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ABSTRACT: The plasma membrane is a dynamic structure that separates the cell interior
from the extracellular space. The fluidity and plasticity of the membrane determines a large
number of physiologically important processes ranging from cell division to signal
transduction. In turn, membrane fluidity is determined by phospholipids that possess different
charges, lengths, and saturation states of fatty acids. A growing body of evidence suggests that
phospholipids may play an important role in the aggregation of misfolded proteins, which
causes pathological conditions that lead to severe neurodegenerative diseases. In this study, we
investigate the role of the charge of the most abundant phospholipids in the plasma
membrane: phosphatidylcholine and phosphatidylethanolamine, zwitterions: phosphatidylser-
ine and phosphatidylglycerol, lipids that possess a negative charge, and cardiolipin that has
double negative charge on its polar head. Our results show that both zwitterions strongly
inhibit insulin aggregation, whereas negatively charged lipids accelerate fibril formation. We
also found that in the equimolar presence of zwitterions insulin yields oligomers that exert
significantly lower cell toxicity compared to fibrils that were grown in the lipid-free
environment. Such aggregates were not formed in the presence of negatively charged lipids. Instead, long insulin fibrils that had
strong cell toxicity were grown in the presence of such negatively charged lipids. However, our results showed no correlation
between the charge of the lipid and secondary structure and toxicity of the aggregates formed in its presence. These findings show
that the secondary structure and toxicity are determined by the chemical structure of the lipid rather than by the charge of the
phospholipid polar head.

■ INTRODUCTION
The plasma membrane separates the cell from the outside
environment and regulates the transport of ions and molecular
species, as well as cell endo- and exocytosis.1,2 These critically
important functions are determined by a fine balance of several
classes of molecular species that include lipids, proteins, and
carbohydrates.3 A vast majority of lipids present in the plasma
membrane are phospholipids. These molecules have two fatty
acids (FAs) with different lengths of carbon atoms and a
degree of saturation at sn-2 and sn-3 positions, whereas the sn-
1 position of glycerol is occupied by a polar headgroup.3,4

Depending on the charge possessed by the headgroup, all
phospholipids can be divided into two main classes:
zwitterions and anionic lipids.5,6

Zwitterionic lipids occupy around 75% of the lipid bilayer.7

These molecular species determine membrane fluidity and
permeability to hydrophobic molecules, such as steroid
hormones.3,8 Although negatively charged (anionic) lipids
constitute significantly smaller volume of the plasma
membrane, these molecules perform critically important
functions in signal transition and cell apoptosis.5,6 For instance,
phosphatidylserine (PS) is an anionic lipid that is localized on
the interior membrane of cells via ATP-dependent flippase
transport.1,4,9 An exposure of PS on the exterior part of the

plasma membrane indicates cell malfunction.10 In such cases,
PS is recognized by phagocytes that degrade such apoptotic
and necrotic cells.3

A growing body of evidence suggests that amyloid-associated
proteins, such as amyloid β peptide, α-synuclein (α-syn), islet
amyloid precursor protein (IAPP), and insulin can interact
with phospholipids.11−13 Such interactions drastically change
the stability of amyloidogenic proteins, accelerating or
decelerating their assembly into oligomers and fibrils. The
high toxicity of these protein aggregates points to their strong
connection to a large number of neurodegenerative diseases,
including Alzheimer and Parkinson diseases.14−16 Recently
reported results by Dou and co-workers show that lipids not
only altered the rates of α-syn aggregation but also drastically
changed the secondary structure of α-syn oligomers.17 Similar
results were also reported by Rizevsky and co-workers.18 Using
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nanoinfrared spectroscopy, also known as atomic force
microscopy infrared (AFM-IR) spectroscopy, the researchers
demonstrated that insulin strongly interacts with both
phosphatidylcholine (PC) and cardiolipin (CL). In AFM-IR,
a metallized scanning probe is placed on the sample of
interest.19−21 Next, the sample is illuminated by pulsed tunable
IR laser, which induces thermal expansions in the sample.22−31

