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Abstract

An increasing number of human diseases has been shown to be linked to aggregation and amyloid
formation by intrinsically disordered proteins (IDPs). Amylin, amyloid-g3, and a-synuclein are,
indeed, involved in type-Il diabetes, Alzheimer’s, and Parkinson’s, respectively. Despite the
correlation of the toxicity of these proteins at early aggregation stages with membrane damage, the
molecular events underlying the process is quite complex to understand. In this study, we
demonstrate the crucial role of free lipids in the formation of lipid—protein complex, which enables
an easy membrane insertion for amylin, amyloid-g, and a-synuclein. Experimental results from a
variety of biophysical methods and molecular dynamics results reveal that this common molecular
pathway in membrane poration is shared by amyloidogenic (amylin, amyloid-g, and a-synuclein)
and nonamyloidogenic (rat IAPP, g-synuclein) proteins. Based on these results, we propose a
“lipid-chaperone” hypothesis as a unifying framework for protein-membrane poration.

Keywords

Intrinsically disordered proteins; lipid-chaperone hypothesis; Alzheimer; Parkinson; diabetes
mellitus; oxidized lipids

INTRODUCTION

Amyloidoses encompass a family of diseases characterized by the misfolding and
aggregation of disparate proteins into a common fibrillar, cross-g-sheet form termed
amyloid. To date, many amyloidogenic proteins forming extracellular amyloid deposit or
intracellular inclusions with amyloid-like behavior linked to human disease have been
identified.1=3 The most extensively studied amyloid-forming proteins include: (i) the
amyloid-g (Ap) peptide, which is known to form plaques in Alzheimer’s disease; (ii) a-
synuclein (a-syn), which is found in Lewy bodies in Parkinson’s disease; (iii) islet amyloid
polypeptide protein (IAPP or amylin), which is linked to type-Il diabetes; (iv) PrPc, which is
associated with transmissible spongiform encephalopathy; (v) huntingtin, which is
responsible for Huntington’s disease; and (vi) -2 micro-globulin, which is involved with
dialysis related amyloidosis. All of these proteins are known as intrinsically disordered
proteins (IDPs), because they exist as highly dynamic conformational ensembles rather than
well-defined folded structures. The correlation between amyloid formation and the
development of disease symptoms has given rise to the amyloid hypothesis, which posits
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that amyloid plaques are responsible for cell death leading to disease progression.* The
hypothesis is limited, however, by the finding that many patients lack significant plaque
buildup; equally problematic is the observation that amyloid deposition occurs even in some
healthy individuals.> More recently, the toxic oligomer hypothesis, supported by /n vivo and
in vitro data, suggests oligomers or prefibrillar aggregates rather than the mature and stable
fibrils are the species mainly responsible for the cell death leading to disease pathology.®

Although there is a broad consensus that membrane damage is an important driver of
cellular toxicity in amyloid diseases, the mechanism of the damage remains unsettled. A
number of reports concluded that membrane damage is caused by the fibrillar structures
themselves,1:"8 whereas the damage mechanism in the toxic oligomer hypothesis has been
described as occurring in sequential steps:19 (i) self-assembly of proteins in the lipid phase
to form isolated transmembrane ion-channel-like pores (with a diameter of approximately
1.8 nm19-13) and (ii) a combination of the process of conversion of the assemblies into large
aggregates’3 and membrane-assisted fibrillation process has been shown to tear away lipids
from the bilayer.%:10 Both of these damage mechanisms necessarily assume a first step in
which the amyloidogenic protein transfers from the aqueous phase to the hydrocarbon core
of the bilayer; this determinant step is still poorly understood. From an experimental point of
view, the detection of both small and large pores is mainly based on fluorescent dye leakage
assays. Small pores produced by ABare detected using the Ca*/Fura-2 pair,® while large
pores are detected through the release of carboxyfluorescein from the lipid wall.1914 The
size of these pores is variable and depends on the different amyloidogenic proteins; this is
illustrated by the observation that both small and large pores formed by hIAPP and a-syn
are detectable by the carboxyfluorescein fluorescent probel® and calcein,® respectively.

Many biophysical studies have examined IDP—membrane interactions using large
unilamellar vesicles (LUVs) as the simplest lipid assembly mimicking the cell membrane.
Most literature reports employing LUV model systems focus on lipid—protein interactions
occurring in the lipid rich phase (bilayer), while the interactions occurring between proteins
and free lipids in the aqueous phase are usually neglected because of the extremely low lipid
concentration in water.16 However, a chemical equilibrium between dispersed lipid
monomers and their supramolecular assemblies (LUVS) exists and is characterized by the
critical micellar concentration (CMC) defined as “the concentration of surfactants above
which micelles (bilayers) form and all additional surfactants added to the system will form
micelles (bilayers)” (IUPAC, Compendium of Chemical Terminology, second ed. (1997)).
CMC indicates the quantity of free lipids in solution that are in equilibrium with micelles or
other supramolecular aggregates (e.g., bilayers). For lipid molecules with short acyl chains
or charged head groups, the concentration of free lipids in equilibrium with LUVs may reach
values up to the micromolar (M) range (i.e., less stable bilayers), while the CMC of long
acyl chain containing lipids drops to the low nanomolar (nM) scale’-18 (more stable
bilayers that efficiently trap free lipid molecules). Because in most experiments assaying
amyloid—membrane interactions proteins are present at micromolar (M) concentrations, it
is plausible that a free lipid—protein binding equilibrium may also exist in the aqueous phase
and that it may influence the insertion rate of proteins into the lipid bilayer. Recently, some
of us have developed a phenomenological model simulating the transfer kinetics of a lipid—
protein complex from the aqueous phase to the lipid bilayer core.1® According to this model,
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water-soluble lipid—protein complexes penetrate the membrane faster than the bare protein
provided that the hydrophobicity of the lipid—protein complex is higher than that of the bare
protein. Both biophysical experiments and molecular simulations carried out on human
IAPP (hl1APP) consistently supported this hypothesis, demonstrating the key role played by

free lipids in driving membrane poration mechanisms and membrane bound fibril formation.
18

Here, we tested the generality of lipid-assisted penetration of amyloidogenic IDPs into
membranes by investigating two other amyloidogenic proteins: Agand a-syn. In addition,
we studied rat-amylin and B-syn as nonamyloidogenic protein controls. In particular, we
carried out membrane leakage experiments as a function of different lipid chain lengths,
with CMC values ranging from the nanomolar (nM) scale to the micromolar (1M) scale. The
formation of the hypothesized water-soluble lipid—peptide complexes was confirmed by 2D
NMR, circular dichroism (CD) spectroscopy, molecular dynamics (MD) simulations, and
isothermal titration calorimetry (ITC) measurements using the AgB peptide as a paradigm of
IDPs. The data demonstrate the existence of a stable complex with increased hydrophobicity,
essential prerequisites to the lipid-assisted protein transport. The whole of data collected
promptly inspired us to propose a general lipid-chaperone hypothesis that is able to explain,
in a unique framework, many unresolved aspects of the biophysics of amyloid—-membrane
interactions including the role of lipid composition, peptide hydrophobicity/amyloidogenic
propensity, and the plausible effects of reactive oxygen species (ROS) in activating protein-
induced membrane damage. In conclusion, our data show that key players in membrane
damage are the lipid—protein complexes rather than the bare proteins. Moreover, the lipid-
chaperone hypothesis appears as a more general molecular model that includes both amyloid
and toxic oligomer hypotheses.

