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Abstract

Abrupt aggregation of misfolded proteins is a hallmark of the large group of amyloid pathologies 

that include diabetes type 2, Alzheimer and Parkinson's diseases. Protein aggregation yields 

oligomers and fibrils, β-sheet-rich structures that exert cell toxicity. Microscopic examination 

of amyloid deposits reveals the presence of lipids membranes, which suggests that lipids can 

be involved in the process of pathogenic protein assembly. In this study, we show that lipids 

can uniquely alter the aggregation rates of lysozyme, a protein that is associated with systemic 

amyloidosis. Specifically, cardiolipin (CL), ceramide (CER), and sphingomyelin (SM) accelerate, 

phosphatidylcholine (PC) strongly inhibits, whereas phosphatidylserine (PS) has no effect on the 

rate of protein aggregation. Furthermore, lipids uniquely alter the secondary structure of lysozyme 

aggregates. Furthermore, we found that lysozyme aggregates grown in the presence of CL, CER, 

SM, PS, and CL:PC mixtures exert significantly lower production of reactive oxygen species and 

mitochondrial dysfunction compared to lysozyme:PC aggregates and lysozyme fibrils grown in 

the lipid-free environment. These findings suggest that a change in the lipid composition of cell 

membranes, which is taken place upon neurodegeneration, may trigger the formation of toxic 

protein species that otherwise would not be formed.
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1 ∣ INTRODUCTION

Self-assembly of misfolded proteins into oligomers and fibrils is the molecular signature 

of a large group of pathologies that include type 2 diabetes, Alzheimer, Parkinson, and 

Huntington's diseases.1-3 Over the past decade, excessive knowledge has been accumulated 

about the kinetic and thermodynamic nature of such protein assembly.4,5 Specifically, the 

shape of the aggregation kinetics suggested that an assembly of amyloidogenic proteins 

starts from oligomers that, once reached a critical concentration in solution, rapidly 

propagate into filaments.4,6-11 Cryo-electron microscopy and solid-state nuclear magnetic 

resonance (ss-NMR) allowed for the elucidation of the secondary structure of filaments 

with Angstrom spatial resolution.12-14 It has been found that filaments have a cross-β-sheet 

secondary structure; they also can coil and intertwine minimizing their free energy, which 

results in the appearance of proto-fibrils and fibrils.10,15

A growing body of evidence suggests that lipids can alter rates of protein aggregation. 

Specifically, Galvagnion and co-workers found that lipids can either accelerate or decelerate 

the rate of α-synuclein (α-Syn) aggregation, the protein that is directly linked to Parkinson's 

disease (PD). In this case, the effect on the rate of protein aggregation is determined by 

the chemical structure of the lipid and a lipid-to-protein ratio.16-18 Our group found that 

lipids not only alter the rates of α-Syn aggregation but also uniquely modify the secondary 

structure of protein oligomers.5 Furthermore, oligomers that are formed in the presence of 

lipids possess lipids in their structure.5

A critical question is whether the lipid-mediated effect on the structure and aggregation 

kinetics is unique to α-Syn or whether it is a general phenomenon applicable to a large 

group of amyloid-associated proteins. To answer this question, we examined the effect 

of lipids on the aggregation rates of hen egg-white lysozyme, a small protein that has 

a 14.3 kDa molecular weight. Under low pH and elevated temperatures, lysozyme can 

be easily denatured which triggers its aggregation into oligomers and fibrils.19,20 Using 

deep UV resonance Raman (DUVRR) spectroscopy, Xu and co-workers showed that this 

process is primarily triggered by the denaturation of α-helical domains and the assembly 

of unfolded protein sequences into cross-β-sheet.21,22 2D correlation DUVRR used by 

Shashilov and Lednev reveals that assembling, lysozyme first formed nuclei that templated 

protein assembly into fibrils.23,24 It has been shown that pH can be used to alter the 

structure and supramolecular chirality of lysozyme fibrils.20 Specifically, at pH below 2, 

lysozyme forms tape-like fibrils, whereas at pH above this point, protein aggregation yields 

left-twisted fibrils with the distinctly different supramolecular organization.