These expansions are recorded by the probe and converted
into IR spectra.18,19,32−35 Thus, AFM-IR can be used to
determine the chemical structure of individual protein
aggregates.26−31,33−37 Using AFM-IR, Rizevsky and co-workers
also found that both PC and CL were found to be present in
insulin oligomers that were grown in the presence of these
phospholipids.18 Independently, Matveyenka and co-workers
demonstrated that the degree of saturation of FAs of both PC
and CL plays an important role in insulin aggregation.32

Specifically, CL with unsaturated FAs enhanced insulin
aggregation strongly than its fully saturated analog. Finally,
Matveyenka and co-workers showed that insulin oligomers that
were grown in the presence of saturated CL and PC exerted
significantly lower cell toxicity than the aggregates formed in
the presence of unsaturated analogs of CL and PC.32 These
results helped to understand the role of saturation of FAs in
the phospholipids. However, the role of the charge of the
phospholipids remains unclear.

In this study, we investigate the effect of the charge of the
phospholipids on bovine insulin aggregation. Abrupt aggrega-
tion of this hormone is observed upon injection amyloidosis
and diabetes type 2. In the former case, injection of insulin,
which is routinely performed for diabetes type 1, leads to a
high local concentration of the hormone in the skin
dermis.38,39 This triggers protein assembly into oligomers
and fibrils, highly toxic species, that may, in turn, trigger abrupt
aggregation of other proteins present in cell media, such as
serum amyloid A and lysozyme. This leads to the development
of systemic amyloidosis.40 In the latter case, an overproduction
of insulin in pancreas causes its aggregation, which, similar to
injection amyloidosis, can trigger irreversible aggregation of
IAPP and other proteins present in pancreas.41

We monitored the rate of protein aggregation in the
presence of equimolar concentrations of two zwitterionic
lipids, PC and phosphatidylethanolamine (PE), as well as two
anionic lipids, PS and phosphatidylglycerol (PG). Finally, the
effect of these anionic lipids on the rate of insulin aggregation
was compared to CL, a phospholipid that possessed two
negative charges per one lipid molecule. We also analyzed
morphologies and the secondary structure of insulin aggregates
formed in the presence of these lipids and determined the
toxicity that these species exert to mice midbrain N27 cells.33

■ RESULTS AND DISCUSSION
Effect of Lipid Charges on the Rate of Protein

Aggregation. In a lipid-free environment, insulin aggregation
exhibits a well-defined lag-phase (tlag = 14.9 ± 0.5 h) that is
followed by a rapid increase in the ThT intensity, which
indicates the formation of protein aggregates (Figure 1). We
found that PS and PG drastically shortened tlag of insulin
aggregation when present in equimolar concentrations with the
protein. Specifically, Ins:PG tlag was found to be 3.9 ± 0.8 h,
whereas Ins:PS tlag = 8.5 ± 0.7 h. We have also found that both
PG and PS can uniquely alter the rate of insulin aggregation.
We found that PG t1/2 was 6.9 ± 0.6 h, whereas PS t1/2 was
10.9 ± 0.5 h. It should be noted that insulin t1/2 = 16.5 ± 0.6 h.

Thus, both PG and PS shortened the tlag of insulin aggregation
that accelerated the rate of fibril formation. It should be noted
that CL (net charge −2) exerted a similar effect to PG and PS
on the lag-phase and rate of insulin aggregation. In the
equimolar presence of CL, insulin tlag was found to be 3.8 ±
0.5 h, whereas t1/2 was 6.5 ± 0.5 h.

We also found that the ThT intensity of insulin aggregation
in the lipid-free environment is the highest compared to the
intensities of ThT signals for Ins:PS, Ins:PG, and Ins:CL. This
finding suggests that insulin aggregation in the presence of
negatively charged lipids yields fewer ThT active protein
aggregates. However, it should be noted that ThT affinity to
amyloid aggregates, which ultimately correlates with the
intensity of ThT fluorescence, can be affected by the
hydrophobic/hydrophilic properties of such aggregates. There-
fore, the above discussed difference in the ThT intensity of
different protein samples cannot be unambiguously used for
quantification of the concentration of amyloid aggregates.

