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Abrupt aggregation of misfolded proteins is a hallmark of many medical
pathologies including diabetes type 2, Alzheimer and Parkinson diseases.
This results in the formation of amyloid fibrils, protein aggregates with dis-
tinct supramolecular chirality. A growing body of evidence suggests that
lipids can alter rates of protein aggregation. In this study, we investigated
whether lipids could alter the supramolecular chirality of amyloid fibrils.
We found that if present at the stage of protein aggregation, phospho- and
sphingolipids uniquely reversed supramolecular chirality of insulin and
lysozyme fibrils. Furthermore, amyloid fibrils with opposite supramolecular
chirality exerted distinctly different cell toxicity. Specifically, insulin and
lysozyme fibrils with reversed supramolecular chirality were less toxic to
cells than the aggregates with normal supramolecular chirality. These find-
ings point on the important role of lipids and supramolecular chirality of

amyloid fibrils in the onset and progression of amyloid diseases.

Introduction

Diabetes type 2, Alzheimer and Parkinson diseases, as
well as several other pathologies are associated with an
abrupt deposition of misfolded proteins into various
organs and tissues [1-3]. In these deposits, proteins are
assembled into long fibrils that have cross-p-sheet sec-
ondary structure [4,5]. A growing body of evidence
suggests that the structure and morphology of protein
aggregates directly correlate with their toxicity [6-S8].
Therefore, elucidation of physical, chemical, and bio-
logical factors that can alter the structure and mor-
phology of fibrils is the focus of numerous biophysical
studies reported over the past decade [8-11]. For
instance, Kurouski et al. [12] reported that a small
change in pH could alter the morphology and sec-
ondary structure of insulin fibrils. It has been found
that aggregation of many other proteins including
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lysozyme, transthyretin fragment, and HET-S, a prion
of the filamentous fungus Podospora anserina, can be
controlled by pH [13]. Specifically, at pH below 2,
these proteins aggregated forming tape-like fibrils,
whereas at pH above this point, long-twisted fibrils
were observed. In 2007, Ma et al. [14] reported that
twists of fibrillar aggregates could be probed using
vibrational circular dichroism (VCD). These fibrils
exhibit a unique VCD spectrum with a negative peak
at ~ 1620 cm~ ' and a set of positive peaks ~ 1552,
~ 1645, and ~ 1665 cm™". Kurouski et al found that
tape-like fibrils that form at pH below 2 exhibited
almost a mirror-image VCD spectrum [12,15]. This
observation suggested that these tape-like fibrils were
composed of right-handed filaments. These results also
demonstrated that VCD can be used to probe the

CER, ceramide; CL, cardiolipin; Ins, insulin; LDH, lactate dehydrogenase; LUVs, large unilamellar vesicles; Lys, lysozyme; PS,
phosphatidylserine; SM, sphingomyelin; VCD, vibrational circular dichroism.
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macromolecular chirality of amyloid aggregates. This
technique is based on photoelastic modulation of a lin-
ear infrared light in left- and right-circularly polarized
states in the frequency range of tens of kilohertz [16].
After both left- and right-circularly polarized light pass
through the sample of interest, their absorption is
recorded using a mercury cadmium telluride (MCT)
camera. The difference in absorption of left vs right
circularly polarized light directly depends on the abso-
lute chiral configuration and supramolecular organiza-
tion of molecules present in the sample. Consequently,
VCD can be used to determine the absolute chiral con-
figuration of natural products and monitor chemical
reactions, such as cyclobutane-1,2-d, thermolysis,
which involve chiral compounds [17-20]. VCD is also
capable of probing the supramolecular organization of
biologically important macromolecules, such as pro-
teins and DNA [21-24].

A growing body of evidence suggests that lipids
play an important role in aggregation of misfolded
proteins. For instance, Galvagnion et al. demon-
strated that rates of aggregation of a-synuclein (o-
Syn), a small cytosolic protein that is directly associ-
ated with Parkinson’s disease, can be altered by
lipids [25-27]. Dou et al. [5] showed that lipids not
only alter the rates of a-Syn aggregation but also
uniquely alter the secondary structure of protein oli-
gomers. Similar findings were reported by Zhang
et al. [28] for islet amyloid polypeptide protein
(IAPP), which aggregation is linked to diabetes type
2. Specifically, the researchers showed that low levels
of anionic lipids promoted IAPP aggregation and
enhanced membrane permeabilization potential of
these aggregates. At the same time, zwitterionic lipid
did not alter the rate of IAPP aggregation, whereas
cholesterol at or below physiological levels signifi-
cantly decelerated TAPP amyloid formation, as well
as lowered the propensity of TAPP aggregates to
cause membrane leakage.