Under physiological conditions, lysozyme is exposed to cell and mitochondrial 

membranes that have high concentrations of phospholipids, such as cardiolipin (CL), 

phosphatidylcholine (PC), and phosphatidylserine (PS), as well as ceramide (CER), and 

sphingomyelin (SM).25 Cardiolipin (CL) is a unique phospholipid that constitutes ~20% of 

the inner mitochondrial membrane.26 It carries two negative charges playing an important 

role in cell respiration and energy conversion. Zwitterionic PC constitutes around 30% of the 

plasma and organelle membranes, whereas ~10% of the plasma membrane is occupied by 

PS.27-29 Under physiological conditions, negatively charged PS is primarily localized on the 
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inner part of the membrane.28,30,31 Its exposure to the exterior part of the plasma membrane 

indicates cell malfunction.32 In such cases, PS is recognized by phagocytes that degrade 

such apoptotic and necrotic cells.25 CER and SM occupy around 6% and 4% of the plasma 

membrane, respectively. These lipids form the myelin sheath that surrounds nerve cell axons 

where they perform an important role in signal transduction.27-29

Therefore, in our study, we tested the effect of these lipids, as well as their mixtures on 

lysozyme aggregation. We also used a set of spectroscopic, microscopic, and molecular 

methods to examine changes in the secondary structure, morphology, and toxicity of 

lysozyme aggregates grown in the presence of PC, PS, CL, as CER, and SM, as well as 

in the equimolar (1:1) and 1:4 molar mixtures of CL and PC. Our findings show that lipids 

drastically alter the aggregation rates, secondary structure, and morphology of lysozyme 

aggregates. These structurally different aggregates exert much lower cell toxicities than 

lysozyme fibrils grown in the lipid-free environment.

2 ∣ EXPERIMENTAL SECTION

2.1 ∣ Materials

Hen egg-white lysozyme was purchased from Sigma-Aldrich (St. Louis, MO, USA), 

1,2-ditetradecanoyl-sn-glyc ero-3-phospho-L-serine (DMPS or PS), 1,2-Dimyristoyl-sn-

glycero-3-phosphocholine (DMPC or PC), 1′,3′-bis[1,2-d istearoyl-sn-glycero-3-phospho]-

glycerol (18:0 cardiolipin (CL)), sphingomyelin (SM), and ceramide (CER) were purchased 

from Avanti (Alabaster, AL, USA).

2.2 ∣ Liposome preparation

DMPS, DMPC, and CL large unilamellar vesicles (LUVs) were prepared accordingly to 

the method reported by Galvagnion et al.33 Briefly, 0.6 mg of the lipid were dissolved in 

2.6 ml of phosphate-buffered saline (PBS) pH 7.4. Lipid solutions were heated in a water 

bath to ~50°C for 30 min and then placed into liquid nitrogen for 3–5 min. This procedure 

was repeated 10 times. After this, lipid solutions were passed 15 times through a 100 nm 

membrane that was placed into the extruder (Avanti, Alabaster, AL, USA). LUV sizes were 

determined by dynamic light scattering. Due to the poor assembly properties, no LUVs for 

SM and CER were prepared; lipids were used as received.

2.3 ∣ Hen egg-white lysozyme aggregation

In the lipid-free environment, 400 μM of hen egg-white lysozyme was dissolved in PBS; the 

solution pH was adjusted to pH 3.0 using concentrated HCl. For Lys:CL, Lys:CER, Lys:PS, 

and Lys:SM, as well as for Lys:PC:CL (1:0.5:0.5) and Lys:PC:CL (1:0.8:0.2), 400 μM of 

lysozyme was mixed with an equivalent concentration of the corresponding lipid; solution 

pH was adjusted to pH 3.0 using concentrated HCl. Next, the solutions were placed in the 

dry block heater and kept at 65°C for 24 h.

2.4 ∣ Kinetic measurements

Lysozyme aggregation was monitored using a thioflavin T (ThT) fluorescence assay. Prior 

to measurements, protein samples were mixed with 2 mM of ThT solution and placed in the 
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plate reader (Tecan, Männedorf, Switzerland). Fluorescence emission was collected at 488 

nm with 450 nm excitation. All measurements were made in triplicates.

