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The effects of the oxidized phospholipids (oxPLs) on amyloid fibril formation by the apolipoprotein A-I
variant 1-83/G26R have been investigated using Thioflavin T fluorescence assay. All types of the
PoxnoPC assemblies (dispersions, micelles and lipid bilayer vesicles) induced retardation of amyloid
nucleation and elongation and the enhancement of the 1-83/G26R fibrillization, although PazePC micelles
completely prevented protein aggregation at low protein-to-lipid molar ratios. The ability of PazePC to
inhibit 1-83/G26R aggregation was explained by the protein-lipid electrostatic interactions, which either
stabilize the a-helical structure of the membrane-associated 1-83/G26R or facilitate the protein solubi-
lization by the detergent micelles.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

The oxidative stress is known to play a critical role in a wide
variety of pathological states including the amyloid disorders, such
as Alzheimer’s (AD), Creutzfeldt–Jakob diseases (CJD), Parkinson’s
(PD), systemic amyloidosis (SA), etc. Furthermore, the damage of
proteins, lipids and DNA by reactive oxygen species (ROS) precedes
the appearance of a major hallmark of these pathologies, amyloid
fibril formation by specific proteins: Ab peptide (AD) [1–3], prion
protein (CJD) [4], a-synuclein (PD) [5], lysozyme (SA) [6,7], etc.

Apolipoprotein A-I (apoA-I) is the main component of the
plasma high density lipoproteins (HDL) involved in the two main
processes: (i) transferring the excess of cholesterol to the liver
(reverse cholesterol transport) [8]; and (ii) mediating the antiox-
idative processes in the low density lipoproteins (LDL) [9,10]. The
HDL oxidation by myeloperoxidase in patients with established
atherosclerosis has been demonstrated to limit their ability to par-
ticipate in the reverse cholesterol transport [11]. Furthermore, the
oxidation of methionine residues of apoA-I and genetic mutations,
particularly, Iowa mutation (G26R) resulted in the amyloid fibril
formation, associated with low HDL level and hereditary amyloido-
sis [12,13].
Protein amyloidogenesis has been proved to be a membrane-
associated process, with lipid bilayer acting as a matrix which
favours the aggregation-competent conformation of the polypep-
tide chain, interfacial accumulation and specific orientation of
membrane-bound proteins [14,15]. In turn, oxidatively damaged
membranes possess the extended lipid conformation, altered
polarity profile, lowered energy barrier for lipid flip-flop, and at
high degree of oxidation the oxPLs could form dispersions/micelles
in the extracellular fluid (after the membrane damage), mediating
the protein aggregation [16]. Indeed, ionic detergents have been
reported to induce destabilization of the native protein structure,
followed by amyloid fibril formation [17–19] presumably due to
the coating of the hydrophobic surface of the proteins with the
alkyl chains of the detergent molecules [20]. Therefore, of great
interest in this context is the modulation of amyloid fibril forma-
tion by the oxPLs assemblies.

The assemblies of the two stable lipid oxidation products,
namely 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine
(PazePC) and 1-palmitoyl-2-(90-oxononanoyl)-sn-glycero-3-phos
phocholine (PoxnoPC) have been recently reported to enhance
the fibrillization of Temporin B and L, and gelsolin, associated with
the development of the prion disease, type 2 diabetes, and hered-
itary amyloidosis [21,22]. According to the molecular dynamic
simulations, in the lipid bilayer the polar chain of PazePC is ori-
ented in such a manner that the carboxyl group is located in the
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aqueous phase, while the carbonyl group of PoxnoPC resides in the
glycerol backbone region [23]. This allows the Schiff-base or
b-sheet formation between the protein and membrane surface, fol-
lowed by the protein aggregation [21,22]. However, the precise
mechanisms underlying such effects remain largely unknown. Fur-
thermore, some lines of evidence suggest the complex nature of
oxidative modification of the protein structure due to the recently
reported inhibition of amyloid fibril formation by the oxPls or
metal oxides [24,25]. Specifically, our recent studies showed that
the lipid bilayers containing PoxnoPC, triggered insulin fibrilliza-
tion at physiological pH, while those containing PazePC, inhibited
this process as compared to the POPC bilayers [24]. To gain deeper
insight into the effects of PazePC and PoxnoPC on the protein
aggregation, we further extended our investigations to the
N-terminal 1-83 fragment of human apolipoprotein A-I (1-83)
and its aggregation-competent variant G26R (1-83/G26R) [12].
More specifically, the present study was aimed at monitoring the
kinetics of 1-83/G26R fibrillization in vitro using Thioflavin T assay
and testing the ability of the oxPLs to inhibit the amyloid growth.
Our goals were: (i) to estimate the kinetic parameters of the pro-
tein aggregation in the presence of lipids; (ii) to compare the
effects of the oxPLs-containing liposomes, micelles and dispersions
on 1-83 and 1-83/G26R fibrillization; (iii) to uncover the mecha-
nism of the oxPLs-mediated amyloidogenesis of the N-terminal
1-83 fragment of apolipoprotein A-I.

