (D) Background-subtracted GIXD data are shown as
points with experimental error, and the peak fits are overlaid as lines. Amyloids produce a characteristic diffraction peak at 1.33 A™! due to repeated
4.7 A spacing between f-strands in f-sheets.*® (E) Protein diffraction peak area after 6 h of protein incubation. Full GIXD fit parameters and
calculated values are reported in Table SS. Error bars in panels (C,E) are the parameter errors obtained from fitting.

indicating none of the lipids remained in the LC phase and the
membrane had been completely converted to the disordered
LE phase (Figure 2E).

Altogether, our results using an anionic lipid monolayer
agree with previous findings for curcumin interacting with lipid
bilayers. Previous studies have shown that curcumin embeds
into membranes to rest between the lipid headgroups and the
tails. Embedded curcumin also made the membrane more
disordered and thinner. This preliminary work was important
to determine what impact curcumin had on the DMPG
monolayer in preparation for understanding Af interactions.

Curcumin Reduces Af,, and FO Binding to a DMPG
Monolayer. After determining curcumin’s impact on the
DMPG monolayer, we next examined how the altered
membrane structure would impact Af#’s membrane interactions
and fibrillation. First, Af,, interactions with a pure DMPG
membrane were tested in the absence of curcumin, and data
was collected after 3 and 6 h of incubation. The electron
density profile reveals an additional layer of electron-dense
material beneath the lipid headgroups after 6 h of incubation
with A, (Figures 3A and S1B). This layer of protein was ~34
A long, with p/puer = 115 + 0.01 (Table S3). For a
homogeneous protein layer completely excluding solvent, a p/
Proater Of 1.23 is expected.45 From a rough estimate based on a
simple ratio of electron densities (0.15/0.23), Af} covers ~65%
of the membrane surface. A, also caused a decrease in the
headgroup p/p, v suggesting the peptide is also embedding
into the lipid monolayer.
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In addition to the lipid diffraction peak from the DMPG tails
at q,, = 149 A7, this sample also produced a protein
diffraction peak at q,, = 1.33 A" (Figure 3D and Table S5).
This q,, position corresponds to a lattice spacing of 4.7 A,
which is the space between f-strands in a f-sheet. Fiber
diffraction at 4.7 A has been measured from studies on full-
length amyloid fibrils,** thus the presence of this peak suggests
that Af,, has assembled into f-sheet-rich structures at the
membrane surface.

When curcumin was allowed to preincubate with the
membrane for 2 h prior to A, injection, there was decreased
Af accumulation at the membrane (Figure 3B,C). The
electron density of the protein layer at 6 h was significantly
reduced, showing only ~26% coverage of the membrane
surface. Interestingly, no protein diffraction peak was observed
(Figure 3D,E), suggesting that although a small amount of Af,,
was binding the membrane, it was not assembling into fS-sheet-
rich structures. Altogether, curcumin’s impacts on membrane
structure appear to cause a significant reduction of Af,
binding and assembly into S-sheet-rich structures.

Next, we examined the impact of curcumin on interactions
between preformed FOs and DMPG. In the absence of
curcumin, FO interacted with the pure DMPG monolayer and
formed a ~34 A protein layer bound beneath the lipid
headgroups (Figures 4A, S1 and Table S4). This protein layer
had p/pyaer = 1.177 + 0.004, roughly equivalent to ~77%
membrane coverage. There were a few key differences between
the FO and Ap, binding in the absence of curcumin.
Specifically, FO bound the membrane faster than A, with
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simulation, averaged between duplicate simulations.

a detectable protein layer accumulating beneath the membrane
after 3 h. FO at 6 h also had a protein diffraction peak area that
was approximately double that observed from Af, at 6 h,
suggesting twice the amount of pf-sheet-rich structures
accumulated at the membrane (Figures 3 and 4).