2.5 ∣ Atomic force microscopy imaging

Atomic force microscopy (AFM) imaging was performed using silicon AFM probes with 

related parameters force constant 2.7 N/m and resonance frequency 50–80 kHz were 

purchased from Appnano (Mountain View, CA, USA) on the AIST-NT-HORIBA system 

(Edison, NJ). For each measurement, an aliquot of the sample after 24 h of incubation at 

65°C was diluted with 1× PBS, pH 3.0, and deposited on the pre-cleaned silicon wafer. 

Next, the sample was dried under a flow of dry nitrogen. Analysis of collected images was 

performed using AIST-NT software (Edison, NJ, USA).

2.6 ∣ Attenuated total reflectance Fourier-transform infrared spectroscopy

After 24 h of sample incubation, samples were placed onto ATR crystal and dried at room 

temperature. Spectra were measured using Spectrum 100 FTIR spectrometer (Perkin-Elmer, 

Waltham, MA, USA). Three spectra were collected from each sample.

2.7 ∣ Atomic force microscopy infrared

Atomic force microscopy infrared (AFM-IR) imaging was conducted using a Nano-IR 3 

system (Bruker, Santa Barbara, CA, USA). The IR source was a QCL laser. Contact-mode 

AFM tips (ContGB-G AFM probe, NanoAndMore, Watsonville, CA, USA) were used to 

obtain all spectra and maps. For each measurement, an aliquot of the sample after 24 h 

of incubation at 65°C was diluted with 1× PBS, pH 3.0, and deposited on the pre-cleaned 

silicon wafer. Next, the sample was dried under a flow of dry nitrogen. Treatment and 

analysis of the collected spectra were performed in Matlab (The Mathworks, Inc. Natick, 

Massachusetts, USA).

2.8 ∣ Circular dichroism

After 24 h of sample incubation, samples were diluted to the final concentration of 100 μM 

using PBS and measured immediately using a J-1000 circular dichroism (CD) spectrometer 

(Jasco, Easton, MD, USA). Three spectra were collected for each sample within 205–250 

nm.

2.9 ∣ 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 48 h of incubation, reactive oxygen species (ROS) assay was performed. 

Briefly, ROS reagent (C10422, Invitrogen, Waltham, MA, USA) was added to reach the 

final concentration of 5 μM and incubated at 37°C under 5% CO2 for 30 min. After the 

supernatant was removed, cells were washed with PBS and resuspended in 200 μl of PBS 

in the flow cytometry tubes. Sample measurements were made in LSR II Flow Cytomter 
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(BD, San Jose, CA, USA) using a red channel (λ = 633 nm). Every well was measured 

25 times in different locations. At least two independently prepared protein samples were 

examined using LDH assay. All measurements were made in triplicates. A T-test was used 

to determine the significance level of differences between the toxicity of analyzed samples. 

Percentages of ROS cells were determined using LSR II software. For JC-1 staining, 1 

μl of JC-1 reagent (M34152A, Invitrogen, Waltham, MA, USA) was added to cells and 

incubated at 37°C under 5% CO2 for 30 min. After the supernatant was removed, cells 

were washed with PBS and resuspended in 200 μl of PBS in the flow cytometry tubes. 

Sample measurements were made in LSR II Flow Cytomter (BD, San Jose, CA, USA) using 

a red channel (λ = 633 nm). JC-1 intensity was determined using LSR II software. All 

measurements were made in triplicates.

