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ABSTRACT: Phosphatidic acid (PA) is a unique plasma membrane lipid that contains
fatty acids (FAs) with different lengths and degrees of unsaturation. Under physiological
conditions, PA acts as a second messenger regulating a wide variety of cellular processes.
At the same time, the role of PA under pathological conditions, which are caused by an
abrupt aggregation of amyloid proteins, remains unclear. In this study, we investigated the
effect of PA with different lengths and unsaturation of FAs on insulin aggregation. We
found that PA with C16:0 FAs strongly inhibited insulin aggregation, whereas PA with
C18:0 FAs accelerated it. Furthermore, PA with unsaturated (C18:1) FAs made the
insulin form extremely long and thick fibrils that were not observed for PAs with saturated
FAs. We also found that the presence of PA with C16:0 FAs resulted in the formation of
aggregates that exerted significantly lower cell toxicity compared to the aggregates formed
in the presence of PAs with C18:0 and C18:1 FAs. These results suggest that PA may play
a key role in neurodegeneration.
KEYWORDS: aggregation rate, cell toxicity, neurodegeneration, plasma membrane

■ INTRODUCTION
Phosphatidic acid (PA) is an anionic phospholipid that plays
an important role in cell signaling and activation of lipid-gated
ion channels.1,2 PA contains both saturated and unsaturated
fatty acids (FAs) at the sn-1 and sn-2 positions.3 The degree of
saturation of FAs and their length allows us to tailor the
physiological activity of this phospholipid.3 PA also constitutes
around 0.25% of the plasma membrane, where it can uniquely
alter membrane topology due to a cone-shaped geometry of
the phospholipid.4,5 These localized changes in membrane
curvature determine membrane fusion and fission steps that
are critical for vesicle trafficking.6

In addition to PA, plasma membranes contain phosphati-
dylcholine (PC), phosphatidylserine (PS), and other phos-
pholipids.5 A growing body of evidence suggests that both PC
and PS can uniquely alter the aggregation properties of
amyloid-associated proteins that include α-synuclein (α-Syn),7

insulin8,9 islet amyloid polypeptide protein,10 and amyloid β
peptide.11 Abrupt aggregation of these proteins determines the
onset and progression of amyloid diseases, including diabetes
type 2 and Alzheimer’s and Parkinson’s diseases.12,13

Galvagnion and co-workers demonstrated that lipids could
lower the stability of α-Syn, facilitating its aggregation into
fibrils, long twisted aggregates that had β-sheet secondary
structure.14−16 Our group found that lipids not only altered the
rates of α-Syn aggregation but also uniquely modified the
secondary structure of protein oligomers formed in their
presence.7 Recently, Rizevsky and co-workers showed that PC

and cardiolipin (CL), a lipid that regulates electron transport
complexes in mitochondria,17,18 uniquely altered the stability
of insulin, a small hormone that regulates glucose metabo-
lism.8,19 It has been found that CL drastically accelerated
insulin aggregation, whereas PC strongly inhibited fibril
formation. Furthermore, both PC and CL were found to be
integrated into the structure of insulin oligomers and fibrils.8,19

This drastically lowered toxicity of these protein aggregates
compared to the insulin fibrils grown in the lipid-free
environment.

Structural characterization of amyloid oligomers and fibrils is
a challenging task. The transient nature of oligomers and their
high structural heterogeneity limits the use of cryoelectron
microscopy and solid-state nuclear magnetic resonance,
classical tools of structural biology. A growing body of
evidence suggests that atomic force microscopy infrared
(AFM-IR) spectroscopy can be used to overcome these
limitations.20−24 In AFM-IR, a metallized scanning probe can
be positioned directly at the sample of interest.25 Next, the
probe is illuminated by pulsed tunable IR light, which causes
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Figure 1. Saturation and lengths of FAs in PA uniquely alter the rate of insulin aggregation. ThT aggregation kinetics of insulin in the lipid-free
environment (black) and in the presence of PA-C18:0 (green), PA-C18:1 (red), and PA-C16:0 (light blue) at a 1:1 molar ratio.

Figure 2. Saturation and lengths of FAs in PA uniquely alter morphologies of insulin aggregates. AFM images of insulin aggregates grown in the
lipid-free environment (A, B), as well as in the presence of PA-C16:0 (C, D), PA-C18:0 (E, F), and PA-C18:1 (G−I). Scale bars are 1 μm.
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thermal expansions in the sample. These thermal expansions
are reordered by the scanning probe and converted to the
corresponding IR spectra.26−28 Thus, AFM-IR allows us to
acquire information about the secondary structure of individual
oligomers and even individual proteins.29,30 This high
sensitivity and nanometer spatial resolution is utilized to reveal
the secondary structure of amyloid fibrils,20,22,23,31−33 plant
epicuticular waxes,34,35 polymers,36 malaria-infected blood
cells,37 bacteria,38−40 liposomes,41 and polycrystalline perov-
skite films.42

In this study, we use a set of biophysical and molecular
biology techniques to investigate the effect of PA on the
aggregation properties of insulin. Insulin aggregation is
observed for diabetes type 2 and injection amyloidosis.43

