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Abstract

Under certain cellular conditions functional proteins undergo misfolding, leading to a transition
into oligomers which precede formation of amyloid fibrils. Misfolding proteins are associated with
neurodegenerative diseases such as Alzheimer’s and Parkinson’s diseases. While the importance
of lipid membranes in misfolding and disease aetiology is broadly accepted, the influence of

lipid membranes during therapeutic design has been largely overlooked. This study utilized a
biophysical approach to provide mechanistic insights into the effects of two lipid membrane
systems (anionic and zwitterionic) on the inhibition of amyloid-p 40 and a-synuclein amyloid
formation at the monomer, oligomer and fibril level. Large unilamellar vesicles (LUVs) were
shown to increase fibrillization and largely decrease the effectiveness of two well-known
polyphenol fibril inhibitors, (-)-epigallocatechin gallate (EGCG) and resveratrol, however, use

of immunoblotting and ion-mobility mass spectrometry revealed this occurs through varying
mechanisms. Oligomeric populations in particular were differentially affected by LUVs in the
presence of resveratrol, an elongation phase inhibitor, compared to EGCG, a nucleation targeted
inhibitor. lon-mobility mass spectrometry showed EGCG interacts with or induces more compact
forms of monomeric protein typical of off-pathway structures, however binding is reduced in the
presence of LUVSs, likely due to partitioning in the membrane environment. Competing effects of
the lipids and inhibitor, along with reduced inhibitor binding in the presence of LUVS, provides

a mechanistic understanding for decreased inhibitor efficacy in a lipid environment. Together, this
study highlights that amyloid inhibitor design may be misguided if effects of lipid membrane
composition and architecture are not considered during development.
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Introduction

Many intrinsically disordered proteins (IDPs) are prone to aggregation in the form of
amyloid fibrils, and the accumulation of neuronal plaques containing these aggregates are
hallmarks of a variety of neurodegenerative diseases. For example, extracellular plaques
composed of amyloid B (AB) and intracellular Lewy bodies containing a-synuclein (a.S) are
associated with Alzheimer’s disease and Parkinson’s disease, respectively. However, despite
strong correlative links, the molecular mechanisms by which these IDPs contribute to the
disease aetiology is still poorly understood.

In periods of cellular stress, amyloidogenic proteins can enter an aggregation pathway
commencing with a nucleation-phase in which misfolding proteins restructure to form
aggregation-prone, prefibrillar species. This is followed by an elongation-phase in which
monomeric proteins are recruited from solution to form mature fibrils [1,2]. Current
research suggests the low molecular weight, soluble, oligomeric species formed early on
the aggregation pathway are primarily responsible for neurotoxic effects rather than the
mature amyloid fibrils [3-7]. Pre-fibrillar species have been shown to be more toxic than the
plaques that they eventually form [6-8], and smaller oligomeric species have been shown to
exert enhanced toxicity [9]. While focus has shifted in this regard from fibrils to monomers
and oligomers, further research is required to understand the structure of toxic oligomeric
species to better guide therapeutic development.

Importantly, many recent studies have highlighted the critical role that membrane
composition and curvature plays in amyloid disease propagation through the interactions
between misfolded oligomeric species and plasma/organelle membranes. Whether this is
due to a unifying mechanism or a variety of molecular processes driving pathogenesis

is yet to be fully understood [10-13]. For example, AR has been shown to interact

with neuronal cell membranes whereby oligomeric forms of the protein cause membrane
leakage and transmission of ions, disrupting ionic homeostasis particularly for Ca?*, and
resulting in neuronal cell death [11,14-16]. On top of this, studies show that lipid bilayers
(and other lipid forms) may increase the aggregation propensity of misfolded proteins

as well as alter monomeric and oligomeric structures [17-19]. Also of importance is
membrane composition, as differing lipid mixtures induce a variety of different effects
including increased rate of a.S nucleation in the presence of anionic lipid membranes [20],
while shorter chain phospholipids have been shown to halt Ap fibril formation at low
concentrations and accelerate it at higher concentrations [21]. Anionic lipids have been
shown to interact with many misfolding proteins such as Ap, a.S and human islet amyloid
polypeptide (hIAPP) and increase rates of fibrillar elongation [22,23]. Other components
of the cellular membrane such as cholesterol and gangliosides can also influence fibril
kinetics and morphology [13,24-26]. The lipidome of neurons is complicated, diverse and is
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altered with age and disease states. After 20 years of age the total lipid content of the brain
decreases, as does the concentration of sphingomyelins and cholesterol, although different
neurons are affected more than others, further reinforcing the importance of understanding
of amyloid formation in diverse lipid environments [27].

The economic and social burden caused by amyloid diseases makes the hunt for an
effective therapeutic incredibly important [28]. Natural polyphenols are of great interest
due to their antioxidant effects and have been shown extensively to directly inhibit the
aggregation of a wide range of misfolding proteins, particularly A and a.S [29,30].

Two compounds that have been widely studied and demonstrated efficacious anti-amyloid
activity, (-)-epigallocatechin gallate (EGCG) and resveratrol, are natural products isolated
from green tea and red wine, respectively. EGCG has been shown to not only inhibit fibril
formation but also remodel A fibrils into smaller, nontoxic, amorphous aggregates [30-33].
Resveratrol, a promising candidate in animal studies [34,35], has been shown to stop Ap
fibril formation through a capping mechanism, preventing large scale fibrilization while
having no effect on oligomer formation [36-38]. Despite the promise of these studies, they
and many others largely ignore the influence that a lipid environment plays on amyloid
formation as well as the effectiveness of inhibitors in this highly dynamic environment [39].