3 ∣ RESULTS

3.1 ∣ Kinetics of lysozyme aggregation

We first investigated whether lipids may alter the lag phase and rate of lysozyme 

aggregation. For this, lysozyme was mixed in 1:1 molar ratios with PC, PS, CL, SM, and 

CER, as well as with a mixture of PC:CL at 50:50 and 80:20 molar ratios. The solutions 

were then kept at 65°C under 510 rpm agitation. We found that lysozyme aggregation in the 

lipid-free environment had a prolonged lag phase that was followed by a rapid increase in 

the ThT intensity, which indicated a formation of protein aggregates, Figure 1A. We found 

that CL, SM, CER, and a mixture of PC:CL at 50:50 and 80:20 molar ratios significantly 

shortened the lag phase (tlag) of lysozyme aggregation, Figure 1B. Specifically, the lag phase 

shortened from 11.7 ± 0.3 h (Lys) to 4.3 ± 0.1 h in the presence of SM and 3.9 ± 0.5 and 

3.8 ± 0.3 h in the presence of CL and CER, respectively, Table S1. Lysozyme aggregation in 

the mixture of PC:CL at 50:50 and 80:20 molar ratios reached tlag at 2.9 ± 0.3 h and 2.8 ± 

0.5 h, respectively. Importantly, we found that PC completely inhibits lysozyme aggregation, 

whereas PS did not significantly alter tlag of protein aggregation. These findings show that 

lipids can uniquely shorten and delay the lag phase of lysozyme aggregation or have no 

effect on tlag of the protein assembly into fibrils. Similar results were recently reported 

by Matveyenka and co-workers for insulin.34,35 Specifically, it was found that PC strongly 

inhibited insulin aggregation, whereas both CL and PS strongly accelerated insulin fibril 

formation.

We also observed that lipids alter rates of lysozyme aggregation. We found that CL (t1/2 = 

5.0 ± 0.5 h), CER (t1/2 = 5.2 ± 0.2 h), SM (t1/2 = 5.3 ± 0.3 h), PC:CL (50:50) (t1/2 = 4.8 ± 

0.5 h) and PC:CL (80:20) (t1/2 = 4.7 ± 0.3 h) substantially accelerated the rate of lysozyme 

aggregation (Lysozyme t1/2 = 13.7 ± 0.6 h), Figure 1B and Table S1. However, PS (t1/2 = 

13.9 ± 0.5 h), did not exert significant changes on the rate of fibril formation, Table S1. 

These findings show that in addition to the effect on tlag, lipids also uniquely alter the rate of 

lysozyme aggregation.

It should be noted that our ThT fluorescence measurements showed that intensities of 

products of lysozyme aggregation that took place in the presence of lipids are higher than 

the intensity of aggregates formed in the lipid-free environment. This finding suggests 

that lysozyme aggregation in the presence of lipids yields a higher amount of ThT active 
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protein aggregates. Similar results were recently reported by Matveyenka and co-workers for 

insulin.34,35 Specifically, it was found that such an increase in the ThT intensity is associated 

with drastic changes in the morphology and secondary structure of inulin aggregates that 

were grown in the presence of PS and CL compared to the insulin fibrils formed in the 

lipid-free environment.

3.2 ∣ Morphological analysis of lysozyme aggregates

AFM analysis of lysozyme aggregates grown in the presence of PS, CL, CER, and SM, as 

well as in the presence of lipid mixtures PC:CL at 1:1 and 0.8:0.2 revealed predominance of 

thick (20–40 nm in height) fibrils, Figure 2. We also found that some of these fibrils are self-

assembled into thicker bundles. Lysozyme aggregates grown in the lipid-free environment 

showed a similar morphological appearance; the sample was dominated by 20–40 nm thick 

fibrils. At the same time, only oligomers (5–7 nm in height) were observed in the solution 

of lysozyme aggregated in the presence of PC. This observation shows that PC inhibits 

lysozyme fibril formation yielding the formation of only small oligomeric species. At the 

same time, these oligomers were able to accelerate lysozyme aggregation if used as seeds in 

a 1%–10% mol/mol ratio (Figures S1).

