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Abstract

A progressive aggregation of misfolded proteins is a hallmark of numerous patholo-

gies including diabetes Type 2, Alzheimer's disease, and Parkinson's disease. As a

result, highly toxic protein aggregates, which are known as amyloid fibrils, are formed.

A growing body of evidence suggests that phospholipids can uniquely alter the sec-

ondary structure and toxicity of amyloid aggregates. However, the role of phospha-

tidic acid (PA), a unique lipid that is responsible for cell signaling and activation of

lipid-gated ion channels, in the aggregation of amyloidogenic proteins remains

unclear. In this study, we investigate the role of the length and degree of unsatura-

tion of fatty acids (FAs) in PA in the structure and toxicity of lysozyme fibrils formed

in the presence of this lipid. We found that both the length and saturation of FAs in

PA uniquely altered the secondary structure of lysozyme fibrils. However, these

structural differences in PA caused very little if any changes in the morphology of

lysozyme fibrils. We also utilized cell toxicity assays to determine the extent to which

the length and degree of unsaturation of FAs in PA altered the toxicity of lysozyme

fibrils. We found that amyloid fibrils formed in the presence of PA with C18:0 FAs

exerted significantly higher cell toxicity compared to the aggregates formed in the

presence of PA with C16:0 and C18:1 FAs. These results demonstrated that PA can

be an important player in the onset and spread of amyloidogenic diseases.
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1 | INTRODUCTION

Although the exact molecular cause of amyloid diseases is unknown, a

growing body of evidence shows that these pathologies are linked to

a progressive aggregation of misfolded proteins.1–4 Microscopic anal-

ysis of protein deposits revealed the presence of long unbranched

aggregates with both flat and twisted morphologies, which were

named amyloid fibrils.5,6 Solid-state nuclear magnetic resonance

(NMR) and cryoelectron microscopy were able to resolve the second-

ary structure of these aggregates.7,8 It was found that amino acid

sequences of proteins were folded in a dry-zipper β-sheet structure

that was propagating microns in length.5,9–12 These β-sheet filaments

could intertwine or associate side-by-side with other filaments build-

ing higher-order structures known as proto-fibrils and fibrils.13,14

Microscopic analysis also revealed that in addition to fibrils, amyloid

deposits contained fragments of plasma membranes or even entire

endosomes.15 This observation suggests that lipid membranes could

play an important role in the aggregation of misfolded proteins.16,17

Galvagnion et al. demonstrated that lipid vesicles could alter the

aggregation rate of α-synuclein (α-Syn), small proteins that were

linked to Parkinson's disease.18,19 It was also found that with an

increase in the concentration of lipid vesicles relative to the
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concentration of the protein an increase in the rate of α-Syn was

observed. However, with a subsequent increase in lipid to protein

ratio, a decrease in the aggregation rate of the protein was observed.