2. Materials and methods

2.1. Materials

The N-terminal 1-83 fragment of human apolipoprotein
A-I (1-83) and its variant G26R (1-83/G26R) were expressed and
purified as described previously [12,26]. Thioflavin T was from
Molecular Probes (Oregon, USA). The dye stock solution was
prepared in Tris-HCl buffer (150 mM NaCl, 0.01% NaN3, pH 7.4).
ThT concentration was determined spectrophotometrically using
the extinction coefficient e412 ¼ 23;800 M�1 cm�1. 1-palmitoyl-2-
azelaoyl-sn-glycero-3-phosphocholine (PazePC), 1-palmitoyl-2-
(90-oxononanoyl)-sn-glycero-3-phosphocholine (PoxnoPC), and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipids
were from Avanti Polar Lipids (Alabaster, AL). The structures of
the used lipids are shown in Fig. 1.
Fig. 1. Structures of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-pa
oxononanoyl)-sn-glycero-3-phosphocholine (PoxnoPC).
2.2. Preparation of lipid dispersions, micelles and vesicles

Lipid dispersions and vesicles were obtained as described
previously [27]. Briefly, the sonication was employed to obtain
lipid dispersions (below and above critical micelle concentration).
The 100-nm lipid vesicles from POPC and its mixtures with PazePC
(20 mol%) or PoxnoPC (20 mol%) were prepared by the extrusion
technique.

2.3. The kinetics of amyloid formation monitored by Thioflavin T assay

The apoA-I N-terminal fragments 1-83 and 1-83/G26R were
freshly dialyzed from 6 M guanidine hydrochloride solution into
10 mM Tris buffer (150 mM NaCl, 0.01% NaN3, pH 7.4) before use.
The kinetics of amyloid formation by the 1-83 and 1-83/G26R frag-
ments was monitored by Thioflavin T assay. Specifically, 96-well
plates (Frickenhausen, Germany) filled with the dye (10 mM), pro-
teins (5 mM) and lipids (0 – control samples, 0.5, 5 or 50 mM) were
loaded into a fluorescence microplate reader (SPECTRAFluor Plus,
Tecan, Austria), heated to 37 �C and incubated under constant
shaking up to several days. ThT fluorescence was recorded over
time at 485 nm (10 nm bandpass filter) using excitation at
430 nm (35 nm bandpass filter).

The quantitative characteristics of the fibrillization process
were obtained by approximating the time (t) dependence of ThT
fluorescence intensity at 485 nm (F) with the sigmoidal curve [12]:

F ¼ F0 þ Fmax � F0

1þ exp½kðtm � tÞ� ; ð1Þ

where F0 and Fmax are ThT fluorescence intensities in the free form
and in the presence of protein after the saturation has been reached,
respectively; k is the apparent rate constant for the fibril growth; tm
is the time needed to reach 50% of maximal fluorescence. The lag
time was calculated as: tm � 2=k.