ThT analysis of insulin aggregation in the presence of
zwitterionic lipids showed that both PC and PE strongly
inhibited fibril formation. Specifically, we observed no changes
in the ThT signal over the course of 24 h. These findings show
that no fibril formation takes place if insulin is exposed to
equimolar concentrations of zwitterionic lipids.
Morphological Analysis of Protein Aggregates

Formed in the Presence of Lipids and in the Lipid-
Free Environment. Using AFM, we investigated the
morphology of insulin aggregates grown in the presence of
lipids, as well as in the lipid-free environment (Figure 2). We
found that in the lipid-free environment (Ins), insulin formed
long fibrils with a large distribution of lengths that were on
average 12 nm in height (Figure 2). However, we observed no
fibrils present in Ins:PC and Ins:PE. Instead, we found that
insulin formed only small (4−6 nm in height) oligomers in the
presence of zwitterionic lipids. This observation shows that
zwitterionic lipids drastically alter the topology of insulin
aggregates formed in their presence. AFM imaging also showed
that in the presence of CL, PS, and PG, insulin aggregation

Figure 1. Negatively charged phospholipids drastically accelerate,
whereas zwitterionic phospholipids strongly inhibit insulin aggrega-
tion. ThT aggregation kinetics of insulin in the lipid-free environment
(red), as well as in the presence of PG (blue), PS (green), CL (black),
PC (purple), and PE (orange). Each kinetic curve is the average of
three independent measurements. For Ins, 400 μM of bovine insulin
was dissolved in 1× phosphate-buffered saline (PBS) with 2 mM of
ThT; pH adjusted to pH 3.0. For Ins:PG, Ins:PS, Ins:PS, Ins:CL, and
Ins:PE, 400 μM of bovine insulin was mixed with an equivalent
concentration of the corresponding lipid; pH was adjusted to pH 3.0.
All samples were kept at 37 °C under 510 rpm for 24 h.
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yielded significantly shorter fibrils compared to those formed
in the lipid-free environment. These aggregates were ∼200 nm
long fibrils that were 6−8 nm in height. Finally, in addition to
the fibrils, we found 30−60 nm spherical aggregates present in
Ins:CL, Ins:PS, and Ins:PG. These findings show that
negatively charged lipids significantly alter the morphologies
of protein fibrils that form in their presence.
Elucidation of Protein Secondary Structure of Insulin

Aggregates Grown in the Presence of Zwitterionic and
Negatively Charged Lipids. We utilized AFM-IR to
examine the secondary structure of insulin aggregates grown
in the presence of zwitterionic and negatively charged lipids, as
well as insulin fibrils that were formed in the lipid-free
environment. This nanoscopy technique is based on laser-
induced thermal expansions of the analyzed samples that are
probed by the metalized scanning probe positioned above the
sample of interest.20,21,24,42,43 Thus, AFM-IR allows for a direct
visualization of individual protein aggregates simultaneously
enabling their structural analysis.17,28,29,44

AFM-IR spectra collected from insulin fibrils that were
grown in the lipid-free environment (Ins) exhibit two
vibrational bands in the amide I region of the spectrum that
are centered around 1630 to 1668 cm−1. It should be noted
that 1630 cm−1 vibration had higher intensity than 1668 cm−1

band. These findings demonstrate that insulin fibrils grown in
the lipid-free environment are dominated by parallel β-sheets
with some unordered protein present in their secondary
structure.45,46 The same vibrational bands were evident in the
AFM-IR spectra collected from Ins:PC oligomers. However,
we observed the reversed ratio in the intensity of 1630 and
1668 cm−1 bands. This observation indicates that that Ins:PC
oligomers consist of predominantly unordered proteins with
some parallel β-sheets present in their secondary structure. We
also found that AFM-IR spectra collected from Ins:PC exhibit
intense vibrational bands around 800−900 cm−1, 1000−1200

cm−1, and 1730 cm−1. These vibrational bands correspond to
C−H, PO2

− vibration, and C�O vibration of the ester group
of lipids44 (Figure 3). The presence of these vibrational bands
in the AFM-IR spectra of Ins:PC points on the presence of PC
in the structure of Ins:PC aggregates. Similar vibrational bands
were observed in the AFM-IR spectra collected from Ins:PE
oligomers. However, we found that intensity of 1000−1200
cm−1 (PO2