3.3 ∣ Structural characterization of protein aggregates

We utilized CD and attenuated total reflectance Fourier-transform Infrared infrared (ATR-

FTIR) to examine the secondary structure of lysozyme aggregates grown in the presence 

of lipids, as well as in a lipid-free environment. CD spectra collected from Lys, Lys:CER, 

Lys:PS, Lys:CL, Lys:PC:CL (1:0.5:0.5), and Lys:PC:CL (1:0.8:0.2) exhibited a trough at 

~223 nm and a peak at ~205 nm, Figure 3A. These spectroscopic features demonstrate the 

dominance of β-sheet in the secondary structure of these aggregates.36,37 However, Lys:SM 

and Lys:PC had the trough shifted to ~215 nm with a substantially lower intensity of 205 

nm peak (Lys:SM) or the absence of this peak (Lys:PC). These spectroscopic signatures 

are characteristic of proteins with a mixture of α-helix, β-sheet, and unordered secondary 

structures.36,37 Thus, we can conclude that Lys, Lys:CER, Lys:PS, Lys:CL, Lys:PC:CL 

(1:0.5:0.5) and Lys:PC:CL (1:0.8:0.2) are primarily composed of β-sheet. At the same 

time, Lys:SM and especially Lys:PC possess a substantial amount of α-helix and unordered 

secondary structures in addition to the β-sheet.

ATR-FTIR analysis of lysozyme aggregates grown in the presence of lipids, as well as in 

the lipid-free environment confirmed the discussed above CD results, Figure 3B. In the 

ATR-FTIR spectrum collected from Lys:PC, we observed the amide I band centered ~1657 

cm−1 with a shoulder at ~1625 cm−1. This indicates the predominance of α-helix and 

unordered secondary structures with a small content of β-sheet in Lys:PC.38,39 In the spectra 

collected from Lys, Lys:PS, Lys:CER, Lys:SM, Lys:CL, as well as Lys:PC:CL (1:0.5:0.5) 

and Lys:PC:CL (1:0.8:0.2) amide I was centered at ~1625 cm−1, which indicates the 

dominance of parallel β-sheet secondary structure in these protein aggregates.38,40 Finally, 

we found that lysozyme aggregates grown in the absence of lipids demonstrated spectra with 

drastically different amide II bands. Specifically, we found that intensities of 1550 and 1525 

cm−1 bands were nearly identical in the spectrum collected from Lys, whereas the intensity 

of 1550 cm−1 was found to be larger than the 1525 cm−1 band in the spectra collected 
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from all lysozyme aggregates that were grown in the presence of lipids. This makes us 

conclude that lysozyme aggregates grown in the lipid-free environment are structurally 

different from Lys:PS, Lys:CER, Lys:SM, Lys:CL, as well as Lys:PC:CL (1:0.5:0.5) and 

Lys:PC:CL (1:0.8:0.2). Finally, Lys:PC structures are drastically different from the structures 

of lysozyme aggregates grown in the presence of other lipids, which is in a good agreement 

with our AFM results.

The question to ask is whether lipids present in the structure of the lysozyme aggregates 

that were grown in the presence of lipids. To answer this question, we used atomic 

force microscopy Infrared (AFM-IR) spectroscopy.41-43 AFM-IR allows for positioning 

the metalized scanning probe directly on the sample of interest.44,45 Next, the sample 

is illuminated by pulsed tunable IR light that causes thermal expansions in the protein 

aggregate which, in turn, are recorded by the scanning probe. The thermal expansions can 

be converted to the IR spectrum of the aggregate which allows for probing its structure and 

composition.5,42,46,47

AFM-IR spectra collected from individual lysozyme aggregates that were grown in the 

presence of lipids exhibited vibrational bands centered ~800 and 1000–1200 cm−1, Figure 

4. These vibrational bands correspond to C-H and PO2
− vibration respectively.46,48 We 

have found that Lys:PS, Lys:CER, and Lys:SM exhibited very strong intensities of ~800 

and 1000–1200 cm−1 bands. This finding point to the presence of a significant amount of 

the corresponding lipids in the structure of these aggregates. We also found that intensities 

of 1000–1200 cm−1 bands were substantially lower in the spectra collected from Lys:PC, 

Lys:CL, Lys:PC:CL (1:0.5:0.5), and Lys:PC:CL (1:0.8:0.2) comparing to the intensities of 

these bands in the spectra collected from Lys:PS, Lys:CER, and Lys:SM. These findings 

show that CL and PC do not accumulate in the structure of lysozyme aggregates that are 

grown in the presence of these lipids. Thus, lysozyme fibrils are grown in the presence of 

CL and PC, as well as PC:CL (1:1) and PC:CL (0.8:0.2) have very little if any lipid in their 

structure.