3. Results and discussion

As seen in Fig. 2, the effect of the oxidized phospholipids on the
fibrillization of 1-83/G26R varies with the lipid structure and con-
centration. Specifically, the most pronounced (up to �3 times)
increase in the maximum Thioflavin T fluorescence Fmax, which is
proportional to the extent of fibril formation, was observed at
lmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (PazePC) and 1-palmitoyl-2-(90-



Fig. 2. Fibrillization kinetics of the apoA-I 1-83/G26R variant in the absence or presence of PazePC (A – experimental, C – fitted curves) and PoxnoPC (B – experimental,
D – fitted curves) lipid dispersions: 1 – no lipid, 2,3,4 – correspond to protein-to-lipid molar ratios 10:1, 1:1 and 1:10, respectively. The insets show ThT fluorescence increase
observed during the lag phase. Protein concentration was 5 mM, ThT concentration was 10 mM. PazePC and PoxnoPC concentrations were 0.5 mM, 5 mM and 50 mM.
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the protein-to-lipid molar ratio 1:1 (Table 1) [28]. Likewise,
above the critical micelle concentration (at lipid concentration
50 mM), the lowest Fmax values were recovered [29]. The fact that
below the CMC (18.7 and 21.6 mM for PazePC and PoxnoPC, respec-
tively) Thioflavin T fluorescence was proportional to the lipid con-
centration, while above the CMC it substantially decreased, agrees
with the results reported by Mahalka et al. for the fibrillization of
gelsolin fragments, induced by PoxnoPC [29,30]. Furthermore, this
tendency was also observed for the insulin fibrillization in
the presence of PazePC [24]. Notably, the opposite effects of the
PoxnoPC and PazePC on the 1-83/G26R aggregation at the lipid
concentrations 5 mM and 50 mM could be attributed to the different
Table 1
Kinetic parameters of amyloid formation by apoA-I 1-83 and apoA-I 1-83/G26R in the pre

System Fmax, a.u. tm , h

1-83 132.6 ± 1.5 89.5
1-83 + PazePC (1:10) –a –
1-83 + PoxnoPC (1:10) 54.3 ± 0.2 176.2
1-83/G26R 70.5 ± 0.3 19.5
1-83/G26R + PazePC (1:10) –a –
1-83/G26R + PazePC (1:1) 105.3 ± 1.1 37.5
1-83/G26R + PazePC (10:1) 55.1 ± 0.4 30.3
1-83/G26R + PoxnoPC (1:10) 129 ± 1.4 35.1
1-83/G26R + PoxnoPC (1:1) 290 ± 2.8 28.3
1-83/G26R + PoxnoPC (10:1) 191 ± 1.6 34.0
1-83/G26R + POPC 155.8 ± 0.4 132.0
1-83/G26R + POPC/PazePC (20 mol%) 109.8 ± 0.05 124.7
1-83/G26R + POPC/PoxnoPC (20 mol%) 158.3 ± 0.05 125.5

a No Thioflavin T fluorescence response was observed for the systems 1-83 + PazePC
mechanisms of the protein interaction with lipid dispersions and
micelles [27].

Next, both oxPLs slowed down the 1-83/G26R nucleation,
resulting in a substantial increase in the lag time (up to 3-fold)
and decrease in the fibrillization rate k (up to 5-fold), as compared
to the control samples (Table 1). Similarly, the extension of the lag
time was observed for FtG179–194 gelsolin fragment in the presence
of PoxnoPC [30].

Furthermore, at the protein-to-lipid molar ratio 1:1, PazePC
induced less pronounced enhancement of the 1-83/G26R fibrilliza-
tion than PoxnoPC. The former also exerted inhibiting effect on the
protein fibrillization at the smaller or greater protein-to-lipid
sence of oxidized phospholipids.

k � 10�3, h�1 Lag time, h R2

± 0.1 28.5 ± 0.2 18.8 ± 0.1 0.995
– – –

± 1.7 15.2 ± 0.1 44.6 ± 1.7 0.994
± 0.1 188 ± 1 8.9 ± 0.1 0.997

– – –
± 0.0 131 ± 0 22.2 ± 0.0 0.997
± 0.0 114.5 ± 0.4 12.8 ± 0.0 0.994
± 0.2 92.4 ± 0.7 13.5 ± 0.2 0.994
± 0.2 119.0 ± 1.5 11.5 ± 0.2 0.992
± 0.2 200 ± 2 24.0 ± 0.2 0.997
± 0.0 53.2 ± 0.0 94.4 ± 0.0 0.999
± 0.1 36.3 ± 0.1 69.6 ± 0.1 0.999
± 0.0 41.5 ± 0.1 77.3 ± 0.0 0.999