When curcumin was preincubated with the membrane for 2
h, it reduced the electron density of the FO layer bound
beneath the membrane to p/pyaer = 1.06 + 0.01 (Figure
4B,C), equivalent to only ~26% membrane coverage. The area
of the protein diffraction peak was also significantly reduced
(Figure 4D,E and Table SS), corroborating that fewer f-sheet-
rich structures were bound to the membrane.

Another interesting feature of these data is the dramatic
increase in the lipid diffraction peak area when both curcumin
and FO were present (Figure 4D), compared to the addition of
either FO or curcumin. While the presence of either FO or
curcumin reduced lipid tail order, the combination of both FO
and curcumin restored the lipid diffraction to a similar level as
pure DMPG. This was initially surprising, but it was
corroborated by the lipid tail length also extending when FO
and curcumin were both present in the membrane (15.3 A),
similar to the original length of the tails in the pure DMPG
membrane (16.0 A). By comparison, the length of the DMPG
tails in the presence of curcumin was 13.8 A, and FO was 13.3
A. This may be explained by curcumin having preferential
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binding to FO over the DMPG, where curcumin could be
condensing around the protein and decreasing the concen-
tration of free curcumin dissolved in the membrane.
Curcumin Increases Lipid Tail Dynamics in Simu-
lations. To complement the in vitro experimental data, we
chose to perform MD simulations to better understand the
molecular details of interactions of curcumin with Af in a
membrane. Due to time-scale limitations, we did not attempt
to observe de novo Af fibrillation at the membrane surface.
Instead, we chose to simulate a preformed p-sheet-rich
structure (similar to FOs) interacting with the membrane.
The FO structure was determined experimentally (PDB
2LMN), and the OPM server was used to provide a starting
model of FO bound to the membrane. The FO structure was
predicted to span across both leaflets of the membrane (Figure
S3C). We chose not to restrict FO interactions to one leaflet of
the membrane, as this would be a very artificial limitation put
in place just to align with our model membrane experimental
system. Therefore, it is likely that in an actual membrane, FOs
are both embedded into the membrane and also assembled
into a f-sheet protein layer adhered to the membrane surface.
Curcumin was pre-embedded into the membrane near the
lipid ester groups, a location supported by previous
publications using both MD simulations and experimental
methods.***” We first performed an independent simulation
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with curcumin placed in the aqueous phase above the Overall, these simulation predictions agree with our X-ray
membrane, and indeed, curcumin did embed itself into the scattering results (Figure S4) and the previously published
membrane (data not shown), in agreement with the previous work (both experimental and simulation) on the interactions

literature. Therefore, we chose to start with the pre-embedded of curcumin with membranes.
curcumin to capture interactions that would be occurring after Curcumin Binds to Phe in Membrane-Embedded FO.
the curcumin had equilibrated with the membrane. Next, we examined interactions between curcumin and FO in a
After 500 ns, the curcumin remained distributed throughout DMPG bilayer. In simulations containing only FO and DMPG,
the x—y plane of the membrane, and the majority of the the protein remained relatively stationary over the course of
curcumin molecules (15/18) remained embedded in the the 500 ns simulation (Figure S3), suggesting the original
membrane (Figure SA). Partial density analysis (Figure SB) OPM-predicted coordinates placed FO into a relatively stable
revealed that indeed, curcumin remained primarily associated interaction with the membrane. When FO was simulated in a
with the lipid esters, nestled between the headgroups and the membrane containing pre-embedded curcumin, several inter-
acyl tails. Results from deuterium order parameter calculations esting changes occurred. After 500 ns of simulation, curcumin
showed that the lipid tails became more disordered when the was no longer distributed throughout the membrane but
curcumin was embedded into the membrane (Figure SC,D). instead was clustered around the FO (Figure 6A). The changes
4032 https://doi.org/10.1021/acschemneuro.3c00512
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in curcumin distribution are also noticeable from the partial
density plot (Figure 6B), which shows that curcumin was no
longer localized near the lipid esters and had moved to clusters
near the membrane center.