Expanding upon these fibrils, we investigated the
extent to which lipids alter the morphology and
supramolecular chirality of amyloid aggregates. For
this, we aggregated insulin and lysozyme, proteins that
are associated with injection amyloidosis and diabetes
type 2, respectively, in the lipid-free environment and
in the presence of lipids. We selected lipids that are
commonly found in plasma and organelle membranes:
phosphatidylserine (PS), ceramide (CER), sphin-
gomyelin (SM), and cardiolipin (CL), a phospholipid
that is primarily localized in the cytosolic side of mito-
chondrial membranes. All lipids except CER and SM
were assembled into large unilamellar vesicles (LUVs)
by a repeated procedure of freezing and thawing of
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the solutions of these lipids. These LUVs were
~ 100 nm in size, as was determined by dynamic light
scattering. Next, insulin and lysozyme were mixed with
the solutions of lipids in a 1 : 1 molar ratio and kept
at 37 °C for 48 h under 510 rpm agitation (insulin) or
at 65 °C for 7 days with no agitation (lysozyme).

Results and Discussion

Using atomic force microscopy, we examined the
topography of insulin aggregates grown in the presence
pf PS (Ins:PS), CL (Ins:CL), CER (Ins:CER), and SM
(Ins:SM) as well as insulin fibrils grown in the lipid-
free environment (ins), Fig. 1, A. We found that Ins:
PS, Ins:CL, and Ins:SM samples contained short (30—
60 nm) spherical aggregates and ~ 200 nm long fibrils
that had 6-12 nm in height. Morphologically similar
aggregates have been observed in Ins. However, Ins
fibrils were significantly longer than Ins:PS, Ins:CL,
Ins:CER, and Ins:SM aggregates, Fig. 1, A. Micro-
scopic analysis of lysozyme aggregates grown in the
presence of PS, CL, CER, and SM revealed predomi-
nance of thick (20-40 nm in height) fibrils, Fig. 1. We
also observed that some of these fibrils were self-
assembled into thicker bundles. In the lipid-free envi-
ronment, aggregation of lysozyme yielded fibrils with
similar morphologies and thicknesses (20-40 nm).
However, these fibrils were much longer than Lys:PS,
Lys:CL, Lys:SM, and Lys:CER aggregates. These find-
ings show that lipids reduce the length of both insulin
and lysozyme fibrils. These findings are in good agree-
ment with the previously reported results by Terakawa
et al. [29].

VCD is a unique tool that allows for elucidation of
supramolecular organization of amyloid fibrils [30-32].
VCD analysis of insulin aggregates grown in the lipid-
free environment, as well as in the presence of lipids
revealed drastic differences between the spectra col-
lected from these two groups of samples. Insulin fibrils
grown in the lipid-free environment exhibited a ‘nor-
mal’ VCD spectrum, which was previously reported by
several groups for insulin and lysozyme fibrils grown
at pH above 2 [13,14]. This spectrum has a negative
peak at ~ 1620 cm™ ' and a set of positive peaks
~ 1645 and ~ 1665 cm™', Fig. 2, A. VCD spectra of
Ins:CL, Ins:PS, Ins:SM, and Ins:CER were neatly mir-
rored images of the VCD spectrum collected from Ins
sample. Specifically, these spectra had a positive band
at ~ 1620 cm™ ! and a set of negative bands at
~ 1645 and ~ 1665 cm~'. These findings show that
lipids reverse the supramolecular chirality of insulin
fibrils in the protein aggregation is taken place in the
presence of lipids.
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Fig. 1. Morphology of insulin and lysozyme aggregates grown in the lipid-free environment, as well as in the presence of lipids. AFM
images (top) of ins (A), ins:CL (B), ins:SM (C), ins:PS (D), ins:CER (E) as well as Lys (F), Lys:PS (G) Lys:CL (H), Lys:SM (I), and Lys:CER (J).
Insulin was aggregated with and without lipids at 37 °C under 510 rpm. Lysozyme aggregation was performed at 65 °C for 7 days without
agitation. After that, sample aliquots were diluted with 1x PBS pH 3.0 and deposited onto pre-cleaned silicon wafer. AFM imaging was per-
formed in tapping mode. Scale bars are 500 nm. Height profiles (bottom) protein aggregates of insulin (orange) and lysozyme (blue), grown
without lipids (A) and in the presence of PS (B), CER (C), SM (D), and CL (E).