Galvagnion et al. proposed that surfaces of lipid vesicles could act as

templates for protein association.18,19 Thus, as the small concentra-

tion of vesicles, their small surface area relative to the concentration

of protein facilitates protein–protein interactions. However, with an

increase in the vesicle concentration, the probability of such interac-

tions decreases. Zhaliazka et al. discovered that the charge of lipids

played a crucial role in the dynamics of protein aggregation.20 Specifi-

cally, all negatively charged phospholipids, such as phosphatidylserine

(PS) and cardiolipin (CL), strongly accelerated the aggregation rate of

lysozyme, whereas lipids with net neutral charge (zwitterions) strongly

suppressed protein aggregation.20 Similar findings were recently

reported by Matveyenka et al. for insulin.21,22 The researchers also

found that not only the net charge but also the structural properties

of fatty acids (FAs) in such phospholipids could play an important role

in the stability of amyloidogenic proteins.21,23,24 Specifically, it was

found that large unilamellar vesicles (LUVs) of unsaturated CL enabled

a much greater acceleration of insulin aggregation compared to the

LUVs with saturated CL.21 Our group also found that the length of

FAs in addition to their saturation could alter the rate of insulin aggre-

gation. Specifically, we found that insulin in the presence of PS LUVs

with 14-carbon atom long FAs exhibited a much shorter lag phase

compared to PS with 18-carbon atom long FAs.23 It is important to

emphasize that these structural differences in phospholipids not only

caused changes in the aggregation rate of insulin and lysozyme but

also yielded structurally different oligomers and fibrils if were present

during protein aggregation.21–26

Phosphatidic acid (PA) is a negatively charged phospholipid that

plays an important role in activation of lipid-gated ion channels.27,28

Unlike other phospholipids, PA does not possess the head group,

whereas its sn-1 and sn-2 positions are typically esterified to saturated

and unsaturated FAs.29 Although PA constitutes only �0.25% of

plasma membranes, it is highly abundant in lung surfactant.30,31 In the

membranes, PA's unique geometry allows for the precise control of

membrane fusion and fission steps, which are highly important for the

vesicle trafficking.32 Recently, Matveyenka et al. found that PA could

uniquely alter the aggregation rate of insulin.24 Furthermore, the

change in the insulin aggregation rate directly depends on the length

and saturation of FAs in PA.24 Specifically, PA with palmitic acids (sat-

urated FAs with 16 carbons C16:0, PA-C16:0) inhibited insulin aggrega-

tion, whereas PAs with stearic acids (18 carbons C18:0 FAs, PA-C18:0)

and oleic acid (unsaturated FAs with one double bond C18:1 FAs, PA-

C18:1) strongly accelerated the rate of insulin aggregation. It was also

found that insulin aggregates grown in the presence of PA-C16:0

exerted significantly lower cell toxicity than insulin fibrils formed in

the presence of PA-C18:0 and PA-C18:1. The question to ask is how

general is reported by Matveyenka et al. finding on the length- and

saturation-determined effect of PA to other amyloidogenic proteins.

To answer this question, we investigate the secondary structure

and toxicity of lysozyme fibrils formed in the presence of PA-C16:0,

PA-C18:0, and PA-C18:1. Our results showed that both length and

saturation of PA uniquely altered the secondary structure of lysozyme

fibrils, as well as toxicity that these aggregates exert to N27 rat neuro-

nal cells.

2 | MATERIALS AND METHODS

2.1 | Materials

Chicken-egg lysozyme was purchased from Sigma-Aldrich (St. Louis,

MO, USA), 1,2-dipalmitoyl-sn-glycero-3-phosphate (16:0/16:0-PA,

PA-C16:0), 1,2-dioleoyl-sn-glycero-3-phosphate (18:1/18:1-PA, PA-

C16:1), and 1,2-distealoyl-sn-3-phosphate (18:0/18:0-PA, PA-C18:0)

were purchased from Avanti (Alabaster, AL, USA).

2.2 | Liposome preparation

To prepare LUVs of PA-C16:0, PA-C18:0, and PA-C18:1, 0.6 mg of each

lipid was dissolved in 2.6 mL of phosphate-buffered saline (PBS),

pH 7.4. Next, solutions were heated �50�C for 30 min using a water

bath. After that, samples were immersed into liquid nitrogen for 3–

5 min. The thawing-heating cycle was repeated 10 times. To homoge-

nize size of lipid vesicles, lipid solutions were passed through 100 nm

membrane using extruder (Avanti, Alabaster, AL, USA). Finally, we uti-

lized dynamic light scattering to ensure that the size of the LUVs was

within 100 ± 10 nm.

2.3 | Lysozyme aggregation

In the lipid-free environment, 200 μM of lysozyme was dissolved in

PBS; solution pH was adjusted to pH 3.0 using concentrated HCl. For

PA-C16:0, PA-C18:0, and PA-C18:1, 200 μM of lysozyme was mixed

with an equivalent concentration of the corresponding PA; pH of the

final solution was adjusted to pH 3.0 using concentrated HCl. Next,

samples were placed into heat-block that was agitated with 510 rpm

for 24 h. Temperature for all samples was 65�C.

2.4 | Atomic force microscopy imaging

We used AIST-NT-HORIBA system (Edison, NJ, USA) of atomic force

microscopy (AFM) to perform morphological analysis of protein aggre-

gates. For AFM imaging, silicon tapping-mode AFM probes Appnano

(Mountain View, CA, USA) were used. Force constant was 2.7 N/m;

resonance frequency was 50–80 kHz. For each measurement, an ali-

quot of the sample was diluted with distilled water (DI) water and

placed on the surface of precleaned glass coverslip. After 20–30 min

exposition, the excess of solution was removed from the glass surface.

Finally, coverslips were dried under the flow of dried nitrogen. Pre-

processing of the collected AFM images was made using AIST-NT

software (Edison, NJ, USA).
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2.5 | Circular dichroism

After 24 h of incubation at 65�C, samples were diluted to the final

concentration of 100 μM using PBS and measured immediately using

Jasco J1000 circular dichroism (CD) spectrometer (Jasco, Easton, MD,

USA). Three spectra were collected for each sample within 190–

250 nm and averaged. Spectra were acquired with 1 nm spectral

resolution.