The partitioning preferences of proteins, lipids and small molecules between a phospholipid
membrane and the surrounding solvent gives rise to a complex environment with a range

of molecular interactions that can naturally influence protein structure, aggregation, fibril
formation and inhibition. For example, recent work with hIAPP, a membrane associated
amyloidogenic protein, proposed that partitioning of hIAPP and small molecule inhibitors
(based on an oligopyridylamide scaffold) between a membrane and solution altered inhibitor
efficacy in a manner dependent on the hydrophobicity of the inhibitor [40]. In addition,
some inhibitors, including resveratrol, have been shown to influence structural changes

in hlAPP that are thought to prevent membrane association of the polypeptide, thereby
preventing lipid catalysed aggregation and membrane disruption [41-43]. To better develop
effective small molecule inhibitors of misfolding and aggregating proteins we must therefore
understand their interactions in the physiological environments in which these inhibitors will
be acting.

IDPs are, by definition, highly dynamic and heterogeneous, making them not amenable

to study by traditional structural biology techniques such as x-ray crystallography due to
the transient nature of the protein structure itself. Other methods like nuclear magnetic
resonance spectroscopy, circular dichroism spectroscopy and fluorescence spectroscopy
present data on a global average rather than the collection of unique structural states

and oligomers that constitute a transient mixture. The combination of nano-electrospray
ionisation with native ion-mobility mass spectrometry (IM-MS) allows for gentle ionisation
of proteins into the gas-phase, preserving important tertiary and quaternary structures,
while separating based on mass to charge (/m/2) as well as a rotationally averaged size

(or collisional cross section, CCS) [44-46]. It therefore offers a useful alternative analytical
method to probe the heterogeneous and dynamic states of IDPs during protein aggregation
and investigate the impact of small molecules on this process.

FEBS J. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sanders et al.

Results

Page 4

Here we have utilised IM-MS in an integrated biophysical approach to better understand
the role of lipid membranes in protein misfolding diseases at distinct stages along

the aggregation pathway, from monomeric structure to fibril morphology. We explore
differences in the aggregation dynamics of Ap40 and a.S in the presence of two membrane
models, namely unilamellar vesicles (LUVs) composed of zwitterionic 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (PC) or a mixture of anionic 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-(1’-rac-glycerol) (PG) with PC (herein PCPG). These model systems
were chosen as PC is a major phospholipid in human neuronal membranes and PG acts to
create a negative bilayer surface charge, which are major components within grey and white
matter [27]. The relative efficacy of two small molecule inhibitors, EGCG and resveratrol,
was evaluated in these lipid environments and the effects of these variables on protein
structure and aggregation propensity were interrogated. This study highlights the interplay
between misfolding proteins, phospholipid membranes and fibril inhibitors, and may inform
the design of more effective therapies by considering the influence that lipid environments
impose on disease development and inhibition.

LUVs increase AB4O0 fibrillization and reduce EGCG and resveratrol inhibitor efficacy

The effects of LUVs consisting of either PC or PCPG on AB40 fibril formation were first
assessed by performing ThT Kinetic assays (Fig. 1A). These aggregation assays were carried
out in the presence of LUVs of certain size (i.e. 100 nm polycarbonate membranes were
used to create homogenous LUVS) in order to prevent any influences on aggregation kinetics
arising from differing vesicle sizes. The size distribution of the LUVs was confirmed

by dynamic light scattering (DLS) (Fig. 1B) which displayed a normal and narrow size
distribution with diameters of approximately 100-300 nm. ThT experiments in the presence
of LUVs alone were also conducted to verify that the addition of lipids did not significantly
affect ThT fluorescence properties.

AP40 showed an overall increase in ThT fluorescence in the plateau phase when incubated
with PC and, to a greater extent, PCPG LUVs (1:30 molar ratio, Ap40:LUV). While

this may be due to increased fibril content through a shift in the proportion of recruited
monomer, it is not possible to rule out unrelated interactions with the dye [47] or
incorporation of lipids into the fibril increasing the aggregate mass [48]. Therefore, we
also interrogated the time course of aggregation to gain further insight into the observed
differences. The time taken to reach half maximum fluorescence (t5p) was calculated for
each condition by fitting the data set to a sigmoidal model (Fig. 1C). LUVs significantly
reduced the time taken for AB40 to reach half maximum fluorescence, with PC having a
more pronounced effect. The formation of mature fibrils was confirmed by transmission
electron microscopy (TEM) (Fig. 1D). Interestingly, Ap40 fibrils incubated with LUVs
appeared to be vesicle-bound, suggesting LUVs increase the fibrilization propensity of Ap40
through interactions at the bilayer surface.

Additional ThT assays were conducted to assess the efficacy of small molecule amyloid
inhibitors while in the presence of LUVSs. Resveratrol and EGCG are known fibril inhibitors
broadly effective against a variety of amyloidogenic proteins. However, they have differing
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modes of inhibition and differing levels of efficacy [49]. EGCG and resveratrol were added
at a 1:1 molar ratio which has been used previously to assess inhibitory efficacy of these
molecules [33,50]. Upon incubation with LUVs, both EGCG (Fig. 2A) and resveratrol

(Fig. 2B) were found to be less effective as fibrilization inhibitors. To quantify the relative
efficacy, the fluorescence intensity values were averaged across the final hour of the assay
and normalised against the Ap40 control. A decrease in relative fluorescence was interpreted
as an increase in inhibition efficacy (Figs. 2C and 2D).