(1:10) and 1-83/G26R + PazePC (1:10).
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molar ratios (Table 1). Specifically, no change in ThT fluorescence
was observed upon the 1-83/G26R incubation in the presence of
50 mM PazePC, indicating that lipid micelles prevent the protein
fibrillization. Similarly, Mahalka et al. demonstrated that PazePC
did not have a noticeable influence on the fibrillization of
FtG179–194 gelsolin fragment, while PoxnoPC promoted the peptide
aggregation [30]. In turn, PazePC enhanced the fibrillization of
lysozyme and insulin, showing a more significant effect on the
insulin aggregation than PoxnoPC [24]. The latter may result from
the specific interactions of the carboxyl group of PazePC with
insulin, inducing its partial denaturation and transition into the
aggregation-prone conformation [24].

As seen in Fig. 3, the lag time of amyloid fibril formation by
1-83/G26R in the absence of lipids was about 3 times smaller,
and the fibrillization rate was 6 times greater, as compared to
the correspondent values for the 1-83 aggregation. These results
are in harmony with the data of Adachi et al., suggesting that
G26R mutation enhanced the amyloid fibril formation [11]. Fur-
thermore, the apparent rate constant for the 1-83 fibril growth in
the presence of the oxPLs was twice than its control value, the
lag time was increased 2-fold, and the fibrillization extent was
reduced (Table 1). Thus, similarly to the 1-83/G26R, the 1-83 forms
a smaller number of fibrils in the presence of PazePC micelles.

In the following, the effect of lipid vesicles composed of POPC
and its mixtures with the oxPLs on the 1-83/G26R amyloid fibril
formation has been evaluated. As seen in Fig. 4 and Table 1, the
addition of liposomes to the protein solution induced �2-fold
increase of the Fmax, �3–5-fold decrease of the k value, and
�9–12-fold extension of the lag time. This tendency is in good
agreement with the previously reported data obtained for
FtG179–194 gelsolin fragment and insulin [24,30]. Specifically,
PoxnoPC and PazePC incorporated into the liposomal membranes
slowed down the kinetics of amyloid fibril formation, as compared
to the control samples and lipid dispersions [24,30].

Furthermore, the effects of POPC, POPC/PazePC (20 mol%) and
POPC/PoxnoPC (20 mol%) on the 1-83/G26R aggregation did not
vary significantly, although inclusion of PazePC into POPC bilayer
resulted in the �40% decrease in the fibrillization extent, as com-
pared to the neat POPC liposomes (Table 1). Notably, the fact that
PazePC micelles prevented amyloid fibril formation by the apoA-I
amyloidogenic fragment at the low lipid-to-protein weight ratio
�0.8 (Fig. 2), while POPC/PazePC (20 mol%) liposomes slowed
down the kinetics of the protein aggregation (Fig. 4), suggest that
the observed effects are governed by specific PazePC-1-83/G26R
interactions with the lipid bilayers or micelles. These results,
Fig. 3. Fibrillization kinetics of the apoA-I 1-83 (A) and 1-83/G26R (B) variants in the abs
– PoxnoPC. Protein concentration was 5 mM, ThT concentration was 10 mM. PazePC and Po
1:10.
together with those reported for FtG179–194 gelsolin fragment, high-
light a critical role of PazePC in inhibiting the amyloid fibril forma-
tion by the short (unstructured) peptides [30], although this lipid
seems to induce misfolding and aggregation of the full-length pro-
teins, like lysozyme or insulin, more effectively than PoxnoPC [24].
Interestingly, the oxPLs have been found to accelerate the amyloid
nucleation, presumably due to the perturbation of the membrane
structure and dynamics by the oxidized lipid tails [31].