2.6 | Attenuated total reflectance Fourier-
transform infrared spectroscopy

After 24 h of incubation at 65�C, samples were placed onto attenu-

ated total reflectance crystal of 100 Fourier-transform infrared spec-

trometer (Perkin-Elmer, Waltham, MA, USA) and dried at room

temperature. Three spectra were collected from each sample. Spectra

were acquired with 4 cm�1 spectral resolution.

2.7 | Cell toxicity assays

Mice midbrain N27 cells were grown in RPMI 1640 Medium (Thermo

Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum

(FBS; Invitrogen, Waltham, MA, USA) in 96 well-plate (5000 cells per

well) at 37�C under 5% CO2. After 24 h, the cells were found to fully

adhere to the wells reaching �70% confluency. Next, 100 μL of the

cell culture was replaced with 100 μL RPMI 1640 Medium with 5%

FBS-containing protein samples. After 24 h of incubation with the

sample of the protein aggregates, lactate dehydrogenase (LDH) assay

(G1781, Promega, Madison, WI, USA) that was used to determine tox-

icity of protein aggregates. Absorption measurements were made in

plate reader (Tecan, Mannedorf, Switzerland) at 490 nm. Every well

was measured 25 times in different locations.

3 | RESULTS

3.1 | Morphological examination of protein
aggregates

We first investigated the extent to which PAs with different lengths

and saturation of FAs alter the morphology of lysozyme aggregates

formed in their presence. For this, 200 μM of lysozyme was

incubated in PBS at pH 3.0 in the absence of lipids (Lys), as well as in

the presence of equimolar concentrations of PA-C16:0, PA-C18:0, and

PA-C18:1 at 65�C for 24 h. AFM imaging showed that in the absence

of PA, lysozyme formed both short and long fibrils together with

a large number of spherical oligomers (Figure 1). It should be

noted that the amount of short fibrillar species with lengths of

100–200 nm was substantially greater than the concentration of

long fibrils with lengths >200 nm. Both of these aggregates had

nearly identical heights (5–9 nm), suggesting that with time, short

fibrils propagate into long fibrillar species (Figure S1). We also found

that spherical oligomers exhibited slightly lower heights (4–6 nm)

(Figure S1).

We found that in the presence of PA-C18:0, very little if

any oligomers were observed (Figure 1). We also observed the

opposite distribution of short vs long fibrils. Specifically, nearly all

fibrils observed in PA-C18:0 were ≥200 nm. The same conclusions

could be made for Lys:PA-C18:1 and Lys:PA-C16:0. We found that

the vast majority of aggregates were long fibrils that had 7–10 nm

in height (Figure S1). We also found that Lys:PA-C18:0 and Lys:PA-

C18:1 were much thicker compared to Lys:PA-C16:0 fibrils. At the

same time, we found that Lys:PA-C16:0 fibrils tended to intertwine

forming fibril bundles, whereas such braiding propensity was not

observed for Lys:PA-C18:0 and Lys:PA-C18:1 fibrils (Figure 1). These

results demonstrated that the length and saturation of FAs of PA

play an important role in the morphology of lysozyme aggregates

formed in the presence of such phospholipids. We can also

conclude that the length of the FAs in PS alters the propensity of

filament association into higher-order amyloid structures. Further-

more, a very low concentration of short oligomeric species in

Lys:PA-C18:0, Lys:PA-C18:1, and Lys:PA-C16:0 compared to Lys sug-

gests that phospholipids templated lysozyme aggregation, which

results in a more uniform appearance of aggregates formed under

such conditions.

F IGURE 1 Length and saturation of FAs in PAs alter the
morphology of lysozyme aggregates. AFM images of lysozyme
aggregates formed in the lipid-free environment (Lys), as well as in the
presence of PA-C18:0 (Lys:PA-C18:0), PA-C18:1 (Lys:PA-C18:1), and PA-
C16:0 (Lys:PA-C16:0) formed at 65�C. Scale bars are 400 nm. AFM,
atomic force microscopy; FAs, fatty acids; PAs, phosphatidic acids.

ALI ET AL. 3
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3.2 | Elucidation of the secondary structure of
lysozyme aggregates formed in the presence of
PA-C16:0, PA-C18:0, and PA-C18:1

We utilized CD and infrared spectroscopy (IR) to determine the

secondary structure of lysozyme aggregates formed in the lipid-free

environment (Lys) and in the presence of PA-C16:0, PA-C18:0, and PA-

C18:1. CD spectra acquired from Lys exhibited a trough at � 217 nm

indicating the dominance of β-sheet in the structure of Lys fibrils

(Figure 2A).