Free Lipids in Solution Drive the Interaction of AB;_409 with LUVs.

Api_40 damages model membranes through a two-step mechanism:? In the first step, the
oligomeric protein inserts into the bilayer hydrocarbon core forming ion-channel-like pores;
in the second step, protein damages the membrane through a detergent-like mechanism,
stripping away lipids from the bilayer and forming a larger breach than those formed in the
first step. To detect these different types of pores, two structurally different fluorescent
probes were used: the CaZ*/fura-2 pair to detect the formation of small pores (ion-channel-
like) and carboxyfluorescein to monitor the formation of large pores. Discrimination of pore
dimension arises from the much smaller hydrodynamic radius of Ca2* compared to that of
carboxyfluorescein.

Figure 1A shows ApB;_yg fibril growth kinetics monitored by the Thioflavin T (ThT) binding
assay in the presence of diacyl-phosphatidylcholine LUVs composed of lipids with different
hydrocarbon chain lengths. Specifically, each lipid single chain contains 14, 18, or 20 carbon
atoms, with CMC values of 1 x 1077, 2 x 1078, and 6.3 x 1079 M, respectively.18 As the
CMC increases from C20 to C14, the formation of fibrils is reduced, similar to previous data
on hIAPP.18 On increasing the CMC, the increased content of free lipids in solution
interferes with amyloid growth, likely because the free lipids interact with hydrophobic
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monomeric proteins to form stable protein—lipid complexes, as reported for hlAPP (see the
lipid—protein complex section below). Indeed, this process is expected to be in competition
with protein—protein oligomerization, as evidenced by the molecular dynamics simulations
and NMR results reported below.

Figure 1B shows the release of a fluorescent dye (carboxyfluorescein) from the lumen of
LUVs formed by lipids of different acyl chain lengths in the presence of AB1_49. As the
number of carbon atoms increases (i.e., the free lipid concentration decreases), we observe
that the release of the dye increases. This appears to be in direct contradiction to the trend
observed for hIAPP-induced leakage, where longer-chain, lower-CMC lipid LUVs were
more resistant to leakage.18 However, due to the slow kinetics of the process in Figure 1B,
we believe that the effect stems from membrane disruption by a detergent-like mechanism
rather than stable ion-channel-like pore formation.®-10.20-23 Because the large size of
carboxyfluorescein may prevent the observation of small ion-channel-like pores, we
employed the Ca2*/fura-2 pair as an alternative fluorescent probe. In this assay, the fura-2
dye is trapped in the lumen of the LUVs, while the Ca2* ions are outside. In this
configuration, Ca2* and fura-2 ions do not interact, because they are separated by the
bilayer. If ion-channel-like pores are formed upon the addition of AfB;_s9 monomers, Ca2*
ions can cross the bilayer and interact with fura-2 in the lumen of LUVs by forming a
detectable fluorescent complex. Indeed, Figure 2 shows that, in the presence of AB;_4g, Ca2*
enters the lumen of the LUVs by forming the fluorescent complex Ca2*/fura-2, indicating
the formation of ion-channel-like pores. It is evident that lipids with a lower number of
carbon atoms favor the formation of ion-channel-like pores in the first stage as detected
using Ca2*/Fura 2 fluorescent pair and large pores in the second stage as detected by using
carboxyfluorescein leakage, while lipids with longer acyl chains repress their formation.
This behavior has been previously observed for hlAPP and attributed to the presence of free
phospholipids in the aqueous phase that are in dynamic equilibrium with those embedded in
the membrane.18 For IAPP, it has been observed that free lipids in solution form a lipid—
protein complex that may facilitate the insertion of proteins into the lipid bilayer resulting in
the formation of pores. Provided the lipid—protein complex is more hydrophobic than the
bare protein (as discussed later based on results shown in Figures S4 and S5), the complex
formation is a needed step for protein penetration into the lipid bilayer.1®

Results reported in Figure 2 demonstrate that lipids, with long acyl chains and therefore a
small CMC, are more resistant to ion-channel-like pore formation by AB;_49. This is
consistent with the model in which membrane poration is dependent on the formation of
lipid—protein complexes in the aqueous phase. In the absence of this complex, the only
significant event is the growth of fibrils on the membrane surface and the consequent
membrane damage by a detergent-like mechanism as shown in Figure 1B and Figure 2,
respectively.

Free Lipids Drive the Interaction of a-Synuclein with LUVs.

We have shown that the relationship between AB;_40, LUVS, and free lipids resembles what
was previously reported for hIAPP.18 However, it is not known whether this behavior is
common to other amyloidogenic proteins. To examine this, we carried out experiments on a-
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syn, a 140 amino acid protein involved in Parkinson’s disease. Figure 3A shows a-syn fibril
growth Kinetics in the presence of LUVs composed of phospholipids of different acyl chain
lengths. As for AB;-40 and hl1APP, high concentrations of free phospholipids (PC 14:1) in
solution abolish the formation of fibrils, although the kinetics of synuclein amyloid
formation is slower than that for AB;_40 and hl1APP.

Figure 3B shows the kinetics of pore formation monitored by carboxyfluorescein release
from LUVs composed of phospholipids with lipid acyl chains of different lengths. Like
ApBi-40 and hIAPP, a-syn induces pore formation in PC LUVS, but unlike the AB;_40, it
rapidly forms pores large enough to be observed by the carboxyfluorescein release assay.
Similar to hIAPP, when a-syn interacts with LUVs formed by phospholipids characterized
by a low CMC, the rapid formation of pores is not evident; by contrast, when a-syn interacts
with LUVs composed of lipids with a high CMC, pore formation is favored at the expense of
the slower detergent-like mechanism. In the case of intermediate acyl chain length, both pore
formation and the detergent-like mechanism play a role in disrupting the membrane.
Collectively, the data for IAPP, AB1_40, and a-syn show that the concentration of free
phospholipids is a discriminating factor in the interaction of these amyloidogenic IDPs with
LUVs, promoting or repressing either pore formation or detergent-like mechanisms. In
particular, the absence of free phospholipids favors the formation of fibrils through a self-
assembly process, while high free phospholipid concentrations promote the formation of
ion-channel-like pores and detergent-like membrane damage while repressing fibrillo-
genesis.

Comparison to Nontoxic and Nonamyloidogenic Proteins: rIAPP and g-syn.