In addition to the compositional analysis, AFM-IR allows for the elucidation of the 

structural heterogeneity of the analyzed protein aggregates. The structural heterogeneity can 

be determined by variability in the intensity in observed vibrational bands that correspond 

to lipids (~800 and 1000–1200 cm−1) and protein (1555 cm−1 (amide II) and 1630–

1595 cm−1 (amide I)) vibrations.34,35,48,49 We found that lysozyme aggregates grown in 

the lipid-free environment exhibited very little if any structural heterogeneity. However, 

structural heterogeneity of Lys:PS, Lys:CL, as well as Lys:PC:CL (1:0.5:0.5) and Lys:PC:CL 

(1:0.8:0.2) was found to be substantially larger. Finally, we found that lysozyme aggregates 

that were grown in the presence of SM and especially CER exhibited the largest structural 

variability among all analyzed classes of lysozyme aggregates.

3.4 ∣ Toxicity of lysozyme aggregates

We utilize a mice midbrain N27 cell line and a set of toxicity assays to examine the 

relationship between the structure and toxicity of lysozyme aggregates. Amyloid aggregates 

exert toxicities by enhancing ROS production and inducing mitochondrial dysfunction in 
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cells.4,34,35,50 Therefore, we examined the extent to which these structures are engaged in 

ROS production and mitochondrial dysfunction of cells, Figure 5.

ROS test indicated that Lys:CL, Lys:PC:CL (1:0.5:0.5), and Lys:SM and Lys:CER exhibited 

significantly lower levels of ROS production compared to lysozyme aggregates grown 

in the lipid-free environment (Lys), Figure 5. We also found that ROS production by 

Lys:CL:PC (1:0.2:0.8), Lys:PC, and Lys:PS was not significantly different from the ROS 

levels associated with Lys themselves. These results show that some lipids, specifically 

CL, CER, and SM are capable of reducing ROS associated with amyloid aggregates 

in cells, whereas other lipids such as PC and PS do not exhibit such properties. This 

conclusion can be also made about lysozyme aggregates grown in the presence of lipid 

mixtures. Specifically, a high relative concentration of CL relative to PC in the lipid mixture 

(Lys:PC:CL (1:0.5:0.5)) allows for stronger suppression of ROS production compared to the 

one observed for Lys:CL:PC (1:0.2:0.8) where CL is 4 times lower than the concentration of 

PC. It should be noted that most lipids themselves did not exert any cell toxicity, except CL 

and PC which exhibited significant cell toxicity relative to the control (butter).

We also utilized JC-1 dye to examine the mitochondrial dysfunction caused by lysozyme 

aggregates. It was found that lysozyme aggregates grown in the lipid-free environment exert 

significantly higher mitochondrial dysfunction compared to the protein aggregates grown 

in the absence of CL, CL:PC (1:0.5:0.5), CL:PC (1:0.2:0.8), PS, SM, and CER. It should 

be noted that only Lys:PC did not exert significantly lower cell toxicity compared to the 

lysozyme aggregates grown in the lipid-free environment. Thus, all tested lipids and lipid 

mixtures except PC can mitigate mitochondrial dysfunction caused by amyloid aggregates. 

Our JC-1 results also show that all tested lipids themselves cause significant mitochondrial 

dysfunction which is yet much lower compared to the stresses caused by their mixtures with 

lysozyme and lysozyme aggregates themselves.

4 ∣ DISCUSSION

Our experimental results show that rates of protein aggregation, as well as the secondary 

structure and toxicity of lysozyme aggregates, can be uniquely altered by lipids if the protein 

aggregates in their presence. Specifically, we found that most lipids, such as CL, SM, CER, 

as well as lipid mixtures (Lys:CL:PC (1:0.5:0.5), Lys:CL:PC (1:0.2:0.8)), accelerate the rates 

of lysozyme aggregation. Other lipids, such as PS, exert no effect on the rate of lysozyme 

aggregation, whereas PC strongly inhibits protein aggregation. These effects are reflected in 

the secondary structure of the corresponding aggregates. Specifically, Lys:PC has a mixture 

of β-sheet, α-helix, and unordered protein secondary structure, whereas the structures of 