−) bands was significantly lower than the intensity
of these bands in the spectrum of Ins:PC. We also did not

Figure 2. Zwitterionic phospholipids yield only oligomers (B, C),
whereas negatively charged phospholipids produce short fibrils (D−
F) when present in equimolar concentrations with insulin. AFM
images of insulin fibrils grown in the lipid-free environment (A), as
well as in the presence of PC (B), PE (C), PG (D), PS (E), and CL
(F). Scale bars are 200 nm. For Ins, 400 μM of bovine insulin was
dissolved in 1× PBS with 2 mM of ThT; pH adjusted to pH 3.0. For
Ins:PG, Ins:PS, Ins:PS, Ins:CL, and Ins:PE, 400 μM of bovine insulin
was mixed with an equivalent concentration of the corresponding
lipid; pH was adjusted to pH 3.0. After 24 h of incubation of insulin
(400 μM) with and without lipids at 37 °C under 510 rpm, sample
aliquots were diluted with 1× PBS pH 3.0 and deposited onto
precleaned silicon wafer.

Figure 3. Nanoscale analysis of the secondary structure of insulin
aggregates grown in the lipid-free environment and in the presence of
phospholipids. Averaged AFM-IR spectra of (A) Ins (gray), Ins:PC
(red), Ins:PE (orange); (B) Ins (gray), Ins:PS (green), Ins:PG (blue),
(C) Ins (gray), and Ins:CL (purple) aggregates. For Ins, 400 μM of
bovine insulin was dissolved in 1× PBS with 2 mM of ThT; pH
adjusted to pH 3.0. For Ins:PG, Ins:PS, Ins:PS, Ins:CL, and Ins:PE,
400 μM of bovine insulin was mixed with an equivalent concentration
of the corresponding lipid; pH was adjusted to pH 3.0. After 24 h of
incubation of insulin (400 μM) with and without lipids at 37 °C
under 510 rpm, sample aliquots were diluted with 1× PBS pH 3.0 and
deposited onto precleaned 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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observe ester (1730 cm−1) vibration in the spectra collected
from Ins:PE. These findings show that Ins:PE possesses
substantially less lipids in their structure and that the PE and
PC have drastically different interactions with insulin in such
oligomers. These conclusions are further supported by very
intense vibrational bands around 1400 to 1580 cm−1, which
can be assigned to the C−H vibrations of lipids, observed in
the AFM-IR spectra of Ins:PE and not evident in the spectrum
of Ins:PC.

Ins:PE oligomers also exhibited both 1630 and 1668 cm−1

bands in their spectra with nearly similar intensities. This
suggests that Ins:PE have both parallel β-sheets and unordered
proteins present in their secondary structure. A similar pattern
of 1630 and 1668 cm−1 bands was observed in the AFM-IR
spectra collected from Ins:PG. This points to the similarity in
their secondary structure with Ins:PE oligomers. At the same
time, AFM-IR analysis of Ins:PS and Ins:CL fibrils shows that
these aggregates are dominated by parallel β-sheets with some
unordered proteins present in their secondary structure.45,46 It
should be noted that spectra collected from Ins:PS, Ins:PG,
and Ins:CL exhibit strong vibrational bands at 800−900 cm−1

and 1000−1200 cm−1, which indicates that phospholipids are
present in their structure. Based on these results, we can
conclude that the structure of insulin aggregates that were
grown in the lipid-free environment is drastically different from
the structure of insulin aggregates that were grown in the
presence of lipids. We also found that all insulin aggregates that
were grown in the presence of phospholipids possess lipids in
their structure. Finally, from the perspective of protein
secondary structure, all aggregates can be divided into three
groups. (i) Aggregates dominated by parallel β-sheets that
include Ins, Ins:PS, and Ins:CL; (ii) Aggregates with equal
amounts of parallel β-sheets and unordered protein secondary
structure that include Ins:PE and Ins:PG, and (iii) oligomers
dominated by unordered protein secondary structure
(Ins:PC).
Toxicity of Insulin Aggregates. We performed lactate