Consistent with previous studies of Ap40 [33,49], EGCG limits ThT fluorescence at a

1:1 molar ratio, with a 95% decrease in fluorescence at plateau compared to Ap40 alone.
However, when incubated with either LUV at a 1:30 ratio (AB40:LUV), the inhibitory
efficacy of EGCG was reduced, with a decrease in fluorescence intensity in the plateau
phase of 81% and 50% in the presence of PC and PCPG LUVs respectively (Fig.

2B). Interestingly, Ap40 in the presence of LUVs and EGCG displayed a decrease in

ThT fluorescence following approximately 7 and 15 hours of incubation for PCPG and
PC respectively, suggestive of decreased mature fibril formation. This observed loss in
fluorescence may be attributed to LUV degradation during the assay [51], at which point
partitioned EGCG may be released from the bilayer and is then able to remodel mature
fibrils into smaller, amorphous aggregates [32,52]. To further complement the ThT assays,
TEM data was also collected for Ap40 aggregated in the presence of EGCG and PC or
PCPG LUVs (Fig. 2E). Despite incubation in the presence of the inhibitor, significant
fibril formation was observed, again consistent with the notion that the LUVs decrease
the inhibitory capacity of the small molecules. In addition to an effect on maximum
fluorescence, EGCG also notably shifts the tgg values in the Kinetic assay (Fig. 2F), from 5.9
to 7.7 hours for AB40 alone and with EGCG respectively. Again, the LUVs attenuate this
effect, with t5g decreased compared to the control by 11 % and 127 % for PC and PCPG
LUVs, respectively.

The efficacy of resveratrol as an inhibitor of AB40 aggregation was also examined in the
presence of LUVs. Resveratrol is generally less effective at inhibiting Ap40 fibril formation
than EGCG, with greater ThT fluorescence observed at the same inhibitor concentration.
Nevertheless, like EGCG, incubation with LUVSs resulted in a further reduction in the
inhibitory efficacy of resveratrol (Fig. 2D). However, unlike EGCG, no difference was
observed between the zwitterionic (PC) and anionic (PCPG) LUV systems, and no decline
in fluorescence was observed over time. This latter point is consistent with the reported
mechanism of action of resveratrol; despite being shown to remodel mature fibrils at high
concentrations [52], resveratrol principally appears to cap fibril formation but is unable to
disassemble fibrils [37]. Interestingly, the t5g for Ap40 in the presence of resveratrol was
reduced (Fig. 2G) reflecting that resveratrol acts in the elongation phase to cap mature fibrils
while not interacting with early oligomeric species, therefore not limiting the initial rate

of aggregation. Incubation with resveratrol and PC or PCPG LUVs also reduced the tsg
compared to Ap40 alone, with PCPG showing a greater reduction.

Overall, the combined data demonstrate the ability of LUVs to reduce the efficacy of two
well-known small molecule inhibitors of fibrilization. PCPG was found to affect Ap40
inhibitor efficacy more significantly, and anionic LUVs have also been shown in literature to

FEBS J. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sanders et al.

Page 6

have a greater affinity for Ap40 [22,53]. For these reasons, we chose to focus only on PCPG
LUVs for subsequent experiments in this study.

PCPG LUVs increase aS fibril aggregation and reduce EGCG and resveratrol inhibitor

efficacy

To investigate whether the effects of LUVS on fibrillar aggregation and inhibition by

EGCG and resveratrol are consistent between protein systems, we performed analogous ThT
experiments using aS. Compared to AB40, oS aggregates at a much slower rate and allows
for /n vitro kinetic analysis to be performed in the presence and absence of seed fibrils in

a robust manner (Fig. 3A and 3B respectively). This allows us to separately examine the
inhibitory action of EGCG and resveratrol during primary nucleation and fibril elongation
stages in the presence of LUVs. EGCG and resveratrol were subsequently introduced into
these systems to ascertain whether the LUVs had similar effects on inhibitory efficacy
against a.S aggregation (Fig. 3C and 3D).

As observed for AB40, in the presence of PCPG LUVs, aS fibrils aggregated faster
compared to aS alone during primary nucleation-mediated fibrilization (i.e. unseeded
aggregation) (Fig. 3E) demonstrated by a significant reduction in the tsg. However, in the
presence of seed fibrils (2.5% w/w), the rate of aggregation remained similar to a.S alone
(Fig. 3F). The data suggests that LUVs primarily modulate the rate of aggregation through
alterations in monomeric or early oligomeric structures during the nucleation phase.

In the unseeded assays, the inhibitory activity of resveratrol towards a.S aggregation was
completely nullified in the presence of PCPG LUVs (Figs. 3A and C), and in fact, a.S
fibrils with resveratrol and PCPG aggregated faster than .S alone, despite the presence of
inhibitor. The fluorescence intensity during the plateau phase measured in the presence of
resveratrol was also greatly reduced by PCPG LUVSs in the seeded a.S system (Fig. 3B

and D), however the rate of aggregation remained relatively consistent across conditions for
this inhibitor in seeded assays (Fig. 3F). Contrastingly, EGCG was found to be far more
effective as an inhibitor against both unseeded and seeded a.S aggregation, displaying little
ThT fluorescence even in the presence of PCPG LUVs (Fig. 3A and 3B).