Recently, Saito et al. have reported the enhancement of the
1-83/G26R aggregation on POPC membranes produced by the
G26R amyloidogenic mutation [28]. In contrast, no ThT fluores-
cence response was observed in the case of 1-83 at the lipid-to-
protein weight ratio �30. Our study indicates that the 1-83/G26R
still retains the ability to form amyloid fibrils in the presence of
vesicles containing the oxPLs at the lipid-to-protein weight ratio
�31 (Fig. 4). It can be assumed that there exist the a-helixes
formed by the unstructured 1-83/G26R on the membrane surface,
which are destabilized regardless of the presence of PazePC
[11,28]. Such a destabilization induced by the G26R mutation pro-
motes further transformation of the helixes into the b-sheets, fol-
lowed by the amyloid fibril formation on the membrane surface,
being a commonmechanism for the natively unstructured proteins
and peptides involved in amyloid pathologies [32,33].

Interestingly, the properties of the complexes formed by the
apoA-I variants with phosphatidylcholine vesicles have been
characterized previously, reporting also the binding parameters
for 1-83 and 1-83/G26R [28]. Using these parameters, we found
that at the lipid concentration 2 mM and protein concentration
5 lM the fraction of bound protein is �90% for 1-83 and �65% for
1-83/G26R. But the point is that the formation of the protein-lipid
complexes and ThT complexes with monomeric protein or lipids
occurs in the time scale much faster than that characteristic of fibril
growth and the equilibrium is attained within the first hour of the
incubation of the protein-lipid-dyemixture. Likewise, the complex-
ation of ThTwith the protein oligomers formed during the lag phase
is not followed by sigmoidal fluorescence increase specific for fibril-
lar aggregates [34–36]. Therefore, we are prone to think that the
kinetic curves presented here reflect the formation of fibrillar
aggregates, while the weak fluorescence increase observed during
the lag phase (shown in insets in Figs. 2A, B, 4A) characterizes the
dye association with fibril intermediates. Similarly, we did not
determine the fraction of the protein bound to pre- or micellar
aggregates, because within the employed experimental conditions
the transient protein aggregates are formed and the equilibria
between various types of complexes are continuously shifting.
ence or presence of PazePC and PoxnoPC lipid dispersions: 1 – no lipid, 2 – PazePC, 3
xnoPC concentrations were 50 mM, corresponding to the protein-to-lipid molar ratio



Fig. 4. Fibrillization kinetics of the apoA-I 1-83/G26R variant in the presence of: 1 – POPC, 2 – POPC/PazePC (20 mol%), 3 – POPC/PoxnoPC (20 mol%) liposomes (A –
experimental, B – fitted curves). Protein concentration was 5 mM, ThT concentration was 10 mM. The insets show ThT fluorescence increase observed during the lag phase.
Lipid concentration was 2 mM, corresponding to POPC-to-apoA-I weight ratio �31.
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In order to clarify the mechanism of the oxPLs-mediated 1-83/
G26R fibril formation, the number of micelles and the protein-to-
micelle ratios have been estimated. Lipid concentration of the
micellar phase and total surface area of one micelle have been esti-
mated using the CMC values and previously reported thicknesses
of the pure POPC and PazePC-containing bilayers [37–39]. The
obtained surface area was ca. �41.6 nm2, corresponding to �47.4
lipid molecules in one roughly spherical micelle [40,41]. Finally,
protein-to-micelle molar ratios were calculated to be ca. �7.6
and �8.3 for PazePC and PoxnoPC, respectively.