dehydrogenase (LDH) assay to investigate the extent to which
different protein aggregates exert toxicity to mice midbrain
N27 cells (Figure 4).33 We found that the toxicity of Ins:PC
and Ins:PE was significantly lower than the toxicity exerted by
Ins fibrils. Furthermore, we found that Ins:PC were far less
toxic than Ins:PE. Ins:PG showed levels similar to Ins fibrils.
However, Ins:PS were found to be far less toxic than Ins:PG.
LDH results showed that Ins:PS toxicity was similar to the
toxicity exerted by Ins:PC. Finally, Ins:CL aggregates were also
significantly less toxic than Ins aggregates. Ins:CL toxicity was
higher than the toxicity exerted by Ins:PC and Ins:PS, but
lower than the toxicity of Ins:PE. These results show that the
toxicity of insulin aggregates grown in the presence of lipids is
determined by the chemical structure of the lipid rather than
the charge present on its headgroup. This conclusion is further
supported by observed differences in the toxicities of lipids
themselves. Specifically, we found that PC, PS, and CL were
not toxic to N27 cells, whereas PE and PG were toxic to the
cells. It should be noted that toxicity of the corresponding
protein aggregates (Ins:PE and Ins:PG) was significantly
greater than the toxicity of these lipids themselves.

Amyloid aggregates exert toxicities by enhancing reactive
oxygen species (ROS) production and inducing mitochondrial
dysfunction in cells.47,48 Therefore, we investigated the extent
to which Ins:PC, Ins:PE, Ins:PG, Ins:PS, and Ins:CL, as well
insulin fibrils grown in the lipid-free environment are engaged

in ROS production and mitochondrial dysfunction of mice
midbrain N27 cells (Figure 4)7.

We found that ROS levels exerted by the insulin aggregates
that were grown in the presence and absence of lipids are very
similar to the LDH responses of N27 cells to these specimens.
Specifically, Ins:PC and Ins:PS exerted the lowest compared to
Ins levels of ROS. Ins:PE and Ins:CL induced significantly
higher levels of ROS than Ins:PC, Ins:PS, and Ins. However,
Ins:PG were found to exert comparable to Ins ROS levels in
the N27 cell line. Thus, ROS levels are determined by the
chemical structure of the lipid rather than the charge present
on its headgroup. It should be noted that only PG was found
to be significantly more toxic than control, whereas all other
lipids were found to cause an insignificant increase in the ROS
production.

From the analysis of the level of mitochondrial dysfunction
caused by insulin aggregates that were grown in the presence
and absence of lipids, one can conclude that Ins:PC, Ins:PE,
Ins:PG, Ins:PS, and Ins:CL exert significantly lower levels than
Ins levels of mitochondrial dysfunction. However, we found no
differences in the levels of JC-1 intensity between insulin
aggregates that were grown in the presence of lipids. Thus, the

Figure 4. Toxicity of insulin aggregates grown in the presence of
lipids is determined by the chemical structure of the lipid. Histograms
of LDH (top), ROS (middle), and JC-1 (bottom) toxicity assays of
Ins, Ins:PC, Ins:PE, Ins:PG, Ins:PS, and Ins:CL, as well as PC, PE,
PG, PS, and CL. After 24 h of incubation of insulin (400 μM) 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 independent measurements were made.
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presence of lipid allows for the minimization of the
mitochondrial dysfunction caused by amyloid aggregates,
however, the degree of the mitochondrial stress does not
depend on the chemical structure of the lipid.

■ DISCUSSION
The abrupt aggregation of misfolded proteins in different
organs and tissues is a hallmark of amyloid diseases, a large
group of pathologies that include Alzheimer and Parkinson
diseases.14−16 In the postmortem detected deposits, proteins
are assembled into long fibrils.17,47 Using cryo-electron
microscopy and solid-state nuclear magnetic resonance,
secondary structures of the fibrils were resolved. It appeared
that they have two β-sheets that are held together by hydrogen
bonding.49−51 These two β-sheets can intertwine and coil,
which provides a twist to the mature fibrils. Alternatively, β-
sheets can assemble side-by-side to each other, which results in
tape-like flat topologies of mature amyloid fibrils.