To identify what interactions were driving curcumin to
cluster around FO, we performed radial distribution function
(RDF) calculations to determine which amino acids were
within the interaction distance (4.0 A) of curcumin during the
final 100 ns of simulation (Figure 7A,B). Interaction
probabilities across all distances are shown in Figure SS.
Data was normalized for residue size and number of
occurrences in the FO sequence, where a value of 1 is equal
to the probability of finding a curcumin molecule 45 A away
from that residue, essentially equivalent to no preferential
contacts with that residue. Curcumin generally interacted the
most with nonpolar residues, specifically favoring phenyl-
alanine. This FO structure has His, Lys, Val, Phe, and Glu side
chains found on the surface pointed toward the DMPG lipid
tails; therefore, curcumin is statistically more likely to form
interactions with these residues compared to residue buried in
the FO interior (Figures 7C and S6). Curcumin also had
favorable interactions with Leu, Ile, Met, and Gln residues,
which are accessible through interactions with the S-strands
that form the edges of the FO along the fibril growth axis.
Examining the interactions between curcumin and Phe,
curcumin appears to form disorganized clusters around
exposed Phe side chains (Figure S7). m—z stacking was
occasionally observed with Phe side chains at the end of the
FO structure; however, curcumin did not embed between Phe
side chains to displace previously existing Phe—Phe inter-
actions. Interestingly, curcumin interactions caused a slight
decrease in f-sheets and turns while also increasing the
random coil content in the FOs (—3% f-sheets, —7% turns,
and +8% random coil). This suggests that curcumin may be
destabilizing the classic f-sheet-rich oligomer conformation
typically associated with amyloid protein misfolding.

Summary and Perspective. Overall, we have observed
that curcumin reduces f-sheet-rich Af oligomers binding to an
anionic model membrane. Our findings from X-ray scattering
experiments and MD simulations were consistent with
previous results showing that curcumin embeds into a lipid
membrane and causes membrane thinning and lipid tail
disorganization. This altered membrane structure appears to
reduce both Af,, and FO binding beneath the membrane, as
evidenced by both reduced electron density of the protein
layer and decreased diffraction from f-sheet-rich protein
species. Simulations containing a DMPG lipid bilayer,
curcumin, and membrane-embedded FO showed that
curcumin clusters around the FO, forming favorable contacts
with exposed phenylalanine side chains. Overall, curcumin
likely reduced the extent of interactions of FO with
membranes through both altering the membrane structure
and favorable binding to the FO surface.

GIXD results showed that curcumin and FO individually
caused tail disorganization in the DMPG monolayer, as shown
by reduced lipid diffraction peak areas. Interestingly, the
combination of both curcumin and FO restored DMPG tail
diffraction to a level near the pure DMPG membrane,
suggesting that the lipids returned to an LC-ordered state.
This result may be explained by the MD simulations showing
curcumin clustered around the FO, no longer homogeneously
distributed throughout the membrane. Curcumin may favor
FO interactions over lipid interactions; therefore, clustering
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around the FO may be decreasing the relative concentration of
curcumin solubilized in the membrane.

Ap causes toxic membrane thinning and pore formation;
therefore, curcumin’s ability to disrupt Af binding and
aggregation could be a route of interest in further AD studies.
However, another facet that should be addressed is the impact
of membrane thinning caused by curcumin itself. Curcumin is
a hydrophobic molecule with intrinsic amphipathicity; there-
fore, the cellular impacts of potentially deleterious membrane
structure perturbation should be examined, especially in
combination with damaging membrane thinning caused by
Ap. Curcumin thins lipid bilayers and decreases their
stiffness,”” ™" and one report showed that curcumin disrupted
a lipid bilayer and induced the formation of micelles,
transmembrane pores, and toroidal pores.”> Curcumin also
induces leakage from unilamellar liposomes, dependent on
cholesterol concentration.**