To investigate whether this mechanism is limited to amyloidogenic and potentially toxic
proteins, we examined the fluorescence-monitored leakage Kinetics of two
nonamyloidogenic proteins: g-syn and rat IAPP (rlIAPP). Although rlAPP is not toxic at a
low concentration, it becomes toxic but remains nonamyloidogenic at 100 £M.16:24-27 |t has
been shown that, in the presence of LUVs composed of negatively charged phospholipids,
rIAPP does form pores.28 In that paper, the authors concluded that there is no one-to-one
relationship between the ability to induce leakage in model membranes and cytotoxicity; i.e.,
not all amyloidogenic IDPs that induce leakage are cytotoxic, and not all amyloidogenic
IDPs that are cytotoxic induce leakage. Here, we demonstrate that the relationship between
cytotoxicity and the ability to induce leakage may be even more complex, because we can
reverse the rlAPP behavior by varying the lipid composition. In Figure 4A, we show the ThT
fibril formation kinetics of rIAPP in the presence of LUVs composed by phospholipids with
different acyl chain lengths (C14, C18, and C20). In agreement with literature reports, 1028
no fibril formation was observed for rIAPP, unlike for hIAPP, AB;_40, and a-syn, which all
form fibrils in the presence of LUVs composed of lipids with low CMC (see above). Figure
4B shows the kinetics of carboxyfluorescein leakage from LUVs in the presence of rlAPP.

In order to further confirm these findings, we performed another test using S-syn interacting
with LUVSs containing different phospholipids. This 134 amino acid IDP is nontoxic and
nonamyloidogenic,2% which further confirms the difference between amyloidogenic and
nonamyloidogenic proteins.
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Apparent Role of Bilayer Thickness in Membrane Disruption by IDPs.

Bilayer thickness is strictly linked to CMC, because long chain phospholipids have low
CMC and form thick bilayers, while short chain phospholipids have high CMC and form
thinner bilayers. It has previously been shown that leakage resistance does not necessarily
arise from a bilayer—protein mismatch, because the extent of pore formation by hlAPP in 22
PC LUVs can be dramatically increased by addition of 14 PC lipids at their CMC.16:18.27 T
examine whether this is the case for other IDPs, the same experiments performed with
hIAPP were extended to a-syn, -syn, and rlAPP. Each of these proteins were incubated in a
suspension of LUVs composed of phospholipids characterized by a very low CMC 22:1 PC
(8 x 10710 M) soluble 14:1 PC at a concentration of 1 x 10~/ M (the CMC of this lipid). The
very low concentration of 22:1 PC (8 x 10710 M) in the aqueous phase is not sufficient to act
as a chaperone for insertion of proteins into the bilayer, limiting the dye leakage. However,
the addition of a relatively high concentration of free 14:1 PC (1 x 10~/ M) allows for the
formation of the lipid—protein complex, promating insertion into the bilayer, pore formation,
and increasing dye leakage. The results reported in Figure 5 show that, by the addition of
short chain high-CMC lipids, a-syn and rlAPP are capable of interacting with the 22:1 PC
LUV membrane and forming pores, as was observed for hIAPP.18 In contrast, nontoxic 4
syn is not able to penetrate the membrane. Because S-syn lacks a hydrophobic, 11-amino
acid stretch ("*VTAVAQKTVEG?®4), a region which is vital for a-syn fibrillation,30-32 our
results imply that a-syn aggregation is intimately associated with its ability to penetrate the
membrane. These results clearly suggest the negligible role of membrane thickness, while
the high free lipid concentration acts as a carrier for proteins that penetrates the bilayer and
forms pores.

All the above-presented experimental data show that the formation of protein—phospholipid
complexes plays a major role in driving protein-membrane interactions. To further
strengthen our hypothesis, we performed CD, 2D NMR, ITC, and all-atom molecular
dynamics simulations (MD) to characterize the formation of the protein-lipid complex and
to obtain structural information.

Characterization of the Protein-Lipid Complex by NMR and CD Spectroscopies.

The interaction between AB;_49 and PC 14:0 free lipids at CMC were monitored by 2D
SOFAST-HMQC NMR experiments at two different time intervals. The 2D 1H/15N
correlation spectrum of AB;_4g incubated for ~1 h at room temperature showed a substantial
change in the chemical shifts and signal intensities (Figure 6A). A reduction in signal
intensities for most of the AB;_4q residues was observed (Figure 6E).

Interestingly, at a time point of ~1 h, several peaks including A2, E3, S8, G9, Y10, V12,
Q15, K16, S26, and G29 were beyond the detection limit of NMR and are thus excluded
from the analysis; it should be noted that the blue spectrum in Figure 6A was plotted with
1.5 times higher contour level as compared to that of the red spectrum in Sparky. The
observed line broadening indicates that the PC 14:0 free lipids at CMC interact selectively
with the N-terminal residues of AB1_40; the depletion of S26 and G29 resonances is known
to be substantially affected by temperature, i.e., at 25 °C.3435 At the same time, the uniform
reduction in the peak intensities suggests the formation of a peptide—lipid complex that
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either tumbles slowly in the NMR time scale or possesses conformational dynamics in the
NMR time scale; however, the decrease in the signal intensities (or line broadening) is not
due to AB_y4 fibrillation, as ThT fluorescence showed no fluorescence at this time scale of
aggregation (Figure 1A). NMR spectra obtained from the sample incubated for ~24 h at
room temperature showed the presence of many well-resolved peaks unlike the spectrum
obtained after ~1 h incubation (Figure 6). These NMR results indicate that the conformation
dynamics exhibited by the peptide—lipid complex at ~1 h of incubation is likely stabilized at
~24 h incubation, which results in the appearance of narrow lines at ~24 h. In addition to the
backbone amide signals, substantial line broadening was observed in the side chain N&-H&2
and Ne-He2 15N/1H signals (Q15 and N27) indicating their involvement in lipid
interactions. 13C/1H correlation spectra, as shown in Figure 6C,D, further identified the
interaction of PC 14:0 free lipids at CMC to AB;-4¢ Side chain atoms. Notably, a significant
chemical shift change was observed for the AB;—4 aliphatic protons when incubated with
free lipids for ~1 h indicating a strong hydrophobic interaction. Surprisingly, after ~24 h of
incubation, we did not observe any change in chemical shifts for the selected aliphatic region
(Figure 6D) indicating a spatial rearrangement of the lipids in the peptide—lipid complex.
Combined chemical shift (5CS) perturbation analysis derived from 15N/XH SOFAST-
HMQC also showed a substantial 5CS with respect to the average CS for several residues as
shown in Figure 6F. This suggests that PC 14:0 free lipids at CMC interaction induced a
conformational change in AB1_4o. This is further confirmed by time-lapse CD spectroscopy.
ABi1-40 showed a disordered CD spectrum characterized by a CD minimum centered at ~200
nm that follows a reduction in molar ellipticity [€] and red shift in the peak minimum on
days 2 and 7 indicating peptide aggregation and S-sheet rich fibril formation (Figure 6G). In
contrast, PC 14:0 free lipids at CMC bound AB;_40 presented an increase in [6] with two
CD minima at ~208 and ~215 nm on days 2 and 7 that closely resembles an a helix
structure. Unlike ApB;_40 that forms fibril in the absence of lipids, AB;-4g Structure
formation was found to be inhibited by the presence of free lipids for 7 days (Figure 6G).
This observation correlates with the ThT and NMR observations suggesting a delay in
peptide aggregation coupled with complex formation, in AB;_4¢ incubated with PC 14:0 free
lipids at CMC (Figures 1A and 6F).