Although the position of the most-intense negative
band (~ 1640 cm™") was the same for all Ins:CL, Ins:
PS, Ins:SM, and Ins:CER, position of the second neg-
ative band varied for different samples, Fig. 2A.
Specifically, it was found to be centered at 1665 cm ™'
in the spectra collected form Ins:CL, Ins:CER, and
Ins:SM, whereas in the spectra collected from Ins:PS,
it was shifted to 1672 cm™'. We also found that a pos-
itive band at ~ 1620 cm~! in the VCD spectrum of
Ins:CL had a significantly lower intensity than the
same band in the VCD spectra collected form Ins:
CER, Ins:SM, and Ins:PS, Fig. 2A. These spectral
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changes point out on distinctly different supramolecu-
lar organization of Ins:PS and Ins:CL fibrils compar-
ing with the supramolecular structure of Ins:CER and
Ins:SM aggregates.

We found that amide I (1600-1700 cm™') and amide
IT (1500-1550 cm™") bands in the IR spectra collected
from Ins, Ins:CL, Ins:PS, Ins:SM, and Ins:CER were
very similar, Fig. 2B. The amide I band was centered
at 1630 cm™!, which demonstrates the dominance of
parallel B-sheet in the structure of these aggregates
[32]. We also observed a band at 1660 cm ™', which
points on the presence of unordered protein in the
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Fig. 2. Lipids reverse supramolecular chirality of insulin aggregates.
VCD (top) and IR (bottom) spectra of ins, ins:CL, ins:SM, ins:PS,
and ins:CER. VCD and IR spectra were acquired with 8 cm™
resolution on DualPEM ChirallR-2X Fourier transform VCD spec-
trometer.

secondary structure of the analysed insulin aggregates
[13]. Finally, we found a weak vibration around
1720 ecm ™! in IR spectra collected from Ins:CL, Ins:
PS, Ins:SM, and Ins:CER, Fig. 1B. This vibrational
band can be assigned to the ester vibration of phos-
pholipids [33]. This vibrational band indicate presence
of lipids in the analysed samples of amyloid aggre-
gates.

VCD spectra collected from lysozyme aggregates
that were grown in the presence and absence of lipids
also exhibit drastic differences, Fig. 3A. Lysozyme fib-
rils grown in the lipid-free environment exhibited, simi-
lar to insulin, the ‘normal’ VCD spectrum that had a
negative peak at ~ 1620 cm ' and a set of positive
peaks ~ 1552, ~ 1645, and ~ 1665 cm™' [13]. VCD
spectra of Lys:PS, Lys:CL, Lys:SM, and Lys:CER
exhibited the opposite intensity of the discussed above
vibrations.  Specifically, a  positive band at

S. Rizevsky et al.

Lys
(A) ys
Lys:CL
4 Lys:SM
Lys:PS
2 1 Lys:CER
o«
e
x 07
3,
4
-6,
T
(B)
[
o
c
©
K]
S
[
0
Qo
<
T T T T T T T
1400 1450 1500 1550 1600 1650 1700 1750 1800
Wavenumber (cm-)
Fig. 3. Lipids reverse supramolecular chirality of lysozyme

aggregates. VCD (top) and IR (bottom) spectra of Lys, Lys:CL, Lys:
SM, Lys:PS, and Lys:CER. VCD and IR spectra were acquired with
8 cm™! resolution on DualPEM ChirallR-2X Fourier transform VCD
spectrometer.

~ 1620 cm™ ' and a set of negative bands at ~ 1552,
~ 1645, and ~ 1665 cm™! was observed. These find-
ings show that lipids also reversed the supramolecular
chirality of lysozyme fibrils if present in the solution at
the stage of protein aggregation.