Lys, Lys:CL, Lys:PS, Lys:SM, Lys:CER, Lys:CL:PC (1:0.5:0.5), and Lys:CL:PC (1:0.2:0.8) 

are dominated by parallel β-sheet secondary structure. It should be noted that the secondary 

structure of lysozyme aggregates grown in the lipid-free environment is different from 

the secondary structure of the discussed above protein aggregates that were formed in the 

presence of lipids. AFM-IR aggregates show that this difference can arise from the presence 

of lipids in the structure of lysozyme aggregates that were grown in their presence.
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These findings are significant because aggregation of a large number of amyloidogenic 

proteins and peptides, such as α-synuclein and amyloid β, is taken place at the interfaces 

between lipid membranes and aqueous media. There is also a growing body of evidence that 

the lipid profile of membranes changes with aging. Thus, one can expect that the presence 

of some lipids, such as SM and CER in lipid membranes, helps mitigate the toxicities of 

proteins that aggregate in their presence. At the same time, the effect of other lipids, such as 

PC, is not evident in regards to toxicities of the formed protein aggregates. Nevertheless, PC 

causes drastic changes in the secondary structure and morphology of lysozyme aggregates 

formed in the presence of this lipid.

In summary, our results show that lipids exert three major effects on lysozyme aggregation. 

First, lipids uniquely accelerate or decelerate protein aggregation. This effect directly 

depends on the lipid structure. Second, lipids alter the secondary structure of lysozyme 

aggregates, and third, toxicities that these aggregates exert in cells. In these cases, the 

degree of toxicity does not have a direct relationship with the secondary structure of the 

aggregates or the rate of their formation. This evidence suggests that the toxicity of the 

lipid-protein aggregates is determined by the structure of the lipids present in their structure. 

Such interactions are developed between charged amino acid residues of proteins and polar 

head groups of lipids. For instance, lysine and glutamic acid residues on the N-terminus 

(amino acids 1–60) of α-Syn exhibit strong electrostatic interactions with headgroups 

of phospholipids that triggers α-Syn aggregation.51 NMR and fluorescence methods also 

revealed that lipid-protein interactions are facilitated by hydrophobic interactions between 

non-polar amino acid residues of the protein and fatty acid tails of lipids.52,53

An uptake of amyloid aggregates by cells typically occurs by their endocytosis. Our findings 

suggest that lysozyme aggregates damage endosomes which make the aggregates leak in 

into the cytosol where they induce ROS production and cause mitochondrial damage, Figure 

6.

5 ∣ CONCLUSIONS

Our experimental findings show that lipids uniquely alter both the lag phase and rate 

of lysozyme aggregation. We also found that in the presence of lipids, lysozyme forms 

structurally and morphologically different aggregates that have significantly lower cell 

toxicities than fibrils grown in the lipid-free environment. We also found that the level 

of ROS production and mitochondrial damage is dictated by the lipid-protein complex that is 

different for different lipids. These findings suggest that irreversible changes in lipid profiles 

of organs may trigger the formation of toxic protein species that in turn are responsible for 

the onset and progression of amyloidogenic diseases.
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Abbreviations:

AFM atomic force microscopy

AFM-IR atomic force microscopy Infrared spectroscopy

ATR-FTIR attenuated total reflectance Fourier-transform infrared spectroscopy

CD, circular dichroism

CER ceramide

CL cardiolipin

LUVs large unilamellar vesicles

Lys lysozyme

PC phosphatidylcholine

PS phosphatidylserine

ROS reactive oxygen species

SM sphingomyelin

t1/2 time when the intensity of ThT fluorescence reached 50% of the 

maximum

tgrow time when the intensity of ThT fluorescence reached 90% of the 

maximum

ThT thioflavin T

tlag time when the intensity of ThT fluorescence reached 10% of the 

maximum
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FIGURE 1. 
Lipids uniquely alter the rate of lysozyme aggregation. ThT aggregation kinetics (A) of 

lysozyme in the lipid-free environment (Lys) and in the presence of CL, CER, PS, PC, 

and SM at 1:1 molar ratios, as well as in the presence of lipid mixtures PC:CL at 1:1 

and 0.8:0.2. Corresponding tlag, t1/2 and tgrow values (B) indicate aggregation time when 

the intensity of ThT fluorescence reached 10% (tlag), 50% (t1/2) and 90% (tgrow). For 