These results are consistent with the IR spectra acquired from the

Lys sample. In such spectra, amide I band can be used to determine

the secondary structure of the analyzed protein samples. Specifically,

α-helical species exhibit amide I at �1640 cm�1, whereas unordered

proteins had amide I at �1660 cm�1. The presence of amide I at

�1623 cm�1 in the acquired IR spectra points on the predominance

of parallel β-sheet, whereas the band at �1690 cm�1 indicates the

predominance of anti-parallel β-sheet in the protein specimens. We

found that IR spectra acquired from Lys exhibited amide I band

centered around 1620 cm�1, which indicated the predominance of

parallel β-sheet in the structure of Lys fibrils (Figure 2B). We also

observed a small shoulder around 1660 cm�1, which demonstrated

the presence of a small amount of unordered protein in the Lys

sample.

We also found that the trough in the CD spectra acquired from

Lys:PA-C18:0 was blue-shifted to 216 nm. Similar shifts were also

observed in the IR spectra acquired from Lys:PA-C18:0 compared to

the IR spectrum of Lys (Figure 2A). Specifically, we found that the

position of the amide I band shifted from 1620 to 1624 cm�1. These

spectroscopic changes point to a small difference in the secondary

structure of Lys:PA-C18:0 compared to lysozyme fibrils formed in the

lipid-free environment. Furthermore, CD spectra acquired from

Lys:PA-C18:1 and Lys:PA-C16:0 exhibited red shifts to 223 nm relative

to the minimum in the CD spectrum of Lys (217 nm). IR spectra

acquired from these samples exhibited an amide I band centered at

1625 cm�1, which is substantially different from the position of amide

I band in the IR spectrum of Lys (Figure 2B). Based on these results,

we can conclude that the length and saturation of FAs in PA uniquely

alter the secondary structure of lysozyme fibrils formed in their pres-

ence. We can also conclude that the secondary structure of such

fibrils is different from the structure of lysozyme aggregates grown in

the lipid-free environment.

F IGURE 2 Length and saturation of FAs in PAs alter the
secondary structure of lysozyme aggregates. CD (A) and IR (B) spectra
acquired from lysozyme aggregates formed in the lipid-free
environment (Lys), as well as in the presence of PA-C18:0 (Lys:PA-
C18:0), PA-C18:1 (Lys:PA-C18:1), and PA-C16:0 (Lys:PA-C16:0) formed at
65�C. CD, circular dichroism; FAs, fatty acids; IR, infrared
spectroscopy; PAs, phosphatidic acids.

F IGURE 3 Histograms of LDH assay reveals differences between
cell toxicity of Lys, Lys:PA-C18:0, Lys:PA-C18:1 and Lys:PA-C16:0. Black
asterisks show a significant level of differences between protein
aggregates and the control; red asterisks show significance level of
difference between Lys:PA-C18:1, Lys:PA-C16:0, and Lys:PA-C18:0; *
p < .05; ****p < .0001. NS shows an absence of statistical significance
between Lys and lysozyme fibrils formed in the presence of different
PAs. LDH, lactate dehydrogenase; PA, phosphatidic acid.

4 ALI ET AL.
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3.3 | Toxicity of lysozyme aggregates formed in
the presence of PA with different lengths and
saturations of FAs

The question to ask is whether observed structural differences

between Lys, Lys:PA-C18:0, Lys:PA-C18:1, and Lys:PA-C16:0 have any

biological significance. To answer this question, we investigate the

extent to which these protein aggregates exert cell toxicity to mice

midbrain N27 cell line (Figure 3).

LDH assay revealed a statistically significant difference between

the toxicity exerted by Lys:PA-C18:1, Lys:PA-C16:0, and Lys:PA-C18:0

fibrils. Thus, we can conclude that Lys:PA-C18:0 fibrils were signifi-

cantly more toxic than lysozyme aggregates formed in the presence of

PA-C18:1 and PA-C16:0. These results demonstrate that both the

length and saturation of FAs in PAs play an important role in the tox-

icity of lysozyme fibrils formed in the presence of such lipids. It should

be noted that lysozyme fibrils formed in the lipid-free environment

exhibited similar levels of cell toxicity compared to the aggregates

formed in the presence of different PAs.