A growing body of experimental evidence suggests that a
large number of molecules and ions can alter protein
aggregation, as well as modify the toxicity and secondary
structure of fibrils.48,52,53 For instance, Cataldi and co-workers
found that 3,4-dihydroxyphenylacetaldehyde, a product of
dopamine oxidation, could alter the secondary structure of
amyloid β oligomers significantly increasing their toxicity.48

Mannini and co-workers found that the presence of zinc ions
in the solution of amyloid β peptides yields stable oligomers
that exert high cell toxicity.

Lipids are a large class of biological molecules that perform a
large number of physiologically important functions in cells.1−4

Lipids are the major components of plasma and organelle
membranes that determine membrane fluidity and perme-
ability for molecules and ions. Lipids also act as secondary
messengers in signal transduction across the plasma mem-
brane.54 It was recently reported that amyloid proteins can
interact with lipids forming complexes that have enhanced
hydrophobicity.17 This allows for such amyloid:lipid structures
to pass thorough the lipid bilayers into the cytosol, where they
trigger ROS production and endoplasmic reticulum stress,
ultimately causing cell death.32−34,55−57

Recently, Zhang and co-workers demonstrated that anionic
lipids accelerated the aggregation of IAPP, whereas zwitter-
ionic lipid did not alter the rate of protein aggregation.58

Anionic lipids also enhanced the membrane permeabilization
properties of IAPP aggregates, whereas this effect was not
observed for zwitterionic lipids. These and other research
findings suggest that the charge of the lipids can play a
critically important role in protein aggregation and toxicity of
the corresponding amyloid aggregates.18,59,60

Our results show that the charge of the phospholipid head
determines the aggregation properties of insulin if the lipid is
present in a 1:1 molar ratio with the protein. Specifically,
zwitterionic PC and PE inhibit fibril formation, whereas
negatively charged PS, PG, and CL strongly accelerate insulin
aggregation. Furthermore, our results show that the charge of
the phospholipid head determines the morphology of the
protein aggregates formed in the lipid presence. Specifically, an
exposition of insulin to PC and PE leads to the formation of
small oligomers. However, in the presence of PS, PG, and CL,
short fibril aggregates that are drastically different from long
fibrils formed by insulin in the lipid-free environment. It
should be noted that the exact value of the lipid charge (−1 vs
−2) has only a minor if any effect on the topology of the

protein aggregates formed in the presence of lipids. Specifically,
we found that morphologies of Ins:PG and Ins:PS aggregates
were very similar to the topology of Ins:CL fibrils.

Examination of the secondary structure of insulin aggregates
that were grown in the presence of lipids did not reveal a clear
correlation between the morphology of the aggregates and
their structural organization. We found that Ins:PC oligomers
are dominated by unordered proteins, whereas Ins:PE
oligomers have nearly equal contributions of unordered
proteins and parallel β-sheets in their secondary structure.
AFM-IR showed that a similar secondary structure was evident
for Ins:PG fibrils. Thus, structurally different oligomers can be
formed in the presence of different zwitterionic lipids. The
same conclusions can be extended to the fibrils formed by
negatively charged lipids. Specifically, the secondary structures
of Ins:PS and Ins:CL were found to be very similar, however,
significantly different from the secondary structure of Ins:PG.
These findings suggest that the secondary structure is
determined by the chemical structure of the lipid rather than
by the charge of the phospholipid polar head.