Another remaining question is what impact curcumin would
have on membrane interactions with A oligomers that have a
globular (not f-sheet-rich) structure. It is generally agreed that
Ap oligomers are the most neurotoxic structures; however, the
distinction between f-sheet-rich FOs and nonfibrillar
oligomers is not always made clear in the literature.
Nonfibrillar oligomers have been found to disrupt membrane
integrity through a detergent-like effect,’® suggesting an
important opportunity for curcumin interactions with the
surface-exposed hydrophobic patches that give these Ap
oligomers their high toxicity. The work presented in this
study only addressed FOs, as such the unique detergent-like
effect of nonfibrillar oligomers should also be investigated in
future work concerning curcumin, Af oligomers, and
membranes.

Overall, we find that curcumin reduces interactions between
amyloidogenic Af oligomers and anionic membranes, and this
effect is likely driven by a combination of curcumin’s impact on
membrane structure and its affinity for the Af oligomer
surface. In the future, it will also be interesting to explore the
impact of other small polyphenolic molecules, such as
resveratrol, myricetin, and rosmarinic acid, as some of these
molecules have shown to be more effective at inhibiting AS
aggregation in an aqueous environment.”*>> This phenomenon
of amyloidogenic peptides forming favorable interactions with
negatively charged membranes is prevalent in several neuro-
degenerative diseases. Af interacts with S%angliosides on the
outer leaflet of neuronal membranes,'”*®"” tau interacts with
anionic lipids on the cytoplasmic-facing leaflet of the nuclear
envelope, ”*® and a-synuclein interacts with phosphatidylser-
ine lipids on synaptic vesicles.”” Additional studies are required
to determine whether the data obtained from this simplified
model system may be representative of broader amyloidogenic
protein interactions with biological membrane surfaces.
Although pharmaceutical AD treatment with curcumin has
major challenges, this work helps build foundational knowl-
edge about the interactions of the Af oligomer with anionic
membranes and how this could potentially be mitigated.

B METHODS

Materials. Lyophilized Af,_,, powder was obtained from Peptide
2.0 (Chantilly, VA) with 95.49% purity (purified by reverse-phase
HPLC). DMPG was purchased from Avanti Polar Lipids (Alabaster,
AL) as a dry powder. DMPG stock solution was prepared at 3.0 mg/
mL in 7:3 v/v chloroform to methanol. For use during Langmuir
trough assays, the stock was diluted to a 0.2 mg/mL spreading
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solution and was stored at —20 °C. Lipid solutions were vortexed and
sonicated for 30 s prior to each use. Curcumin (a mixture of
curcumin, demethoxycurcumin, and bisdemethoxycurcumin) was
obtained from Acros Organics (Morris Plains, New Jersey) at 98%
purity. Curcumin stock was prepared at 30 mM in dimethyl sulfoxide
and stored in a —20 °C freezer. The curcumin solution was protected
from light to reduce photodegradation.

There were no unexpected, new, or significant hazards or risks
associated with the reported work.

Preparation of Monomeric Ag and Fibrillar Oligomers. Ag,,
was prepared by solubilizing lyophilized A 1—40 peptide in 100%
DMSO at 2 mg/mL. The solution was sonicated for 30 s and then
centrifuged for 10 min at 14,000 rpm to remove insoluble aggregates.
The supernatant was collected and aliquoted to avoid freeze—thaw
cycles. The aliquots were stored at —80 °C. Immediately prior to use,
the DMSO-solubilized monomeric Af was diluted to desired
concentrations with 18 MQ water.