LUVs and inhibitors differentially influence the distribution of protein aggregation states

ThT assays are only able to provide insight into the fibril content during the aggregation
process, which ignores important details regarding monomeric structure and oligomeric
populations. For these reasons, we also carried out immunoblotting experiments to ensure
ThT-derived data mirrored relative fibril content across treatments, as well as to gain
insight into pre-fibrillar oligomeric populations. Ap40 fibril-specific antibodies were first
used to validate ThT fluorescence data, with the relative intensity (i.e., abundance) of
fibrillar species compared to Ap40 alone as a function of time (Fig. 4A). In general, the
relative abundance of fibrils observed over time in the presence of LUVs and/or inhibitors
correspond to the ThT kinetic data. Notably, the relative endpoint fibril abundance (Fig.
4B) correlates well with the relative percentage inhibition estimated from ThT fluorescence
assays at plateau (c.f. Figs 2A and 2F), lending weight to the ThT assay as a suitable means
for estimating fibril inhibitor efficacy, despite the known limitations of this approach.
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We also performed immunoblotting to observe the abundance of pre-amyloid oligomers,
using an Al11 “oligomer-specific’ antibody for both AB40 and a.S in the presence of LUVs
and EGCG or resveratrol, in an effort to gain additional mechanistic insight into their
effects on early aggregation pathways. While these antibodies are not entirely selective for
pre-fibrilar species, having been shown to bind to some extent to fibrils as well as early
oligomeric states [54], they can still yield information on early aggregation events that fibril
specific assays cannot, particularly for aS which shows an extended lag phase of at least 30
hours by ThT assays.

Oligomer formation is discernibly more evident at earlier timepoints in the presence of
PCPG LUVs for both proteins (2 h for AB40 and 24 h for aS, which is during the lag-phase
observed by ThT assays) (Fig. 4C and 4E). This suggests the enhanced fibril formation
observed in ThT assays by PCPG lipids is a result of early formation of oligomeric species
which act to nucleate fibril growth. The ability of EGCG and, to a lesser extent resveratrol,
to reduce the concentration of oligomeric states compared to the aggregating control was
readily observed for both Ap40 and a.S systems (Fig. 4D and 4F respectively), likely
contributing (at least in part) to their anti-amyloid activity. Notably however, PCPG LUVs
had a significantly different influence on the ability of the inhibitors to reduce oligomer
abundance; in the case of resveratrol it served to further decrease oligomer abundance in
both systems, while PCPG LUVs diminished the ability of EGCG to reduce AB40 oligomer
formation with no change for a.S. This further reinforces a different mechanism of action of
the two inhibitors, and highlights the need to consider more deeply the mode of inhibition of
each compound for a given target system.

IM-MS reveals structural changes induced by EGCG complexes with AB40 and aS

monomers

Thus far, our data suggests that LUVs interact with amyloidogenic proteins early in

the aggregation pathway, potentially through changes in the structure of monomeric or

low molecular weight oligomeric species. For this reason, we applied native IM-MS to
interrogate structural features of soluble protein forms to provide further mechanistic insight
into the combined effects of PCPG LUVs on aggregation and inhibition by EGCG and
resveratrol. The electrospray ionisation process gives rise to multiply charged protein ions,
with the degree of protonation dependent upon solvent-exposed surface area and hence
protein foldedness [55]. In native IM-MS experiments, ions are separated not only based on
their m/z ratio, but also on rotationally averaged CCS values for a given charge state; the
longer that ion takes to traverse the ion mobility sector, the larger its rotationally averaged
CCS and vice versa. IM arrival time distributions can therefore be extracted from ion
populations of a given m/zto provide structural information based on overall size.

We first analysed any changes in the monomeric structure of Ap40 due to the addition

of EGCG, PCPG LUVs or both (Fig. 5A). EGCG and PCPG were primarily investigated
here as they had the greatest effect on both inhibition and aggregation respectively, and
resveratrol was not found to form stable complexes with either of the proteins (data not
shown). While PCPG showed little effect on the native AB40 mass spectrum, the addition

of EGCG produced peaks corresponding to Ap40:EGCG complexes with stoichiometries up
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to a 1:3 Ap40:EGCG ratio (Fig. 5A). However, in the presence of both EGCG and PCPG
LUVs, only 1:1 AB40:EGCG complexes were observed. This reduction in EGCG binding
to Ap40 potentially indicates a mechanism in which PCPG LUVs reduces EGCG inhibitor
efficacy by inducing structural changes that decrease EGCG binding affinity, or through a
decreased availability due to partitioning of the inhibitor in the lipid environment. No stable
complexes were detected between AB40 and PC or PG lipids.