AFM-IR revealed that Ins:PC, Ins:PE, Ins:PS, Ins:PG, and
Ins:CL aggregates contained the corresponding lipids in their
structure. Furthermore, LDH results showed that PG and PE
were found to be significantly toxic to the cells, whereas PC,
PG, and CL exerted no cell toxicity. We also observed that the
toxicity of Ins:PG and Ins:PE was significantly higher than the
toxicity exerted by Ins:PC, Ins:PS, and Ins:CL. These results
show that the toxicity of insulin aggregates is determined by
the chemical structure of the lipid present in their structure.
Consequently, not the charge of the phospholipid polar head
but the chemical structure of the lipid determines the toxicity
of the amyloid aggregates formed in the presence of these
lipids.

These results help to understand the abundance of PC and
PE in the plasma membrane. One can imagine that these lipids
form complexes with amyloid-associated proteins such as
insulin lowering their aggregation properties. At the same time,
the presence of negatively charged lipids, such as PS, facilitates
the abrupt aggregation of insulin. It is known that PS is
primarily localized on the cytosolic part of the plasma
membrane. Its appearance on the exterior part is indicative
of cell malfunction. In such cases, PS is recognized by
macrophages that eliminate such preapoptotic cells. Expanding
upon this, one can envision that an age-related delay in the
clearance of preapoptotic cells may increase the possibility of
abrupt aggregation of amyloid proteins on their PS-rich plasma
membranes. Highly likely, similar molecular mechanisms can
enable the appearance of CL on the exterior part of
mitochondria that enhance the aggregation properties of the
intracellular proteins.

Once formed on the surface of plasma or mitochondrial
membranes, amyloid aggregates can directly enter the cell or
organelles permeabilizing their membranes.61 Alternatively,
amyloid aggregates can be taken up by endocytosis.
Matveyenka and co-workers recently demonstrated that in
such cases, amyloid aggregates could damage cell endosomes
which allowed for their escape in the cell cytosol.34 In this case,
endosomal damage is followed by enhanced ROS levels and
mitochondrial damage that ultimately led to cell death.34,54

Matveyenka and co-workers also found that amyloid aggregates
caused significant damage of cell endoplasmic reticulum via the
activation of unfolded protein response.62 These results
demonstrate that amyloid-induced cell death can involve
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multiple molecular mechanisms. Thus, additional studies are
required to fully elucidate mechanisms responsible for
amyloid-induce cell death.63

■ CONCLUSIONS
Our results point to the direct correlation between the rate of
insulin aggregation and the charge of the phospholipid head.
Specifically, zwitterions strongly inhibited fibril formation,
whereas negatively charged PS, CL, and PG accelerated insulin
aggregation. We also found a direct relationship between the
charge of the phospholipid head and the morphology of the
protein aggregates formed in the presence of lipids. Specifically,
in the presence of PC and PE, we found only small oligomers.
However, in the presence of negatively charged phospholipids,
short fibril-like aggregates were observed. It should be noted
that in the lipid-free environment, insulin yielded drastically
different fibrils compared to those formed in the presence of
lipids. From the analysis of the secondary structure and toxicity
exerted by Ins:PC, Ins:PE, Ins:PS, and Ins:PG, we found that
the secondary structure and toxicity are determined by the
chemical structure of the lipid rather than by the charge of the
phospholipid polar head.

■ EXPERIMENTAL SECTION
Materials. Bovine insulin was purchased from Sigma-

Aldrich (St. Louis, MO, USA); 1,2-dimyristoyl-sn-glycero-3-
phospho-L-serine (DMPS or PS) 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC or PC), 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine (DMPE or PE), 1,2-dimyristoyl-sn-
glycero-3-phospho(1′-rac glycerol) (DMPG or PG), and
1′,3′-bis[1,2-distearoyl-sn-glycero-3-phospho]-glycerol (18:0
CL) were purchased from Avanti (Alabaster, AL, USA).
Liposome Preparation. To make large unilamellar

vesicles (LUVs) of phospholipids, 0.6 mg of each lipid were
first dissolved in 2.6 mL of PBS pH 7.4. Right after, solutions
were heated to ∼50 °C in a water bath for approximately 30
min. Next, lipid solutions were immersed into liquid nitrogen
and kept there for ∼5 min. The thawing−freezing cycle was
repeated 10 times. Finally, to even better unify the size of
LUVs, lipid solutions were passed 15 times through a 100 nm
membrane installed in the extruder (Avanti, Alabaster, AL,
USA). Dynamic light scattering was utilized to ensure that the
size of LUVs was 100 nm ± 10 nm prior to any experiment.
Insulin Aggregation. We dissolved 200 μM of insulin in