Characterization of the Protein—Lipid Complex: Molecular Dynamics Simulations.

We employed all-atom (AA) molecular dynamics (MD) simulations to shed light, with
atomistic details, on the structure—function relationship of four proteins (hIAPP36 [PDB ID
= 2KB8], rIAPP37 [PDB ID = 2KJ7], AB1_0, and AB1_4,38 [PDB ID = 1Z0Q]) in complex
with two lipid types: PC22 and PC14. The starting protein structures were taken from
existing solution NMR structures deposited on the Protein Data Bank (see Materials and
Methods sections). We first stabilized the four proteins and the two lipids structures in a
water solution for 500 ns under NpT conditions. The final frame of these simulations was
employed to build the 1:1 protein—lipid systems, which have been simulated in triplicate for
one microsecond each.

Because all proteins showed a stable binding with both lipid types after 100 ns, a contact
occupancy map has been calculated to study the average interaction patterns of protein-lipid
complexes (Figure 7A). Figure 7A clearly shows a specific interaction between AS;_49,
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ApBi-42, and h1APP with both lipid types. The interaction pattern becomes more pronounced
in the presence of PC22, which has longer lipid chains. These specific protein-lipid
interactions take place through specific amino acid segments enriched with hydrophobic
residues. By comparing the a helix propensity with the contact occupancy map, we noticed
that the higher the a helix content is, the more specific and strong the binding is. This agrees
with the CD measurements showing conversion to the a helix structure when a high
concentration of free lipid is added to the amyloidogenic protein (Figure 6G). Indeed,
structures showing high helix propensity have a specific binding between the acyl chain and
the a helix region. When the helix propensity is low, the interaction pattern becomes broader
and weaker (low probable). Our analysis led us to conclude that the protein—lipid complex is
stabilized by hydrophobic interactions which are increased upon a helix peptide folding.
Interestingly, among the proteins studied, only rlAPP showed a very low helix propensity
when interacting with lipids. That could be a critical difference between the behavior of
rlIAPP and other amyloidogenic proteins.

The hydrophobic nature of the protein—lipid complexes is explained by analyzing the
solvent-accessible surface area (SASA) shown in Figures S1-S4. After Figure SIA-C was
analyzed, it is possible to see that the SASA of the complex is minor concerning the sum of
protein and lipids individually. This result suggests that the hydrophobic effect is the driving
force for the formation of the complex for all the proteins. Overall, MD simulations showed
a structure-dependent binding, pointing out the hydrophobic effect and helix propensity as a
driving force for the lipid—protein complex.

We employed calorimetric measurements to shed light on the thermodynamic stability of the
complex. ITC measurements were performed to determine the Gibbs free energy of
formation for the phospholipid—protein complex. ITC data indicate a AGgjng Value as high as
-63 (+20) kJ mol~1 (Figure S5). The CD, MD, ITC, and NMR data are consistent with the
model of a hydrophobic-forces-driven lipid—protein complex as hypothesized in a previous
theoretical model.1® Also, the data suggest that lipid acts as a chaperone for the protein,

driving the protein to penetrate the membrane as the a helix as indicated by other authors.
37,39-42

The stability of the lipid—protein complex(es) is a fundamental prerequisite for the free lipids
to act as a chaperone. This was proven by using different techniques as described above. The
second mandatory condition is the greater hydrophobicity of the complex(es) relative to the
bare protein. Indeed, only a large hydrophobicity guarantees a fast insertion of the assembly
into the membrane core. By exploiting the lipid—protein contact maps of Figure 7A and
following the Eisenberg procedure,*3 we calculated the hydrophobic index of bare proteins
and lipid—protein complex(es) and included them in the Supporting Information. These
results unambiguously prove the enhanced hydrophobicity of the lipid—protein complexes as
shown in Figure S6.

Is the Role of Reactive Oxygen Species in Disease Progression Related to Generation of
High CMC Oxidized Lipids?

A further step was to test our model on a totally different system with higher biological
relevance. It is interesting to note that reactive oxygen species (ROS) have also been shown
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to play a role in type-1l diabetes and Alzheimer’s and Parkinson’s diseases (in particular by
the oxidation of membrane phospholipids).#4-53 ROS species derived from radicals operate
at low concentrations in the cells. Their “steady state” concentrations are determined by the
balance between their rates of production and their rates of removal by various antioxidants
(intracellular redox homeostasis or buffering). Under pathological conditions, redox
homeostasis is unbalanced, so abnormally large concentrations of ROS are generated. Free
ROS damage lipids, DNA, and proteins. In particular, the oxidation of glycero-phospholipids
produces a variety of oxidized lipids which show pathological and physiological relevance.>*
As they pertain to the lipid-chaperone model, oxidation of phospholipids significantly
increases their CMC. For example, POPC has a CMC on the order of the nanomolar (nM)
scale,1® while the oxidation products of POPC have CMC values on the order of the
micromolar (M) scale.>* These dramatic changes in the CMC values may have important
effects on the susceptibility of membranes to damage. If this hypothesis is correct, the
susceptibility of model membranes composed of low-CMC phospholipids should increase in
the presence of oxidative damaged lipids due to their higher CMC promoting membrane
insertion of amyloidogenic proteins and leading to formation of ion-channel-like pores.
Figure 8 shows the effect of AB1_40, hIAPP, and rlAPP on LUV suspension containing
PC22:1 and in the presence of oxidized PC22 at its CMC concentration. For PC22, it is
expected to observe a very low poration following the trend shown in Figure 2 (the CMC of
PC22 is in the order of nM and the thickness of bilayer is greater than the other lipids
examined in this work). Also, rIAPP is able to penetrate the bilayer showing the same trend
observed in Figure 4B. However, the presence of oxidized lipids in the aqueous phase with a
higher CMC leads to increased membrane poration induced by ApB1-40, hIAPP, and rlIAPP,
comparable with that observed for a shorter PC18 (Figure 2). Conversely, for PC22 LUVs in
the absence of oxidized lipids, the aqueous phase of high CMC remains stable, unaffected by
the addition of ApBy_sg and rIAPP as evidenced for hIAPP.18

The results obtained from this experiment suggest that oxidized lipids can act as chaperones
forming the lipid—protein complex, thus making the protein suitable to penetrate the
hydrocarbon core of the bilayer. The protein in the absence of free lipids having high CMC
does not penetrate the membrane. The ability of lipids to act as a chaperone does not depend
on its chemical structure but rather on its concentration in the aqueous phase, as is
highlighted by our data.