To better understand the overall structural transitions of AB40 under these varying
conditions, the ion mobility arrival time distributions (ATDs) for the major charge states
were extracted and compared. Given the high mass resolution of the spectrometer utilised
for this analysis, it was possible to extract ATDs for individual adduct types, and initial
comparisons between the most abundant M#* ions revealed large structural differences
depending on the whether ions were adducted with H*, Na* and NH,* (Fig. 5B). This
observation is consistent with previous studies which demonstrate that nonspecific metal ion
adduction to proteins results in ions with more compact conformations than non-metallated
forms with the same charge, with the greatest effect observed for intermediate protein charge
states [56]. These results suggest that a compaction of the gas-phase ion upon attachment

of metal ions may not be a reliable indicator of any conformational changes that occur

in solution as a result of changed solution conditions. In contrast, the M3* ions showed

little variation in their ATDs in response to adduct type, thereby indicating a more folded
structure less easily influenced by Na* or NH4*. For this reason, a comparison of the

M3+ ATDs was considered more informative to probe for changes in protein structure with
varying experimental conditions.

Interestingly, the ATDs of the M3* monomer ions showed little variation between each
condition, suggesting no significant change in the conformation of the soluble monomeric
protein in the presence of PCPG vesicles or EGCG (Fig. 5C). Consequently, it is likely
the decreased extent of EGCG hinding to AB40 in the presence of the LUVSs as indicated
from the native mass spectra is not a result of structural changes but in fact a result of
reduced availability of the inhibitor due to partitioning in the membrane. A comparison
of the ATDs for the M3* ions of 1:1 AB40:EGCG complexes showed an increase in drift
time upon binding of EGCG, however this was proportional to the increase in mass due
complexation of EGCG (10% mass increase, 9% drift time increase). This is consistent
with previous observations by IM-MS [57,58] which suggest EGCG targets compact protein
conformations for binding.

Analogous native IM-MS experiments were performed to evaluate the effects of EGCG

and PCPG LUVs on aS. Two charge state distributions were observed for the protein

in the native mass spectrum, corresponding to unfolded (higher charged) and partially
folded (lower charged) structural populations (Fig. 6A). Much like for Ap40, a.S was
shown to form aS:EGCG complexes, with up to 2 EGCG molecules identified bound

the protein. These EGCG:protein complexes were more notable at lower charge states

(M7* and M8*), again consistent with a preference for EGCG to bind to more compact
protein conformations. A reduction in the abundance of EGCG:protein complexes was once
more observed in the presence of PCPG LUVSs, which provides further basis for decreased
inhibitor efficacy in the presence of LUVS, likely due to partitioning in the membrane
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environment. As with Ap40, no stable protein-lipid interactions were detected, however,
dimers were more easily observed for a.S. A comparison of the relative dimer abundance

in each condition revealed that less dimer was present when incubated with EGCG, but
incubation with both EGCG and PCPG LUVs restored the relative amount of dimer to
levels within error of aS alone (Fig. 6B). This is in slight contrast to immunoblotting assays
which suggested PGPG LUVs did not diminish the ability of EGCG to prevent oligomer
formation (Fig. 4F), and implies the inhibitory effects of EGCG may arise by action on
larger oligomeric states that are not observed in the MS experiment.

The 7+ and 11+ charge states of aS were analysed by IM-MS (Figs. 6C and 6D) to reflect
the partially unfolded a.S populations respectively. For the 7+ ions, no variation in ATDs are
noted upon EGCG binding, consistent again with a preference for EGCG to bind to already
compact structures. In the case of the 11+ ions however a shift in ATD is observed towards
lower drift time, suggesting EGCG also has an ability to direct extended conformations to
more ordered structures, a phenomenon which has been previously observed and attributed
to formation off-pathway species [58]. Since compaction has been noted as a phenomenon
occurring before the fibrillar aggregation of amyloid proteins, the high efficacy of EGCG as
a fibril inhibitor may be due to targeting this process through complexation [59-61].

Discussion

Effects of the lipid membrane are vitally important considerations in the fibrillar aggregation
process which have only gained recent attention and focus. Lipid binding is important for
both AB40 and a.S in their functional states. For example, amyloid precursor protein, the
protein from which AB40 is derived through proteolysis, is a membrane bound protein
[25,62] and a.S is thought to play a role as a lipid vesicle tethering protein via an N-terminal
double-anchor mechanism [63—-65]. Many studies have suggested that lipid membranes
initiate aggregation of Ap40 and a.S, acting as a catalytic surfaces for misfolding and
fibrilization [20,66,67]. Since potential small molecule inhibitors may be competing against
this process, it is important to consider their activity in the lipid environment. On top of this,
the aetiology of misfolding diseases is also thought to be due to membrane interactions of
misfolding monomer and/or oligomers through disruption, permeation and lysis of neuronal
membranes [11,12,68,69]. Therefore, a better understand of this interplay is important to
lead to successful therapy design. Given that recent work has shown the effectiveness of
EGCG as a fibril inhibitor is environment dependent, including considerations such as
oxidation status and pH [70], we investigated how lipid environments may affect the efficacy
of two well-known inhibitors of fibrillization, EGCG and resveratrol, towards Ap40 and a.S
fibril formation.