FO preparation followed a protocol adapted from Breydo et al.*’
FOs were prepared by dissolving 0.3 mg of lyophilized A 1—40 into
180 uL of hexafluoroisopropanol and incubating at room temperature
for 25 min. The solution was diluted to a total volume of 1060 uL
with 18 MQ water. The solution was stirred in an open
microcentrifuge tube for 6—8 h at room temperature. To remove
HFIP from the solution, a stream of N, was blown over the sample
until it reached ~1/3 of the original volume, then water was added to
return the sample to its original volume. The FOs were then
centrifuged for 10 min at 14,000 rpm. The supernatant was then
collected, aliquoted, and stored at —80 °C. Ap,, and FO peptide
concentrations were determined by UV/vis absorbance via Nanodrop
with an Af extinction coefficient of 1490 M™! cm™ at 280 nm.

Fourier Transform Infrared Spectroscopy. FTIR was used to
determine protein secondary structure and confirm the successful
preparation of A, and FO through analysis of the amide I bands in
the 1600—1700 cm™' range. Data were collected using a Thermo
Scientific FTIR Spectrometer (model IsS) with OMNIC Spectra
software for data collection, processing, and peak identification. 2—4
uL of AB,, or FO solution was placed on the FTIR crystal, and the
solvent was allowed to evaporate off for 20 min prior to data
collection. Three replicated scans were collected. Each resulting
spectrum was baseline corrected and background subtracted.

X-ray Reflectivity and Grazing Incidence X-ray Diffraction
Data Collection. Two liquid surface X-ray scattering methods were
used: XR and GIXD. These methods were used to determine
structural details about Af interactions with a lipid monolayer,
namely, detecting diffracting species and determining a profile of
electron density normal to the monolayer. XR and GIXD experiments
were performed at the Advanced Photon Source (APS) at Argonne
National Laboratories (Sector 15 NSF’s ChemMatCARS) with
synchrotron X-rays. A 20 mL PTFE Langmuir trough (6.5 X 6.5
cm?) was filled with degassed water, and experiments were performed
with a constant trough area at room temperature (23.5 + 0.5 °C).
Surface pressure was monitored with a Wilhelmy plate balance (KSV
Instruments, Finland). A DMPG monolayer was assembled at the air/
water interface at a surface pressure of 25 mN/m. The membrane was
left undisturbed for 20 min to allow for chloroform evaporation and
equilibration of the membrane structure.

For experiments containing only DMPG and 10 yM curcumin, XR
and GIXD data were collected at 30 min and 2 h after curcumin
injection into the subphase. For experiments with 2.5 uM Ap,, or FO,
XR and GIXD data were collected at 3 and 6 h after protein injection
into the subphase. Surface pressure measurements were used to detect
when protein binding had plateaued, as surface pressure increases are
expected when proteins bind the membrane. For experiments
containing both curcumin and Af,,/FO, the 2 h curcumin incubation
was completed, then the A, or FO was injected into the subphase,
and data was collected 3 and 6 h after protein injection. Duplicate XR
and GIXD measurements were made on each sample while peptide
insertion was equilibrated. For all experiments, the trough was sealed
in a canister, and the air inside was purged with helium gas. Data
collection proceeded after the oxygen content was <2% to prevent
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background scattering and oxidative beam damage to the monolayer.
Data was collected using X-rays with a wavelength of 1.24 A, and the
dimensions of the incoming X-ray beam footprint on the liquid
surface were ~1 X 3—10 mm” for XR and ~1 X 29 mm? for GIXD.
The data were collected by tilting a germanium monochromator
crystal to deflect the beam and change the angle of incidence on the
sample. Intensities were collected, background subtracted, and
normalized to the incident beam flux. For XR, intensities were
collected over the range 0.016 < q, < 0.8 A™". For GIXD, an incident
beam struck the water surface at momentum transfer vector g, = 0.85
X q., where q. = 0.02176 A~ is the critical scattering vector for total
external reflection from the subphase. At this g,, an evanescent wave is
generated that travels along the surface and can Bragg scatter from
molecular arrangements at the surface. Each data collection scan
typically required 1 h; as an additional precaution against beam
damage, the trough was systematically translated by 1 mm
(horizontally) during data collection. The data presented is from
one single scan; however, the data was found to be reproducible when
the samples were repeatedly scanned. A subset of experiments was
performed in duplicate, and the duplicate measurements were found
to be reproducible. X-ray scattering was detected with a Dectris
PILATUS 100 K detector, and XR and diffraction images were
integrated using Python software developed by APS beamline scientist
Wei Bu (https://github.com/weibu/Liquidisurfacei
ChemMatCARS).