DISCUSSION

To date, the amyloid cascade and toxic oligomer hypotheses are widely used to explain cell
death caused by amyloidogenic IDP; however, these mechanisms fail to explain the lack of
correlation between plaque and diabetes, Parkinson, and Alzheimer diseases.29:55:56

Recently, some of us have reported that the presence of free lipids with a high CMC (lipids
containing short hydrocarbon chains) in solution suppresses the formation of fibrils by
hIAPP and promotes the formation of pores in LUVs.14 Lipids with very small CMC (long
acyl chains) favor the detergent-like mechanism. Here, a similar behavior was confirmed for
ApPi1-40 and a-syn, as reported in Figures 1, 2, and 3, respectively.
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The insertion of a protein in the bilayer core is related to the formation of lipid—protein
complexes in solution by simultaneous chemical equilibria:

Liyys< L (1a)
nP < P, (16)
L+P<LP (c)

where L yys is the number of self-assembled phospholipids in the bilayer, L is the number
of free lipids in solution (dictated from the CMC), Pis the number 7 of monomeric proteins,
P is the number of protein 7-mers, and LP is the number of lipid—protein complexes
(limited to a 1:1 stoichiometry in this simplified model). The amphiphilic aggregates
undergo chemical equilibrium between amphiphilic molecules into aggregate and free
molecules in the aqueous phase, where there is a continuous molecule exchange between
solution and aggregate. On one hand, the concentration of free lipids in solution is the CMC,
and its value is a balance of hydrophobic acyl chains and polar head electrostatics. Long acyl
chains contribute to a low CMC, whereas charged polar head groups favor a high CMC. On
the other hand, the formation of unstructured soluble oligomers of the amyloidogenic
proteins occurs if intermolecular interactions overcome intramolecular interactions®® and if
the mechanism of oligomer formation shows a critical concentration due to a “micelle-like”
feature.>® The formation of the various species in equilibria, eq 1a—eq 1c, depends on their
related concentrations. Thus, by increasing either the free lipid (L) or protein (P)
concentrations, the formation of chaperon-like LP complexes must increase.

Our data suggest that the formation of amyloidogenic protein-lipid complex, which occurs
in aqueous solution, is dependent on free lipid concentration and transfers to the bilayer as a
consequence of the chemical equilibrium. The proposed molecular mechanism is illustrated
in Figure 9. The popular amyloid hypothesis suggests that the damage to the membrane is
due to the fibrillation on the membrane surface (a “detergent-like” mechanism). In contrast,
the toxic oligomer hypothesis predicts that these soluble aggregates damage the membrane
via ion-channel-like pores. The first hypothesis excludes the formation of pores, while the
second hypothesis does not take the fibrillation process into account. The lipid-chaperone
hypothesis is a more general molecular model that includes both hypotheses where the lipid—
protein complex in solution plays the role of the main actor in membrane damage, and the
molecular mechanism of membrane damage is a common factor of IDPs.

Data obtained from h1APP, AB1-40, and a-syn share a common molecular mechanism in the
IDP—membrane interaction, and the concentration of free lipid in aqueous solution acts as a
switch between ion-channel-like formation, detergent-like mechanism, and fibril formation
in the aqueous phase. We named the lipid-assisted transport of IDPs into bilayers the lipid-
chaperone hypothesis (see Figure 9). Moreover, detergent-like mechanisms and fibril
formation in the bulk are not a correlated process. Figure 1B shows the kinetics of damage to
the membranes, using carboxyfluorescein as fluorescent probe. In the case of AB;-_49, there
is no pore formation detectable by carboxyfluorescein, but there is only membrane damage
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by a detergent-like mechanism. Furthermore, as in the case of hIAPP, lipids with long
hydrocarbon chains (low CMC) favor the detergent-like mechanism, while short acyl chain
lipids (large CMC) promote membrane damage via pore formation. In the case of Ag, the
Ca?*-fura-2 complex must be used to detect the formation of ion-channel-like pores, because
their size does not allow the bulky carboxyfluorescein to cross the bilayer. Figure 2 shows
that, by adding calcium ions to LUVSs containing fura 2 in their lumen previously incubated
with Ag, the increase of fluorescence is due to Ag-induced ion-channel-like pores; thus,
calcium ions cross the membrane and form fluorescent fura 2/Ca2* complex. Lipids with
short acyl chains (low CMC) favor the intake of calcium in the lumen of LUVSs, while the
long hydrocarbon chains disfavor the poration mechanism. a-Syn behaves like hIAPP and
Ap, because both the formation of fibrils and the formation of small pores are suppressed by
large CMC lipids and favored by the low CMC values (Figure 3A,B). Furthermore, as in the
case of hIAPP, AB;_40 and a-syn both induce leakage in LUVs composed of intermediate
chain length lipids by both pore formation and detergent-like mechanisms.

In order to qualitatively examine whether the lipid-chaperone hypothesis could be relevant to
in vivo cytotoxicity, the phospholipid acyl chain lengths, the phospholipase activity, and the
oxidative stress in people affected by type-II diabetes and Alzheimer’s and Parkinson’s
diseases can be compared with those of the healthy population. It has been reported that
patients with diabetes mellitus type-11 show higher concentrations of polar phospholipids in
plasma with respect to those of healthy people. In particular, the concentration of
sphingolipids with hydrocarbon chains longer than C18 increases.28 Moreover,
phospholipids with unsaturated or short fatty acids (high CMC) were concentrated in
granules where IAPP is cosecreted with insulin.2’ Lastly, it was shown that diabetes is
characterized by an increased concentration of saturated acyl chain phospholipids and a
decrease of unsaturated chains, which have higher CMC values.?8 This trend was also
noticed in an age-matched comparison affected by Alzheimer’s and Parkinson’s diseases.
29-33 Based on these observations, a lipidomic approach to detect preclinical Alzheimer’s
disease was proposed in a group of cognitively normal older adults.3* In addition, type-I1
diabetes mellitus and Alzheimer’s and Parkinson’s diseases share other common clinical
features including higher phospholipase activity, which concurrently leads to the generation
of higher CMC phospholipids.35-43

CONCLUSION

The lipid-chaperone hypothesis stems from the consideration that amphiphilic aggregates
undergo chemical equilibrium between amphiphilic molecules into aggregate and free
molecules in the aqueous phase, where there is a continuous amphiphilic molecule exchange
between solution and aggregate. The concentration of free lipids in solution is the CMC, and
its value is a balance of hydrophobic acyl chains and polar head electrostatics. Long acyl
chains contribute to a low CMC, whereas charged polar head groups favor a high CMC. On
the other hand, the formation of unstructured soluble oligomers of amyloidogenic proteins
occurs if intermolecular interactions overcome intramolecular interactions,®’ and the
mechanism of oligomer formation shows a critical concentration due to a “micelle-like”
feature.®8 Our data suggest that the formation of amyloidogenic protein-lipid complex
which occurs in aqueous solution is dependent on free lipid concentration and transfers to
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the bilayer as a consequence of the chemical equilibrium. The proposed molecular
mechanism is illustrated in Figure 9. The amyloid hypothesis suggests that the damage to the
membrane is due to the fibrillation on the membrane surface (a “detergent-like”
mechanism), whereas the toxic oligomers hypothesis predicts that these soluble aggregates
damage the membrane via ion-channel-like pores. The first hypothesis excludes the
formation of pores, while the second hypothesis does not take the fibrillation process into
account. The lipid-chaperone hypothesis is a more general molecular model that includes
both hypotheses where the lipid—protein complex plays the role of the main actor in
membrane damage, and the molecular mechanism of membrane damage is a common factor
of IDPs. The lipid-chaperone hypothesis suggests new routes to explore the development of
effective drugs and suggests that oxidation of membrane phospholipids may be a likely
route.