We have demonstrated that both PC and PCPG LUVs increase the rate of AB40 aggregation.
Similarly, PCPG LUVs increased the rate of a.S fibrillar aggregation, although only in the
absence of preformed seed fibrils. This is consistent with a mechanism in which the lipids
primarily influence aggregation in the nucleation phase through a pathway dependent on
lipid composition and relative concentration of aggregating protein [20,26,71]. TEM data
indicated LUVs were bound to fibrils, potentially due to elongating fibrils propagating from
a localised protein concentration on the LUV surface.
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Importantly, we have also demonstrated that the lipid environment drastically reduces the
ability of EGCG and resveratrol to prevent aggregation in AB40, while EGCG only retained
inhibitory activity in aS systems. This infers that EGCG is less effective in targeting rapidly
aggregating structures, like Ap40, in contrast to the more slowly aggregating a.S. Anionic
PCPG LUVs had a more significant effect than zwitterionic PC LUVs in the case of EGCG
and Ap40 aggregation, although both LUVs reduced resveratrol inhibition equally. These
differences highlight the different inhibition mechanisms of EGCG and resveratrol, where
EGCG inhibits in the nucleation phase and can remodel fibrils, while resveratrol caps fibrils
early in the elongation phase [30-33,36-38].

Immunoblotting revealed the appearance of oligomeric Ap40 and a.S occurred earlier in
the aggregation time course, and with a much greater abundance preceding the onset of

the elongation phase for a.S, when in the presence of PCPG LUVs. Recent research has
shown the highest energy barrier in fibril elongation is the transition from oligomer to
immature fibrils, and the majority of these oligomers do not form fibrils [72]. A higher
oligomer concentration would therefore be expected to increase the probability of oligomer
to fibril transitions, denoting a mechanistic explanation for the increased aggregation rate.
Interestingly, oligomer abundance was higher in the presence of resveratrol alone than both
resveratrol and PCPG LUVSs, which was contradictory to that observed for EGCG and
PCPG. The increased oligomeric concentrations due to PCPG LUVs may outpace the ability
for resveratrol to effectively cap fibrils, leading to the greater observed influence of LUVs
on resveratrol inhibitor efficacy.

Native MS revealed Ap40 and aS formed complexes with EGCG while resveratrol did not,
consistent with previous work [57,58]. However, the abundance of EGCG-protein complexes
was notably reduced in the presence of lipid vesicles. Utilising native IM-MS data we

are able to show that PCPG LUVs had little influence on the structure of monomeric

protein, and that protein:EGCG complexes increased the extent of structural compaction

at less folded, highly charged states but had little effect on the more folded, lower

charged states for both Ap40 and a.S. This suggests the ability of LUVs to decrease the
effectiveness of the small molecule inhibitors is less related to structural changes and instead
presumably a result of decreased availability due to partitioning between the lipid membrane
and surrounding solvent. Given both amyloid proteins and small molecule inhibitors will
partition between the lipid membrane and surrounding solvent to varying degrees, and

since solution aggregation mechanisms are different to those on the bilayer [20,73], this
partitioning behaviour is likely to be a significant contributor to variations in inhibitor
efficacy for specific protein, inhibitor and lipid composition combinations by altering the
extent of protein-inhibitor interactions [41,74].

In summary, we provide further evidence that lipid environments affect the structure

and aggregation kinetics of amyloidogenic proteins, AB40 and a.S, and add insight into
inhibition mechanisms of EGCG and resveratrol in this environment. Importantly, LUVs
appear to reduce the effects of these small molecule fibril inhibitors by partitioning

effects in the membrane environment. This study highlights the importance of the cellular
membrane in the fibrillar aggregation of misfolded proteins, together with our relative lack
of understanding on the structural effects that this environment induces on amyloid structure
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and dynamics. A lack of regard for the effects of the lipid environment during therapeutic
design ultimately exemplifies how current developments have been ineffective in treating
protein misfolding diseases.

Materials and Methods

Human Ap40 (lyophilised powder) was purchased from Anaspec (Fremont, CA, USA).
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-(1’-rac-glycerol), were purchased from Avanti Polar Lipids (Alabaster, AL, USA).
EGCG, resveratrol and all other reagents were purchased from Sigma-Aldrich (St. Louis,
MO, USA) unless otherwise specified.

Preparation of AB40, aS and LUVs

Expression and purification of human a.S (UniProt accession number: P37840) was
performed as described previously [75]. Pre-formed a.S seed fibrils were produced from

the monomeric protein preparation as described previously [76]. Ap40 was pre-treated

with NH4OH to ensure monomerisation according to the method described by Ryan,

et al[77]. Aliquots were snap frozen and stored at =80 °C and were only defrosted
immediately before use. Large unilamellar vesicles (LUVs) were extruded using an Avanti
Mini-Extruder with 0.1 um extruder filters (Millipore, Billerica, MA, USA) according to
the manufacturer’s instructions. LUV diameters were confirmed by dynamic light scattering
(DLS) and transmission electron microscopy (TEM).

Dynamic light scattering

LUV diameters were measured by dynamic light scattering using a Malvern Zetasizer nano
ZS (Malvern Instruments, Malvern, Worcestershire, UK). LUVs were characterised at a
concentration of 1.5 mM with a 633 nm laser at a back scattering angle of 173°.