X-ray Reflectivity Theory and Data Analysis. XR was used to
measure the electron density of materials deposited at the air—water
interface on a Langmuir trough, including the lipid monolayer and any
bound protein. This method can be used to detect protein binding to
a membrane and determine the resulting changes to membrane
structure. If the protein is adsorbing onto the membrane through
interactions with lipid headgroups, this can be observed as an increase
in electron density beneath the lipid tails. If protein or small molecule
interactions with the lipids cause changes to the membrane structure,
there will be changes in the electron density and length of the lipid
tails and head§roups. X-ray scattering theory has been fully described
previously,”' "** and only a summary is provided here. By measuring
the intensity of reflected X-rays, one can deduce detailed information
about the electron density distribution normal to the interface, p(z),
laterally averaged over both the ordered and disordered parts of the
film. The reflectivity is defined as the ratio of reflected to incident
beam intensities, in a specular geometry, as a function of the vertical
momentum transfer vector g, = (47/A) sin (), where € is the
incident angle of the X-ray on the surface. Finally, the reflectivity
curve can be analyzed to obtain the in-plane averaged electron density
distribution normal to the interface.

The reflectivity data are presented after division by the Fresnel
reflectivity (scattering from an infinitely sharp air—water interface)
(Rg), with error bars representing one standard deviation error for
each data point. Division by Fresnel reflectivity provided better
visualization of the XR data. A model-dependent fitting method was
used to fit the XR data, where a discrete layer model was used to
obtain the electron density profile normal to the interface. The
studied system was divided into layers with parameters for thickness,
electron density, and an interfacial roughness approximated by error
functions. The parameters of this model were adjusted using program
Motofit®® in IgorPro to obtain lowest y* values and reasonable values
of the parameters. Parameter uncertainties were estimated using a
finite difference approach with a covariance matrix describing the
concavity of y* with respect to each fit parameter. However, due to
the interdependence of the parameters, we expect that parameter
errors may be underestimated in the reported data. For rigor and
reproducibility in the data fitting, the data were also analyzed using a
model-independent approach based on cubic B—séplines to obtain the
electron density profile normal to the interface.® The coefficients in
the B-spline series were determined by constrained nonlinear least-
squares methods, in which the smoothest solution with the lowest y*
goodness of fit was chosen. Over several thousand refinements were
performed within the parameter space, and a family of models is
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presented for each reflectivity data set, all of which satisfy y* < y*... +
20% with typical values of y%:, < 10.57

Grazing Incidence X-ray Diffraction Theory and Data
Analysis. GIXD was used to detect the presence of diffracting
species at the air/water interface. This data can be analyzed to
quantify the lattice spacing (d) between ordered molecules, the
approximate size of crystallites, and the relative amount of material
packed into semicrystalline structures at the air/water interface. For
this particular system, we expected to observe diffraction from lipid
tails arranged in a LC phase and A peptides arranged into f-sheet-
rich structures."* GIXD is performed by using an X-ray beam striking
the membrane at a thin angle to generate an evanescent wave that can
Bragg scatter from crystallites on the membrane surface. For these
experiments, the diffraction angle is expressed in terms of a scattering
vector (qu) that is related to d via the relationship d = 27/q,,, where
qu is the position of the diffraction peak, as determined from a
Lorentzian fit to the background-subtracted diffraction data. The
diffraction peak area is correlated to the relative amount of diffracting
material. The coherence length (L), or average size of diffracting
crystallites, can be calculated from the full width half-maximum
(fwhm) of the diffraction peak using the Scherrer formula, L, = (0.9 X
27)/ (fwhm? — 0.006%)"/2.°° The q.y resolution of the ChemMatCARS
liquid surface instrument, Ag,, = 0.006 A”', was taken into
consideration to calculate the intrinsic fwhm values. Background-
subtracted GIXD peaks were fit by using the MultiPeak Fit 2.0
function in IgorPro.