METHODS

Materials.

Rat-amylin (rlAPP) and amyloid-£ 1-40 (AB1-40) Were purchased from Bachem
(Bubendorf, Switzerland) with a purity >98%. 1,2-Dierucoyl-sn-glycero-3-phosphocholine
(PC 22:1), 1,2-dieicosenoyl-sn-glycero-3-phosphocholine (PC 20:1), 1,2-dioleoyl-sr+-
glycero-3-phosphocholine (PC 18:1), 1,2-dipalmitoleoyl-sr-glycero-3-phosphocholine (PC
16:1), and 1,2-dimyristoleoyl-sr-glycero-3-phosphocholine (PC 14:1) were purchased by
Avanti Polar Lipid (Alabaster, AL, USA); 6-carboxyfluorescein, Fura-2, Thioflavin T (ThT),
1,1,1,3,3,3-hexa-fluoro-2-propanol (HFIP), and all other salts were purchased from Sigma-
Aldrich (St.Louis, MO) with a purity of 99%.

Expression and Purification of N-Terminally Acetylated a-and g-Synuclein.

Expression of N-terminally acetylated a- and B-synucleins was performed as previously
described.>® Briefly, £. coli BL21-DE3 cells were freshly transformed with the pNatB
plasmid®? along with either pRK172 (a-synfl) or pET22b (B-syn>9). A starter culture was
grown overnight for inoculation of 1.5 L of TB media. After the cells had grown to an
ODgqp of 0.8 at 37 °C, the temperature was reduced to 18 °C, and protein expression was
induced by the addition of 1 mM IPTG for 16 h. The resulting cell pellets were stored at —80
°C until purification.

Purification protocol was performed similarly to that described! with the following
modifications. For B-syn, dialysis was avoided, as the protein seemed to be more susceptible
to proteolysis. Instead, all buffer exchange was accomplished by desalting using a HiPrep
26/10 desalting column (GE Healthcare). For both a-syn and B-syn, a guanidinium
treatment was performed after the first chromatography step (HiPrep DEAE FF 16/10, GE
Healthcare). The syn-containing fractions were first concentrated using an Amicon stirred
ultra-filtration cell (3 kDa MWCO). Guanidine hydrochloride was then added to a final
concentration of 4 M to dissociate any species associated with the protein and stirred for 16
h at RT. Guanidine was removed by a HiPrep 26/10 desalting column (GE Healthcare) prior
to further purification by strong anion exchange chromatography (Mono Q HR 16/10
column, GE Healthcare). Purified fractions were analyzed by SDS—-PAGE and visualized by
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silver staining; then, they were pooled and desalted into deionized water and lyophilized.
Protein weights were verified using ESI-MS (NHLBI Biochemistry Core).

LUV Preparation.

We used large unilamellar vesicles (LUVs) composed of zwitterionic lipids with different
hydrocarbon tail length as model membranes, which were prepared as described elsewhere.
18,62 Briefly, appropriate aliquots of lipid stock solutions in chloroform were dried by using
a stream of dry nitrogen and evaporated overnight under high vacuum to dryness in a round-
bottomed flask. Multilamellar vesicles (MLVs) were obtained by hydrating the lipid film
with an appropriate amount of phosphate buffer (10 mM buffer, 100 mM NaCl, pH 7.4) and
dispersing it by vigorous stirring. LUVS were obtained by extruding MLVs through
polycarbonate filters (pore size = 100 nm, Nuclepore, Pleasanton, CA) mounted in a mini-
extruder (Avestin, Ottawa, Canada) fitted with two 0.5 mL of Hamilton gastight syringes
(Hamilton, Reno, NV). Samples were typically subjected to 23 passes through two filters in
tandem and as recommended elsewhere.%3

Preparation of Peptide Samples.

To prevent the presence of any preformed aggregates, rIAPP and af;_49 were initially
dissolved in HFIP or NH30H 6 M, respectively, at a concentration of 1 mg/mL and then
lyophilized overnight. To be used for the experiments, the lyophilized powder was initially
dissolved in buffer (for rlAPP) or NaOH 1 mM (for aB;-40) to obtain a stock solution with a
final concentration of 250 zM. Each stock solution was used immediately after preparation.
a-Synuclein and B-synuclein stock solutions were prepared by first dissolving the protein in
phosphate buffer at a concentration of 500 #M. The solutions were then filtered through a
100 kDa MWCO filter (YM100) to remove any preformed aggregated or oligomeric species.
The final concentration of proteins was determined by measuring the absorbance at 280 nm
(e280 = 5120 M~1 cm™1). Stock solutions obtained were immediately used.

ThT Measurements.

Kinetics of amyloid formation was measured using the Thioflavin T (ThT) assay. Samples
were prepared by adding 1 /i of the 250 ¢M peptide stock solution to 100 gL of 200 M
LUV solution (in 10 mM phosphate buffer pH 7.4, 100 mM NacCl, containing 10 ¢/M ThT).
Experiments were carried out in Corning 96 well nonbinding surface plates. Time traces
were recorded using a Varioskan (ThermoFisher, Walham, MA) plate reader using a Agcy Of
440 nm and a Agm of 485 nm at 37 °C, shaking the samples for 10 s before each read. All
ThT curves represent the average of three independent experiments with each run in
quadruplicate.

Dye Leakage Measurements.

Membrane leakage experiments were performed by measuring the leakage of 6-
carboxyfluorescein dye from LUVs. Dye-filled LUVs were prepared by hydrating the dry
lipid film with the buffer solution containing 6-carboxyfluorescein (80 mM 6-
carboxyfluorescein, pH 7.4) according to the procedure described above. To remove
nonencapsulated 6-carboxyfluorescein, we placed the solution containing LUVs on a
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Sephadex G50 gel exclusion column (Sigma-Aldrich, St.Louis, MO) and eluted using the
buffer solution. The final concentration of lipids was checked by using the Stewart assay as
described elsewhere.5 Membrane damage was quantified by the increase in fluorescence
emission intensity of 6-carboxyfluorescein due to its dilution (dequenching) in buffer as a
result of the membrane leakage. All dye leakage curves represent the average + SD
calculated from three independent experiments with each run in quadruplicate.

Fura 2 Measurements.

For af;-40, We detected the presence of cation or size-selective pores by measuring changes
in the 340:380 nm excitation ratio upon binding of Ca2* to the cation-sensitive dye Fura-2
encapsulated within the LUVs. Samples were prepared by first diluting the Fura-2 dye-filled
vesicle solution with buffer solution (10 mM Hepes buffer solution, 100 mM Fura-2 penta-
potassium salt, 200 mM EGTA 100 mM NaCl, pH 7.4; to prevent the formation of solid
calcium phosphate, phosphate buffer was not used). Then, aB;_40 was added with a final
concentration of 10 M. Fluorescence was measured at 340 and 380 nm with slits set for 10
nm bandwidths to obtain the baseline. After 10 min, 500 mM Ca2* was added to the sample,
and changes in the 340:380 ratio were recorded. To obtain the complete disruption of the
membrane and normalize the result, Triton X-100 was added at the end of the
measurements.