Thioflavin T assays

Fibrillar aggregation was monitored in real-time using a thioflavin T (ThT) fluorescence
assay [78]. Primary nucleation-mediated fibrilization of Ap40 (50 uM) and a.S (150 pM)
was performed in 100 mM ammonium acetate (pH 7.4) and ThT (40 uM) in the absence
and presence of LUVs (1:30 molar ratio; protein:lipid) [24]. Inhibitor concentrations were
based on previously established concentrations [33,50]. Fibrilization of a.S (50 uM) in the
presence of short seed fibrils (2.5 % w/w) was performed to examine the effects on fibrillar
aggregation in the absence and presence of LUVs and inhibitors. Samples were plated (50
uL/well) into sealed 384-well microplates (Greiner Bio-One, Kremsmiinster, Upper Austria,
Austria) and fibril formation was monitored using a FLUOstar Optima microplate reader
(BMG Lab Technologies, Melbourne, Victoria, Australia) over a period of 20 h (Ap40), 25
h (seeded a.S) and 120 h (unseeded a.S) at 37 °C with shaking (double orbital, 50 rpm) for
30 s prior to fluorescence measurement. ThT fluorescence was measured with an excitation
and emission wavelength of 440 and 490 nm, respectively. All data, except for seeded aS
assays, were fitted with non-linear sigmoidal dose response to calculate and compare the rate
of fibrillar aggregation by finding the time taken to reach half maximum fluorescence (tsg).
Seeded oS assays were fitted with a one-phase exponential association. The extent of fibril
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inhibition afforded by each inhibitor with and without LUVs was calculated by comparing
the average ThT fluorescence maximum across each treatment in the final hour of the assay.
ThT data were analysed and subjected to a Tukey’s multiple comparisons test using Prism
9.0 (GraphPad Software, La Jolla, USA), with all assays performed at least three times and
reported as mean = SEM.

Transmission electron microscopy

Samples were taken immediately at the conclusion of the ThT assay and placed directly

(3 L) onto a carbon-coated 400-mesh nickel TEM grid (ProSciTech, Thuringowa Central,
Queensland, Australia) [32]. Grids were washed with 0.22 um filtered MilliQ water and
stained with 2% (w/v) uranyl acetate solution. Samples were viewed using either a CM100
transmission electron microscope (Philips, Eindhoven, North Brabant, Netherlands) or a
Tecnai G2 Spirit TEM (FEI, Hillsboro, OR, USA) with a magnification of 45 000x.

Immunoblotting

The relative abundance of various morphological states (i.e. monomer, oligomer or fibril)
of AB40 and a.S was assessed by immuno-dot blotting as described previously [33,79].
Samples were prepared in sealed 384-well microplates (Greiner Bio-One, Kremsmiinster,
Upper Austria, Austria) and incubated using a FLUOstar Optima microplate reader (BMG
Lab Technologies, Melbourne, Victoria, Australia), replicating the conditions of the ThT
Kinetic assays in the absence of ThT. Briefly, 1.5 uL of sample at various time points during
fibril formation were dotted onto nitrocellulose membranes and blocked with 5% skim
milk in TBS-T at room temperature for 1 h. Membranes were washed four times prior to
incubation with either an A11 anti-oligomer (1:5000 in 2% skim milk TBS-T) (Invitrogen,
Carlsbad, CA, USA) or an anti-fibril (ab205339, 1:5000 in 2% skim milk TBS-T)) (Abcam,
Cambridge, MA, USA) at 4 °C overnight. An IlgG-HRP secondary antibody (403001) and
Clarity™ ECL substrate (both Bio-Rad, Hercules, CA, USA) were used for detection. The
intensity of the blots was quantified using ImageJ [80], where experiments were performed
in triplicate and data reported as mean + SEM. Data was analysed by one-way ANOVA
using Prism 8.0 (GraphPad Software, La Jolla, CA, USA).

lon-mobility mass spectrometry

Native mass spectra were acquired on a Synapt HDMS G1 Q-TOF instrument, while
IM-MS analysis was performed using a Synapt HDMS XS Q-TOF mass spectrometer
(Waters Corporation, Manchester, Greater Manchester, UK), both using a nano-electrospray
ionisation source. Samples were prepared in 100 mM ammonium acetate (pH 7.0) to a final
protein concentration of 50 uM. AB40 and .S were incubated in the presence of LUVs
(1:10 molar ratio; protein:LUV) and/or inhibitor (1:1 molar ratio; protein:inhibitor) for 10
min at room temperature before analysis. Longer incubation times were avoided to prevent
clogging of the nanospray needle due to aggregation, allowing for more consistent data
collection. Samples were loaded into platinum-coated borosilicate glass emitters prepared
in-house. Gentle ionisation and gas-phase conditions were applied to minimise structural
changes prior to detection [81], with instrument parameters as follows: capillary voltage,
1.60 kV; sampling cone, 30 V; extraction cone, 1.5 V; trap/transfer collision energy, 10-15
V; trap gas, 5.5 I/h; backing gas, ~4.5 mbar. The parameters for IM were as follows: Trap
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DC bias, 20 V; IM cell wave height, 8 V; IM cell wave velocity, 350 m/s; transfer t-wave
height, 8 V; transfer t-wave velocity, 250 m/s. Synapt XS settings were consistent with the
G1 with the exception of an IM cell wave height of 40 V and IM cell wave velocity of 1100
m/s. Mass spectra and arrival time distributions (ATDs) were viewed using MassLynx (v4.1)
and DriftScope (v2.1), respectively (Waters Corporation, Manchester, Greater Manchester,
UK). Relative dimeric populations were deconvolved using UniDec [82]. A FWHM of 0.85
m/z, charge range of 1-50 and mass range of 5-500 kDa were input. A curved background
subtraction of 100 was also applied.
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Figure 1. PC and PCPG LUVsalter the aggregation kinetics and fibril formation of AB40.
(A) Ap40 (50 pM) (black) fibril formation was monitored by the change in ThT

fluorescence in the presence of either PC (blue) or PCPG (red) LUVs (1:30, AB40:LUV).
(B) DLS reveals a normal and narrow size distribution for PC (top) and PCPG (bottom)