Analysis of the IR spectra of lysozyme aggregates
that were grown in the presence and absence of lipids
revealed that Lys:CL, Lys:SM, and Lys:CER exhibited
the band at 1626 cm™' with the shoulder at
1663 cm ™', Fig. 3B. This shows a predominance of
parallel B-sheet with some contribution of unordered
protein in the secondary structure of these aggregates.
At the same time, we observed a shift of the amide I
band to 1631 cm™' in the IR spectra collected from
Lys and Lys:PS. These shifts of amide I bands in the
IR spectra, as well as discussed above VCD spectra
point out on significant differences in the secondary
structure of the analysed lysozyme aggregates that
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Fig. 4. Insulin and lysozyme aggregates grown in the presence of lipids are less toxic than the aggregates grown in the lipid-free environ-
ment. Histograms of LDH toxicity assays of ins, ins:CL, ins:PS, ins:SM, and ins:CER, as well as Lys, Lys:CL, Lys:SM, Lys:PS, Lys:CER
aggregates. Toxicity of lipids themselves is shown in green. After 24 h of incubation of insulin (400 um) with and without lipids at 37 °C
under 510 rpm, sample triplicates were exposed to mice midbrain N27 cells for 48 h. for each of the presented results, three in-dependent
measurements were made. Error bars represent standard errors of the mean (SEM) of three replicates. According to the T-test results, blue
asterisks (*) show significance level of differences between ins and insulin aggregates grown in the presence of lipids. Brown asterisks
show significance level of differences between Lys and lysozyme aggregates grown in the presence of lipids, whereas green asterisks
show significance level of differences between lipids themselves and the control. NS is a nonsignificant difference, and *P < 0.05,

**P < 0.01, **P < 0.001, and ****P < 0.0001.

were grown in the presence of different lipids and lipid
mixtures. Similar to the IR spectra collected from insu-
lin fibrils that were grown in the presence of lipids, IR
spectra of Lys:PS, Lys:CL, Lys:SM, and Lys:CER
exhibit the vibrational band at 1720 cm ™!, which can
be assigned to the ester vibration of phospholipids
[33], Fig. 3, B. It should be noted that this band is
absent in the IR spectra collected from lysozyme fibrils
that were grown in the lipid-free environment. This
observation points on the presence of lipids in the
analysed samples of amyloid aggregates.

Next, we investigated the relationship between the
supramolecular chirality of insulin and lysozyme fibrils
and their toxicity. For this, we exposed mice midbrain
N27 cell line to insulin and lysozyme aggregates grown
in the presence and absence of lipids. After 24 h of
incubation, cell viability was measured using lactate
dehydrogenase (LDH) assay, Fig. 4.

LDH test indicated that Ins:CL, Ins:SM, and Ins:PS
exhibited significantly lower cell toxicities compared
with insulin aggregates grown in the lipid-free environ-
ment (Ins), Fig. 4. Specifically, toxicity of Ins:CL was
twice, whereas toxicity of Ins:PS was more than three
times lower than toxicity of Ins aggregates. Ins:CER
exhibited similar cell toxicity to Ins aggregates. Similar
results were observed for lysozyme fibrils. Specifically,
we found that all lysozyme aggregates grown in the
presence of lipids exerted significantly lower cell toxic-
ity comparing to lysozyme fibrils grown in the lipid-
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free environment. Importantly, lipids themselves did
not exert any significant cell toxicity.

Materials and methods

Materials

Bovine insulin and chicken egg white lysozyme were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA), 1,2-
ditetradecanoyl-sn-glycero-3-phospho-L-serine (PS), 1’,3'-bis
[1,2-distearoyl-sn-glycero-3-phospho]-glycerol [18 : 0 cardi-
olipin (CL)], sphingomyelin (SM), and ceramide (CER)
were purchased from Avanti (Alabaster, AL, USA).