Lipid Oxidation.

To obtain oxidized lipid, a film of PC 22:1 was hydrated and vigorously dispersed with a
solution of H,0, (3% wi/v). The solution obtained was incubated at 60 °C to dryness. The
film obtained was hydrated with 10 mM Hepes buffer solution, 100 mM NaCl, pH 7.4. The
MLVs obtained were centrifuged, and the supernatant was collected.

Sample Preparation and NMR Measurement.

Dimyristoyl-smglycero-3-phosphatidylcholine (DMPC) was purchased from Avanti Polar
Lipids, Inc.(Alabaster, AL). All samples were prepared in 10 mM PBS containing 100 mM
NaCl (pH =7.4). DMPC (5 mg/mL) lipid films were generated followed by hydration in
PBS solution. The hydrated sample was mixed by vortex for 5 min followed by 2 min
sonication in a water bath at room temperature to generate multilamellar vesicles (MLVS).
The MLV solution was centrifuged at 2000 rpm for 30 min, and the supernatant (500 z1.)
containing free lipids was carefully collected. The samples were immediately used for CD
and NMR studies.

Unlabeled and uniformly 13C/15N labeled aB;_49 and aB;_4» with an extra methionine in the
beginning were biologically expressed in Escherichia coliBL21 (DE3) and purified as
described elsewhere.5® The AB;_40 and ApB;_4» sample preparation protocol was followed
from our previous studies, and their aggregation propensity is tested beforehand.35:66.67
NMR measurements were carried out on an 800 MHz NMR spectrometer equipped with a
triple-resonance inverse-detection TCI cryoprobe. 2D *H/25N and *H/3C SOFAST-HMQC
NMR spectra of 25 M ApBy_49 dissolved in PBS buffer containing 10% D50 in the presence
or absence of PC 14:1 free lipids were acquired at 25 °C using a 0.2 s recycle delay, 8 scans,
and 250 t; increments. The NMR samples were incubated inside the NMR tubes at room
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temperature for ~1 and 24 h prior to the measurement. The NMR spectra were processed in
Topspin 4.0.6 and analyzed using Sparky, and resonance assignment was referred from a
previous study.33 The average chemical shift perturbation was calculated using the following
equation:

5CS = \/(51H)2 +0.154x (6N’ @

Circular Dichroism Measurements.

Circular dichroism spectra of 25 1M aB;_40 monomers (unlabeled) dissolved in 10 mM PBS
containing 100 mM NaCl (pH = 7.4) were measured by a light-path length (1 mm) cuvette
using a JASCO (J820) spectropolarimeter at 25 °C. AB1-4¢ Spectra were subtracted from
PBS solution containing no peptide or buffer containing free lipids and no peptide. CD
spectra were averaged and expressed as the mean residue ellipticity [€] from 16 scans.

Isothermal Calorimetry.

The thermodynamic kinetics of AB1_42 interaction with free lipids below CMC (DMPC) was
measured using a nanoscale ITC (TA Instruments) in PBS buffer, 100 mM NaCl, pH 7.4 at
25 °C. ABi-42 (25 M) was injected into the syringe, and free lipids were equilibrated in the
cell. The reference power was set to 10 scal/s, and an initial delay of 1800 s with a spacing
time of 300 s were used for all titration experiments. The thermograms were recorded over a
total of 25 injections (10 wL per injection) with a stirring speed of 300 rpm and were
processed after baseline subtraction using NanoAnalyze (TA Instruments).

MD Simulations.

Atomistic MD simulations were performed by employing the GROMACS 2019 package.8
Particle systems were described using CHARMM36 force fields.5% More precisely, we
employed CHARMM36m?0 for proteins, the updated version of CHARMM36 for lipids,’*
the CHARMM TIP3P force field for water, and the standard CHARMM36 for ions. Leap-
Frog integrator with a 2 fs time step was used to solve the equations of motion. Verlet
algorithm with an updating frequency of 20 steps and a cutoff length of 1.2 nm have been
used. Electrostatic interaction was treated with the Particle Mesh Ewald algorithm’2 with a
cutoff length of 1.2 nm. Interactions (van der Waals interactions) were treated employing a
force-switching algorithm with a cutoff of 1.2 nm. To keep the temperature and pressure
constant, we used Nose-Hoover thermostat’ and Parrinello-Rahman barostat’# coupling,
respectively. Temperature was kept at 310 K with a time constant of 1.0 ps, whereas the
pressure was maintained at 1 bar with a time constant of 5.0 ps. All covalent bonds with
hydrogen were constrained using the LINCS algorithm.

Four proteins have been used for this study: hIAPP (PDB ID = 2KB8'®), rIAPP (PDB ID =
2KJ776), and A 1-42 (PDB ID = 1Z0Q"7). A 1-40 has been generated by removing the
last two amino acids from the AS 1-42 existing NMR structure. We have simulated each of
these proteins (1-mer) in a water box with 0.15 M NaCl for 1 zs. Furthermore, two more
systems containing a single lipid of PC14 and DEPC, respectively, were simulated in
solution for 1 /s. Then, we used the final structures of the free protein and lipid in solution
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systems (see Table S1 for simulation details) to build the 1:1 protein-lipid systems. Protein
and lipid were first placed at a noninteracting distance of about 2 nm, and the simulation
time was set to 1 /s for each of the three replicas. Detailed information about the simulations
can be founded in Tables S1 and S2. Solvent-accessible surface area (SASA) has been
calculated using the gmx sasa GROMACS 2019 tool using a solvent probe with a radius of
0.14 nm.

The centroide structures reported in Figure 7B have been calculated using the gmx cluster
tool based on the RMSD value of protein-PC22 complexes. We employed the Gromos’8
algorithm and a RMSD cutoff, for two structures to be neighbors, of 0.6 nm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Effect of lipid’s hydrocarbon chain length on Ap;_49 fibril formation kinetics (A) and

Fraction leaked
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Page 22

Time (minutes)

Ap1-g0-induced dye leakage (B). Part A is ThT traces and part B is dye-leakage for samples
containing 10 xM ApB;_49 (black circle, no lipids) in the presence of 200 /M LUVs of PC
lipids having acyl chains of 14:1 (red square), 18:1 (blue triangle), 20:1 (green star), and
22:1 (magenta cross). Experiments were performed at 37 °C in 10 mM phosphate buffer and
100 mM NaCl, pH 7.4. All results are the average of three experiments. The arrow indicates

lipids from low to high CMC.
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Figure2.
The increase in the hydrocarbon acyl chain length progressively inhibits pore formation.