LUVs at a concentration of 1.5 mM, with diameters of approximately

100-300 nm. (C) The

time taken to reach half maximum ThT fluorescence (t5p) was compared for Ap40 (50 uM)
in the presence of either PC or PCPG LUVs (1:30, Ap40:LUV). Data are reported as mean
+ SEM (n = 3), ****p<0.0001. (D) TEM images show the morphology of Ap40 alone (left)
and in the presence of PC (middle) and PCPG (right) LUVs at the same molar ratios. White
arrows highlight points where LUVs are in contact with fibrils. Scale bars represent 500 nm.
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Figure 2. Inhibition of AB40 fibril formation by EGCG and resveratrol iscompromised by PC

and PCPG LUVs.

The effect of LUVs on AB40 (black) fibril inhibition by (A) EGCG (50 pM) in the absence
(grey) and presence of PC (blue) and PCPG (green) LUVs, and (B) resveratrol (50 M)

in the absence (brown) and presence of PC (pink) and PCPG (purple) LUVs was assessed
through ThT fluorescence assays (1:30, AB40:LUV). The extent of fibril inhibition afforded
was calculated by comparing the average ThT fluorescence maximum in the final hour of
the assay across each treatment for (C) EGCG and (D) resveratrol containing conditions.
Fibril formation in the presence of EGCG was confirmed by TEM (E) for AB40 with both
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PC (top) and PCPG (bottom) LUVs (scale bars represent 500 nm). The time taken to

reach half ThT maximum fluorescence (t5g) was also compared across conditions for (F)
EGCG and (G) resveratrol. Data are reported as mean £ SEM (n = 3), *p<0.05, ***p<0.001,
****%n<0.0001.
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Figure 3. PCPG LUVs modulate theinhibitory efficacy of EGCG and resveratrol during seeded
and unseeded a.S aggregation.

Fibril formation of (A) unseeded a.S (150 uM) and (B) seeded aS (50 pM with 2.5% w/w
seed fibrils) in the presence of EGCG (50 uM) and resveratrol (50 tM) was monitored
through ThT fluorescence assays in the presence and absence of PCPG LUVs (1:30
aS:LUV). The extent of fibril inhibition afforded by EGCG and resveratrol was calculated
by comparing the average ThT fluorescence maximum in the final hour of the assay across
each treatment for (C) unseeded and (D) seeded assays, and the time taken to reach half
maximum ThT fluorescence (tsg) was also compared (E and F for seeded and unseeded
assays respectively). Data are reported as mean + SEM (n = 3), *p<0.05.
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Figure4. LUVsalter the abundance of AB40 and a S oligomersin the presence of EGCG and
resveratrol during fibril formation.

The effect of LUVs on fibril concentrations and fibril inhibition by EGCG (50 pM) and
resveratrol (50 uM) was monitored through immuno-dot blot assays. (A) Ap40 (50 uM)

was incubated in the presence and absence of inhibitors and LUVs (1:30 Ap40:LUV) and
the relative abundance of AB40 fibrils at the assay endpoint (24 h) was quantified using
densitometry (B). Similarly, the effect of LUVs on oligomer formation during aggregation
was observed for (C) Ap40 (50 uM), incubated in the presence and absence of EGCG

or resveratrol and LUVs (1:30, AB40:LUV), with the abundance of oligomers at 24 h
quantified by densitometry (D), and for (E) oS (50 uM) incubated in the presence and
absence of EGCG or resveratrol and LUVs (1:30, aS:LUV) and quantified at 96 h by
densitometry (D). Data are reported as mean = SEM (n = 3), *p<0.05, *p<0.01, ***p<0.001.
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Figure5. Native IM-M S unravelsthe structural heterogeneity of Ap40 in the presence of EGCG
and PCPG LUVs.

(A) Native MS spectra of Ap40 (50 pM) in the presence of PCPG (500 uM) and/or EGCG
(50 pM). Complexes with EGCG (1:1, 2:1 and 3:1, EGCG:AP40) are primarily observed
from the M4* charge state (A, inset). (B) Extracted ATDs for the various AB40 adducts
giving rise to ions with 3+ (Ieft) and 4+ (right) charge states reveal compaction effects

of non-specific metalation specific to the higher charge state. (C) Extracted ATDs for

the M3* jons in the presence of PCPG (500 pM) and/or EGCG (50 pM) demonstrate no
conformational change of the monomeric protein in these conditions, while a shift to higher
drift time is observed from the ATDs extracted for the M3* ions of the 1:1 AB40:EGCG
complex compared to Ap40 alone (D).
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Figure 6. Native IM-M S examinesthe structural heterogeneity of aSin the presence of EGCG

and PCPG LUVs

(A) Native MS spectra of aS (50 uM) in the presence of PCPG (500 uM) and/or EGCG
(50 uM). Complexes with EGCG are shown (A, inset). (B) Relative dimer intensities were
compared between each condition. Data are reported as mean £ SEM (n = 3), **p<0.01.
(C) ATD analysis of the a.S monomer in the absence of EGCG, in the presence of EGCG
(50 pM) and the 1:1 aS:EGCG complex for (C) the more folded M’* ions and (D) the less
folded M11* jons suggest EGCG preferences formation of more compact structures.
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