Lys, 400 μM of protein was dissolved in 1× PBS with 2 mM of ThT; pH adjusted to pH 

3.0. For Lys:CL, Lys:CER, Lys:PS, and Lys:SM, as well as for Lys:PC:CL (1:0.5:0.5) and 

Lys:PC:CL (1:0.8:0.2), 400 μM of lysozyme was mixed with an equivalent concentration 

of the corresponding lipid; pH was adjusted to pH 3.0. All samples were kept in a dry 

block-heater and kept at 65°C for 24 h. ThT measurements were made every 2 h.
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FIGURE 2. 
Lipids uniquely alter morphologies of lysozyme aggregates. AFM images of Lys aggregates 

(A), Lys:PS (B), Lys:PC (C), Lys:CL (D), Lys:PC:CL (1:0.5:0.5) (E), Lys:PC:CL (1:0.8:0.2) 

(F), Lys:SM (G), and Lys:CER (H). After 24 h of incubation of lysozyme (400 μM) with and 

without lipids at 65°C, sample aliquots were diluted with 1× PBS pH 3.0 and deposited onto 

the pre-cleaned silicon wafer. AFM imaging was performed in tapping mode. Scale bars are 

500 nm.
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FIGURE 3. 
Structural analysis of lysozyme aggregates. CD (top) and ATR-FTIR (bottom) spectra of 

lysozyme aggregates (Lys) grown in the lipid-free environment (black), Lys:CER (green), 

Lys:CL (blue), Lys:PC (gray), Lys:SM (yellow), Lys:PS (brown), Lys:PC:CL (1:0.5:0.5, 

navy) and Lys:PC:CL (1:0.8:0.2, purple). After 24 h of incubation of lysozyme (400 μM) 

with and without lipids at 65°C, triplicates of samples were diluted with 1× PBS pH 3.0 

and placed into quartz cuvette (CD) or directly deposited onto ATR crystal (ATR-FTIR) and 

dried under room temperature. For each of the presented traces, three independent CD or 

ATR-FTIR measurements were averaged.
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FIGURE 4. 
Nanoscale analysis of lipid content of lysozyme aggregates. AFM-IR spectra of lysozyme 

aggregates grown in the absence of lipids (Lys) and the presence of PS, PC, CL, as 

Lys:PC:CL (1:0.5:0.5), as Lys:PC:CL (1:0.8:0.2), SM, and CER. Spectra collected from 

individual aggregates are in gray, whereas the corresponding average spectra are in blue. 

After 24 h of incubation of lysozyme (400 μM) with and without lipids at 65°C, sample 

aliquots were diluted with 1× PBS pH 3.0 and deposited onto the pre-cleaned silicon wafer. 

AFM-IR analysis was performed in contact mode. At least 30–40 individual aggregates were 

analyzed for each sample.
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FIGURE 5. 
Lysozyme aggregates grown in the presence of lipids possess lower cell toxicity compared 

to the aggregates grown in a lipid-free environment. Histograms of ROS (top) and JC-1 

(bottom) toxicity assays of Lys, Lys:CL, Lys:CL:PC (1:0.5:0.5), Lys:CL:PC (1:0.2:0.8), 

Lys:PC, Lys:PS, Lys:SM, and Lys:CER, as we as lipids themselves (CL, CL:PC (1:1), 

CL:PC (1:4), PC, PS, SM, and CER). After 24 h of incubation of lysozyme (400 μM) with 

and without lipids at 65°C, sample triplicates were exposed to mice midbrain N27 cells for 

48 h. For each of the presented results, three independent measurements were made.
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FIGURE 6. 
Mechanism of cell toxicity exerted by lysozyme aggregates.
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