Molecular Dynamics Simulations. CHARMM-GUI® was used
to build each of the systems. The pure membrane system was built
with 202 DMPG molecules and 12079 TIP3 molecules in a
rectangular box with dimensions of 7.9 nm X 7.9 nm X 9.1 nm,
forming a water layer 3.5 nm thick. To embed curcumin into the
membrane, 18 curcumin molecules were placed in a variety of
orientations in a grid-like pattern, with 9 curcumin molecules in each
leaflet of the membrane. The curcumin molecules were placed at the
height of the lipid esters, following previously published literature.”’
Lipids were packed around the curcumin molecules using the
InflateGro script.”" The coordinates for FO were obtained from PDB
2LMN,”* and OPM was used to predict protein insertion into the
membrane. For FO bound to a DMPG membrane with embedded
curcumin, a single coordinate file was made containing the curcumin
molecules and the FO, and then the InflateGro script was used to
pack the lipids around these molecules. Curcumin molecules that
overlapped with the FO coordinates were deleted, leaving 16
curcumin molecules in the system. For the FO system, the water
layer was 50 A thick on each side of the membrane to accommodate
the portions of the FO that protruded out of the membrane. Each
system was built with 0.1 M NaCl in the solvent, with additional ions
added to neutralize the overall system charge. Table S1 summarizes
the number of lipids, water molecules, and box dimensions for each
system.

The systems were parametrized with the CHARMM c36m force
field,” and simulations were performed using GROMACS 2021.4.7*
Curcumin was parametrized using the CHARMM general force field
(CGENFF).”® These parameters have been previously validated and
found to accurately model curcumin’s behavior.”® For all simulations,
minimization was performed by steepest descent until the maximum
force was less than 1000 kJ/(mol nm). For membrane-only systems,
equilibration was performed in six parts, each lasting 25 ps.
Equilibration began with a force constant of 1000 kJ/(mol nm?) to
restrain the lipids and was gradually reduced throughout the
equilibration. For systems containing protein, a longer equilibration
was performed over 6 steps of 125, 125, 125, 250, 250, and 250 ps
each, with a 4000 kJ/(mol nm?) restraint on the protein backbone
and a 2000 kJ/(mol nm?) restraint on the protein side chains, in
addition to the lipid restraints. All restraints were gradually reduced
throughout the equilibration. The temperature was maintained at
303.15 K using the Berendsen thermostat, and pressure was
controlled using the Berendsen semi-isotropic barostat. Long-range
electrostatics were calculated using the particle-mesh Ewald
summation, and a Verlet cutoff scheme was applied with a 1.2 nm
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distance for all nonbonding interactions. Bonds were constrained
using LINCS. During production, the temperature and pressure were
controlled with a Nose—Hoover and semi-isotropic Parrinello—
Rahman thermostat and barostat, respectively. Simulations were
performed using 2 fs time steps.

Each system was simulated in duplicate 500 ns productions for a
total of 1 s of simulation. For deuterium order parameters, partial
density analysis calculations, and RDF, the final 100 ns of the
simulation was used, and the average of the data from the duplicate
simulations is reported. The deuterium order parameters, density of
each membrane component, and RDF were calculated using the
GROMACS tools gmx order, density, and rdf, respectively. Visual MD
was used to visualize trajectories and calculate predicted secondary
structure content.”®
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