BPS adjusting pH to 3.0 using concentrated hydrochloric acid
(HCl). In parallel, 200 μM of insulin was mixed with the
equivalent concentration of lipids. Using concentrated HCl,
pH of lipid-protein solutions was adjusted to pH 3.0. Samples
were placed into a 96 well-plate and indicated in the plate
reader (Tecan, Man̈nedorf, Switzerland) at 37 °C under 510
rpm for 24 h.
Kinetic Measurements. Thioflavin T (ThT) assay was

used to monitor the rate of insulin aggregation For this, protein
and protein-lipid samples were mixed with 2 mM of ThT
solution. Samples were placed into a 96 well-plate and
indicated in the plate reader (Tecan, Man̈nedorf, Switzerland)
at 37 °C under 510 rpm for 24 h. Fluorescence measurements
were taken every 10 min with 450 nm excitation; emission was
acquired at 488 nm.
AFM Imaging. Microscopic analysis of protein aggregates

formed after 24 h of sample invitation at 37 °C under 510 rpm
shaking was performed on the AIST-NT-HORIBA system

(Edison, NJ). For sample imaging, tapping mode AFM probes
(Appnano (Mountain View, CA, USA)) were used. To prepare
the sample, we diluted an aliquot of the sample in 1× PBS, pH
3.0. This protein suspension was placed onto precleaned
silicon wafer and was kept on it for 1−20 min. Next, excess of
the suspension was removed from the silicon surface; wafer
was dried under a flow of dry nitrogen. Imaging analysis was
performed using AIST-NT software (Edison, NJ, USA).
AFM-IR. To acquire AFM-IR spectra, we used a Nano-IR3

system (Bruker, Santa Barbara, CA, USA). Contact-mode
AFM tips (ContGB-G AFM probe, NanoAndMore, Watson-
ville, CA, USA) were used. Sample preparation was identical to
that of the above discussed AFM imaging.
Cell Toxicity Assays. We used mice midbrain N27 cells to

examine the toxicity of insulin aggregates. For this, cells were
grown in RPMI 1640 medium (Thermo Fisher Scientific,
Waltham, MA, USA) with added 10% fetal bovine serum
(FBS) (Invitrogen, Waltham, MA, USA). Cells were kept in a
96 well-plate (5000 cells per well) at 37 °C under 5% CO2.
Once ∼70% confluency was observed, 100 μL of the cell
culture was replaced with 100 μL RPMI 1640 medium
containing 5% FBS containing protein samples. Cells with
protein aggregates were incubated for 48 h. After that, LDH
assay was performed using CytoTox 96 nonradioactive
cytotoxicity assay (G1781, Promega, Madison, WI, USA). A
Tecan plate reader (Man̈nedorf, Switzerland) was used to
acquire the absorption of the solutions at 490 nm. Every well
was measured 25 times in different locations. All measurements
were made in triplicate. We used T-test to investigate the
statistical significance of differences between the toxicity of
analyzed samples.

The same cells were used to perform ROS assay. For this, an
ROS reagent (C10422, Invitrogen, Waltham, MA, USA) was
added to the cells to the final concentration of 5 μM. Cells
with the reagent were incubated at 37 °C under 5% CO2 for 30
min. Next, the supernatant was removed, and cells were
washed with PBS. Finally, cells were resuspended in 200 μL of
PBS.

For JC-1 assay, 1 μL of JC-1 reagent (M34152A, Invitrogen,
Waltham, MA, USA) was added to N27 cells. Cells were
incubated with the reagent at 37 °C under 5% CO2 for 30 min.
Next, the supernatant was removed, and cells were washed
with PBS. LSR II Flow Cytometer (BD, San Jose, CA, USA)
was used to process the cells using red channel (λ = 633 nm).
LSR II software was used to calculate the percentages of
mitochondrial damage in cells.
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