Similarly to the cationic protein cytochrome c, the arginine and
lysine residues of 1-83/G26R could electrostatically attach to the
outer surface of PazePC micelles, resulting in a better solubilization
of the protein (Fig. 5) [41]. Next, protein-solubilized micelles can
undergo the transformation into tubular structures by fusion, coat-
ing the nonpolar face of the protein and allowing the transition to a
stable a-helical conformation [42,43]. Accordingly, the proteomi-
celles will be composed of the tubular PazePC micelle (radius
�1.8 nm, height �5 nm, comparable with the dimensions of the
membrane-bound 1-83 [44]), surrounded by up to 8 1-83/G26R
molecules. The proteomicelle formation may reduce the concen-
tration of aggregation-prone 1-83/G26R. Alternatively, 1-83/G26R
does not adsorb on the micelle surface, but similarly to the mem-
brane proteins, interacts with PazePC monomers by electrostatic
and hydrophobic interactions, resulting in the formation of the
lipid monolayer, covering the hydrophobic surface of the protein
and reducing the apparent CMC [20,45,46]. Interestingly, polar
interactions between the charged amino acids and phosphatidyl-
choline headgroups could also favor the formation of the neat
Fig. 5. Schematic illustration of the model for the association between 1-83/G26R and PO
interface of the bilayer leaflet.
detergent micelle that may result in the decrease of the apparent
CMC [20]. Lipid binding to the natively unfolded 1-83/G26R is unli-
kely to alter the protein secondary structure, although lipid
embedding into the amyloid nucleus may occur above/below the
CMC [17,30]. In turn, 1-83G26R binding to PoxnoPC micelles is
weaker presumably due to the lack of the lipid-protein covalent
interactions, resulting in the fibrillization of the free protein in
buffer (Fig. 2B) [41]. Furthermore, Schiff base formation between
1-83/G26R and PoxnoPC dispersions, adsorbed on the hydrophobic
protein surface, could induce the protein cross-linking and lipid
embedding into the oligomers and amyloid fibrils [20,30,45]. The
suggested mechanisms may lead to the lag time increase and the
decrease/increase in the 1-83/G26R aggregation extent depending
on the PazePC/PoxnoPC concentration (Table 1).

Finally, in order to explain the decrease of the 1-83/G26R
fibrillization extent induced by the POPC/PazePC (20 mol%)
vesicles/micelles, a graphical model for the association between
the 1-83/G26R and POPC/PazePC bilayer has been suggested
(Fig. 5). According to this model, the nonpolar faces of the amphi-
pathic helixes of the ApoA-I N-terminal fragment, interact with the
lipid bilayer while their polar faces are in contact with the aqueous
phase [47,48]. The two panels in Fig. 5 are the helical wheel projec-
tions of the residues 8–27 and 36–65, containing the most
aggregation-prone regions 14–22 and 49–57 [28]. Obviously, the
positively charged amino acid residues of the ApoA-I N-terminal
fragment could associate with the sn-2 chain of PazePC extended
into the aqueous phase via strong electrostatic interactions
[23,31]. This may increase free energy of denaturation of the
a-helixes and, as a consequence, reduce the fibrillization extent,
PC/PazePC (20 mol%) bilayer. The black line represents the hydrophilic-hydrophobic
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as compared to the neat POPC vesicles. Notably, it is PazePC inter-
action with the residue R26 that could be critical for the inhibition
of the 1-83/G26R aggregation by the oxidized phospholipids [28].
Interestingly, surface area of one liposome with the diameter ca.
100 nm was ca. �6 � 104 nm2 [40,49]. Accordingly, the calculated
protein-to-liposome molar ratio was �232 for the POPC and
�218 for the oxPLs-containing lipid vesicles, respectively. Further-
more, significant increase in the lag time of the 1-83/G26R fibril
formation in the presence of the lipid vesicles seems to result from
the above effect [28].

4. Conclusions

In conclusion, our fluorescence studies demonstrated that the
kinetic parameters of the 1-83/G26R fibrillization vary significantly
with the oxPLs structure, the concentration and the type of lipid
assemblies (dispersions, micelles or lipid bilayer vesicles). Specifi-
cally, membrane/micelle surfaces were found to play a critical role
in the inhibition of the amyloid fibril formation, presumably due to
their ability to stabilize a-helical structure of the 1-83/G26R or
facilitate the protein solubilization by the protein-lipid electro-
static and covalent interactions. Furthermore, the increase in the
lag time of the 1-83/G26R fibrillization induced by the oxPLs sug-
gests that their binding to the protein hampered the formation of
amyloid nuclei. Overall, the effects of oxidized lipids revealed in
the present study may prove useful in the development of anti-
amyloid strategies.
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