4 | DISCUSSION

The vast majority of amyloidogenic proteins either directly interact

with lipid bilayers or are exposed to lipids in different organs and tis-

sues.7,33–35 For instance, α-Syn, a small protein that controls vesicle

trafficking in synaptic clefts, instantaneously adopts α-helical second-

ary structure in the presence of lipid bilayers.36 NMR and fluores-

cence studies revealed that α-Syn binds to lipids via electrostatic

interactions that are taking place between charged head of lipids and

polar amino acid residues of α-Syn.37–40 In parallel, there are strong

hydrophobic interactions developed between FAs' tails and hydropho-

bic amino acid residues of this protein.37–40 Our group found that

such lipid-protein complexes aggregate forming structurally different

oligomers compared to those formed in the lipid-free environ-

ment.26,41–43 Similar research findings were reported experimental

results by Zhaliazka et al.44 The researchers demonstrated that amy-

loid β 1–42 (Aβ1-42) formed structurally different oligomers in the

presence of phosphatidylcholine, cholesterol and CL. Furthermore,

these oligomers exerted significantly higher cell toxicity compared to

the oligomers formed by Aβ1-42 in the lipid-free environment.44 Zhang

et al. demonstrated that low levels of anionic lipids promoted aggrega-

tion of islet amyloid polypeptide (IAPP).45 However, zwitterionic lipid

had no effect on the rate of IAPP aggregation. Finally, cholesterol at

or below physiological levels significantly decelerated IAPP aggrega-

tion, as well as lowered the propensity of IAPP aggregates to cause

membrane leakages.45

Injections of high concentrations of insulin in the skin derma,

which are required for diabetes type 1 people, result in the high local

concentration of insulin in confined areas surrounded by lipids.46–50

Our group demonstrated that lipids could uniquely alter the rates of

insulin aggregation.21–26 Furthermore, the morphology and secondary

structure of such aggregates are determined by the chemical structure

of the lipid.21–26 It was also found that saturation and length of FAs in

PS, CL, and PA could strongly alter the aggregation rate and structure

of insulin oligomers and fibrils.21,23,24 Experimental results showed in

the current study suggest saturation- and length-controlled structure

of protein aggregates could be a general phenomenon attributed to

the large group of amyloid proteins. Specifically, we found that length

and saturation of FAs in PA altered both morphology and secondary

structure of lysozyme aggregates. These structurally and morphologi-

cally different aggregates exert dissimilar cell toxicity.

One may expect that hydrogen binding between the lipid and

proteins could play an important role in such interactions. In these

cases, hydrogen bonds are developed between the aliphatic FAs of

lipids and hydrophobic amino acid residues of proteins. Our results

suggest infer that small differences in the hydrogen bonding between

PA-C18:0 and PA-C18:1 with lysozyme can alter the thermodynamics of

lipid: protein complex. This results in the structural and morphological

differences between Lys:PA-C18:0 and Lys:PA-C18:1 fibrils. Differences

in the thermodynamics of the lipid: protein complexes can also explain

the discussed above differences between structures and morphol-

ogies of Lys:PA-C16:0 and Lys:PAC18:0 fibrils. Two CH2 groups dras-

tically alter the melting points of such lipids and consistently should

alter the thermodynamics of the lysozyme–PA interactions. Elucida-

tion of the thermodynamic properties of Lys:PA-C16:0, Lys:PA-C18:0,

and LyL:PA-C18:1 complexes is the subject of a separate study.

Our findings are in agreement with the experimental results that

were previously reported by Matveyenka et al. for insulin interactions

with PAs. However, it was previously found that insulin:PA-C16:0

fibrils exerted significantly lower cell toxicity compared to Lys:PA-

C18:0 and Lys:PA-C18:1 aggregates, whereas the last two samples have

statistically insignificant differences than insulin fibrils formed in the

lipid-free environment.24 These results show that toxicity of amyloid

fibrils is determined not only be the structural properties of the lipid,

but also by the structure of amyloidogenic proteins. These results also

reveal the importance of hydrophobic interactions that take place

between aliphatic side chains of phospholipids and non-polar amino

acid residues of proteins in the protein aggregation. Using docking

simulations, Holman et al. recently demonstrated that such hydropho-

bic forces primarily determined the interactions between insulin and

FAs.51 As a result, inulin–FAs complexes formed fibrils with opposite

supramolecular chirality compared to those developed by insulin in

the lipid-free environment. It was also found that hydrophobic inter-

actions between insulin and FAs were strongly altered by the number

of carbon atoms in FAs and the degree of their unsaturation.51 The

observed difference in the interactions of insulin and lysozyme with

PAs suggested that two proteins have drastically different mecha-

nisms of interactions with PAs that likely originated form differences

in their amino acid sequences.

5 | CONCLUSIONS

Our results demonstrate that PA can uniquely alter lysozyme aggrega-

tion. Furthermore, saturation and length of FAs in PA determine

ALI ET AL. 5
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morphology, secondary structure, and toxicity of lysozyme fibrils

formed in the presence of this phospholipid. These results suggest

that structurally different lipids have dissimilar mechanisms of interac-

tions with proteins.
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