Fura-2 assay indicates that increasing hydrocarbon acyl chain length inhibits pore formation
by 20 ¢ AB1-49 0n 200 pM LUVs of PC 14:1 (red triangle), 18:1 (blue circle), and 20:1
(green square). Experiments were performed in 10 mM HEPES buffer, 100 mM NacCl, and
200 mM EGTA (pH 7.4). The arrow indicates lipids from low to high CMC.
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Effect of lipid’s hydrocarbon acyl chain length on a-syn amyloid formation kinetics (A) and
dye-leakage (B). Part A is ThT traces and part B is dye-leakage from samples containing 25
UM a-syn (black circle curve) in the presence of 200 ¢M LUVs of PC 14:1 (red square),
18:1 (blue triangle), and 20:1 (green cross). Experiments were performed at 37 °C in 10 mM
phosphate buffer and 100 mM NaCl pH 7.4. Solid line represents the best fit. All results are
the average of three experiments. The arrow indicates lipids from low to high CMC.
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Figure 4.
Effect of lipid’s hydrocarbon acyl chain length on rlAPP fibril formation kinetics (A) and

dye-leakage (B). Part A is ThT traces and part B is dye-leakage from samples containing
rlIAPP 10 /M (black curve) in the presence of LUV PC 14:1 200 ¢M (red circle curve), LUV
PC 18:1 200 x#M (blue square curve), and LUV PC 20:1 200 4#M (green triangle curve).
Experiments were performed at 37 °C in 10 mM phosphate buffer and 100 mM NaCl pH
7.4. All results are the average of three experiments. Arrow indicates lipids from low to high
CMC.
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Figure5.

Effect of free PC 14:1 lipids on the disruption of LUVs of PC 22:1. Disruption of 200 /M
LUVs of PC 22:1 induced by 25 ¢M a-syn (red circle), 25 M B-syn (blue triangle), and 10
UM rIAPP (green/square) in the presence of PC 14:1 at its CMC. Experiments were
performed at 37 °C in 10 mM phosphate buffer and 100 mM NaCl pH 7.4. All results are the
average of three experiments.
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Figure 6.

Interaction between AB;_4g and PC (14:0) free lipids at CMC. 2D 1°N/YH SOFAST-HMQC
spectra of 25 M freshly dissolved (in 10 mM PBS, 100 mM NaCl, 10% D,0, pH =7.4)
15N/13C isotope-labeled ApB;_4q in the absence (red) or presence (blue; plotted with 1.5x
higher contour level as compared to that of the red spectrum) of lipids. NMR samples were
measured at ~1 h (A) and ~24 h (B) of sample incubation at room temperature. All NMR
spectra were recorded on an 800 MHz Bruker spectrometer at 25 °C using a cryoprobe. The
GIn/Asn side chain N-H cross-peaks are shown below the corresponding 2D spectrum.

Resonance assignment was adopted from previous studies.33 (C-D) 2D 13C/1H SOFAST-
HMQC spectra of ApB;-49 aliphatic region in the absence (red) or presence (blue) of PC

(14:0) free lipids. The region spanning 17.0-19.0 ppm in the 13C/*H spectrum is zoomed
showing a reversible chemical shift perturbation over the time of incubation. (E) Graph

shows the ratio of peak volume calculated from part A where Vg and V;represent the peak
volumes of AB;_4g in the absence or presence of PC at CMC. (F) Combined chemical shift
perturbations (8CS) in ABy_4o calculated using eq 2 (see Methods section) from spectrum in
part A. The dashed line presents the average chemical shift perturbations of all residues.
Api_40 residues that show significant 15N/IH line broadening were excluded from the
analysis in parts E and F. (G) Time-lapse far-UV CD spectra of 25 zM freshly dissolved (in
10 mM PBS, 100 mM NaCl, pH = 7.4) unlabeled AB;_49 in the absence or presence of PC
recorded at 25 °C and at the indicated time points.
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Figure7.
Characterization of the molecular interface of the protein-lipid complexes based on

atomistic molecular dynamics simulations. (A) Pairwise contact map with all residues for
the protein-PC22 (left panel) and protein-PC14 (right) interfaces. Contact occupancy equal
to 1.0 corresponds to the situation where a given interaction has taken place for the entire
duration of the time frame examined. The average was calculated by concatenating the last
900 ns from all the three repeats. A contact is defined if any of the atoms between two
groups were closer than 0.6 nm. (B) Structural analysis of protein’s a helix content before
and after the interaction with PC22 and PC14 lipids. The average is calculated over a
trajectory 2.7 15 long obtained by concatenating the last 900 ns of each replica. The error
bars represent the relative standard errors. Also shown are the corresponding 3D central
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structures of the protein-PC22 complexes. The central structure is the configuration with the
smallest average RMSD from all other structures within the most populated cluster of the
protein—PC22 interfaces. It is calculated by concatenating the last 100 ns of the three
repeats.
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Oxidized lipids enhance the pore formation. (A) ApB;-49 interacting with LUVs containing
PC 22:1 (black line with blue circle) and in the presence of oxidized PC 22:1 (light blue
square line). (B) hlAPP interacting with LUVs containing PC 22:1 (black circle with line)
and in the presence of oxidized PC 22:1 (light blue square line). (C) rlAPP interacting with
LUVs containing PC 22:1 (black circle with line) and in the presence of oxidized PC 22:1
(light blue square line). For the experiment, LUVs of PC 22:1 were prepared as described in
the Methods section and hydrated by a solution of PC22:1 oxidized. Fura 2 experiment was
performed as described in the Methods section. Concentrations of ABy_4q, hIAPP, and rlIAPP
were 20 M. PC 22:1 LUVs and oxidized PC 22:1 were 200 and 1 x4M (its CMC),

respectively.
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Figure.
Schematic drawing illustrating how IDPs interact with a model membrane in the presence of

free lipids at different CMC values in the aqueous phase. Self-assembled lipids are in
chemical equilibrium with free lipids in the aqueous phase (free lipids). There is a
continuous exchange between self-assembled and free lipids. The concentration of free
lipids remains constant over time (CMC). By the addition of IDPs, a stable lipid—IDP
complex is formed in the water phase. Two pathways can occur depending on the CMC
values. A high CMC value favors ion-channel-like pores, whereas a low CMC favors
detergent-like mechanism. At intermediate CMC values, both mechanisms are feasible. In
the presence of nonamyloidogenic proteins, lipid—protein complex formation is not favored,
thus no protein insertion into bilayer occur.

ACS Chem Neurosci. Author manuscript; available in PMC 2021 December 16.



	Abstract
	INTRODUCTION
	RESULTS
	Free Lipids in Solution Drive the Interaction of Aβ1‑40 with LUVs.
	Free Lipids Drive the Interaction of α-Synuclein with LUVs.
	Comparison to Nontoxic and Nonamyloidogenic Proteins: rIAPP and β-syn.
	Apparent Role of Bilayer Thickness in Membrane Disruption by IDPs.
	Characterization of the Protein–Lipid Complex by NMR and CD Spectroscopies.
	Characterization of the Protein–Lipid Complex: Molecular Dynamics Simulations.
	Is the Role of Reactive Oxygen Species in Disease Progression Related to Generation of High CMC Oxidized Lipids?

	DISCUSSION
	CONCLUSION
	METHODS
	Materials.
	Expression and Purification of N-Terminally Acetylated α-and β-Synuclein.
	LUV Preparation.
	Preparation of Peptide Samples.
	ThT Measurements.
	Dye Leakage Measurements.
	Fura 2 Measurements.
	Lipid Oxidation.
	Sample Preparation and NMR Measurement.
	Circular Dichroism Measurements.
	Isothermal Calorimetry.
	MD Simulations.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.