Liposome preparation

Large unilamellar vesicles (LUVs) of PS and CL were pre-
pared accordingly to the method reported by Galvagnion
et al. [34] Briefly, 0.6 mg of the lipid was dissolved in
2.6 mL of phosphate-buffered saline (PBS), pH 7.4. After
the lipid was fully dissolved, the sample was heated to
~ 50 °C for 30 min in a water bath. Next, the vial was
immersed in liquid nitrogen and kept there for 3-5 min.
This thawing and freezing was repeated 10 times. After
that, LUVs formation was finalized by passing lipid solu-
tions through 100 nm membrane that was placed into the
extruder (Avanti). LUV sizes were determined by dynamic
light scattering. Due to the poor assembly properties, no
LUVs for SM and CER were prepared; lipids used as
received.
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Insulin aggregation

After 400 um of insulin was dissolved in PBS, pH was
adjusted to pH 3.0 using concentrated HCI (Ins). For Ins:
CL, Ins:CER, Ins:PS, and Ins:SM, 400 um of insulin was
mixed in equimolar concentration of the corresponding
lipid. Next, the solution pH was adjusted to pH 3.0 using
concentrated HCl. All samples were incubated at 37 °C
under 510 rpm in the plate reader (Tecan, Mannedorf,
Switzerland) for 24 h.

Hen egg-white lysozyme aggregation

400 um of hen egg-white lysozyme was dissolved in PBS;
solution pH was adjusted to pH 3.0 using concentrated
HCI (Lys). For Lys:CL, Lys:CER, Lys:PS, and Lys:SM,
400 pm of hen egg-white lysozyme was mixed with an
equivalent concentration of the corresponding lipid; solu-
tion pH was adjusted to pH 3.0 using concentrated HCIL.
Next, the solutions were kept with no agitation in the
block-heater (65 °C) for 7 days.

Vibrational circular dichroism (VCD)

VCD and Infrared (IR) spectra were measured at BioTools,
Inc, Jupiter, FL using a dual-source, DualPEM ChirallR-
2X Fourier transform VCD spectrometer equipped with an
MCT detector. The spectra were processed using GRAMS/AI
7.0 (Thermo Galactic, Salem, NH, USA).

AFM imaging

AFM analysis of the samples was performed using AIST-
NT-HORIBA system (Edison, NJ, USA) equipped with sili-
con AFM probes (force constant 2.7 N-m ™' and resonance
frequency 50-80 kHz). Scanning probes were purchased
from Appnano (Mountain View, CA, USA). For each mea-
surement, an aliquot of the sample was diluted with 1x PBS,
pH 3.0, deposited onto pre-cleaned silicon wafer, deposited
and dried under a flow of dry nitrogen. Analysis of collected
images was performed using AIST-NT software. At least two
independently prepared protein samples were measured by
AFM to ensure full reproducibility of the reported results.

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% CO,.
After 24 h, the cells were found to fully adhere to the wells
reaching ~ 70% confluency. N27 cells divide approximately
once in 12 h. Consequently, after 24 h of cell incubation at
37 °C under 5% CO,, each well contained approximately
10 000 cells. The cell count and viability were verified by
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Trypan Blue dye that confirmed the number of cell and their
viability in the range of 98% to 99%. After that, 100 puL of
the cell culture was replaced with 100 pL RPMI 1640 Med-
ium with 5% FBS containing protein samples. This was done
to lower the concentration of FBS which, in turn, was
required by the LDH assay to lower the baseline absorbance
level of the control. After 48 h of incubation, lactate dehy-
drogenase (LDH) assay was performed on the cell medium
using CytoTox 96 non-radioactive cytotoxicity assay
(G1781, Promega, Madison, WI, USA). Absorption mea-
surements were made in plate reader (Tecan) at 490 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. 7T-test was used to determine significance level of
differences between toxicity of analysed samples.

Conclusions

Our results show that lipids alter the supramolecular
chirality of amyloid aggregates that are grown in their
presence. Furthermore, changes in the secondary struc-
ture of protein aggregates formed in their presence
directly depend on the chemical structure of the lipid.
Acquired VCD spectra of insulin and lysozyme aggre-
gates that were grown in the presence of major phos-
phor and sphingolipids present in cell and cell
organelle membranes shows that these aggregates
develop right-handed supramolecular chirality, whereas
fibrils with the opposite handedness are formed from
these proteins in the lipid-free environment. It should
be also noted that this supramolecular chirality cannot
be revealed using scanning probe microscopy. These
findings are significant because the discussed above
protein aggregates formed with and without lipids
exert drastically different cell toxicity. Specifically,
presence of lipids allows for substantial reduction of
the toxicity exerted by such aggregates. Thus, cell toxi-
city of amyloid fibrils is likely to be determined by
supramolecular chirality of the aggregates.
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