Upon diabetes type 2, insulin overproduction in the pancreas
causes protein misfolding and aggregation. Injection amyloi-
dosis is characterized by high local concentrations of insulin
created by hormone injection into the skin dermis.44,45 This
not only leads to insulin aggregation but can also catalyze
aggregation of other proteins present in cell media, which may
result in systemic amyloidosis.46 We aggregate insulin in
equimolar concentrations with PA that contains palmitic acids
(saturated FAs with 16 carbons C16:0), named hereafter PA-
C16:0, stearic acids (18 carbons C18:0 FAs), named hereafter
PA-C18:0, as well as oleic acid (unsaturated FAs with one
double bond C18:1 FAs), named hereafter PA-C18:1. Next, we
used thioflavin T (ThT) assay to investigate the extent to
which the length and saturation of FAs in PA alters the rate of
insulin aggregation (Figure 1).

In the absence of lipids, insulin aggregation exhibits a well-
defined lag phase (tlag = 14.4 ± 0.8 h) that is characterized by
the formation of oligomers (Figure 1). Once a critical
concentration of these oligomers is reached, they rapidly
propagate into fibrils. These protein aggregates bind ThT,
which results in a strong interest in ThT fluorescence. We
found that PA drastically alters tlag of insulin aggregation.
Specifically, PA-C18:0 accelerates insulin aggregation (tlag = 9.2
± 0.1 h), whereas PA-C18:1 drastically slows it down (tlag = 46.3
± 0.8 h). It should be noted that PA-C16:0 fully inhibits insulin
aggregation (Figure 1). Thus, saturation and lengths of FAs in
PA play an important role in the modulation of insulin
aggregation.

Nanoscale imaging of insulin aggregates grown in the lipid-
free environment revealed the presence of fibrils with an
average height of 12 nm (Figure 2). Aggregates with similar

topologies were observed for PA-C16:0 and PA-C18:0. These
fibrils had various lengths and heights ranging from 6 to 15 nm.
However, PA-C18:1 exhibited drastically different morpholo-
gies. These fibrils stretched for microns in length and had a
much greater height that ranged from 15 to 30 nm. Thus, we
could conclude that the presence of PA-C16:0 and PA-C18:0 did
not significantly alter the topology of insulin aggregates,
whereas the presence of PA-C18:1 resulted in the formation of
morphologically different fibrils that had drastically different
dimensions compared to the insulin aggregates grown in the
lipid-free environment.

Next, we utilize AFM-IR to examine the secondary structure
of insulin aggregates grown in the presence of PA-C16:0, PA-
C18:0, and PA-C18:1, as well as insulin aggregates formed in the
lipid-free environment (Ins) (Figure 3). The AFM-IR
spectrum of Ins fibrils exhibits an amide II band around
1515−1542 cm−1 and an amide I band at 1630 and 1668 cm−1.
The position of the amide I band in the IR spectra of protein
specimens can be used to determine their protein secondary
structure. The amide I band around 1620−1635 cm−1 points
on the predominance of a parallel β-sheet, whereas the
localization of the amide I band around 1663 cm−1 band
indicates the presence of an unordered protein in the
secondary structure of the analyzed protein specimens. Based
on this assignment, one can expect that insulin fibrils grown in
the lipid-free environment are dominated by the parallel β-
sheet with some unordered protein present in their secondary
structure.47,48

In the AFM-IR spectra collected from PA-C16:0 and PA-
C18:0, the amide I band was shifted to 1632 cm−1, which
indicated small changes in the conformation of the parallel β-
sheet in these insulin aggregates. We also found that in the
AFM-IR spectrum of PA-C18:1, amide I was further red-shifted
to 1634 cm−1. This points to the structural differences between
PA-C18:1 fibrils and all other analyzed protein aggregates. We
also observed differences in the peak area between ∼1634 and
1668 cm−1 bands in the AFM-IR spectra collected from PA-
C18:1, PA-C16:0, and PA-C18:0. Specifically, the ratio of the peak
area of 1634 and 1668 cm−1 was ∼4:1 in the AFM-IR spectra
collected from Ins, PA-C16:0, and PA-C18:0. However, in the
spectrum collected from PA-C18:1, the ratio of the peak area of
1634 and 1668 cm−1 was 9:1 (Figure S1). This spectroscopic
evidence points to the very low content of unordered protein
secondary structure in PA-C18:1 compared to all other analyzed
insulin aggregates.47,49

Figure 3. Nanoscale analysis of insulin (Ins), PA-C16:0 (light blue), PA-C18:0 (green), and PA-C18:1 fibrils (red).
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We also found that the AFM-IR spectra collected from PA-
C18:1 exhibited an intense vibrational band around 1734 cm−1,
which could be assigned to the carbonyl vibration of the ester
bonds of lipids. The same band was observed in the AFM-IR
spectra collected from PA-C16:0 and PA-C18:0; however, with a
significantly lower intensity. Based on this observation, we
could conclude that lipids were present in the structures of PA-
C18:1, PA-C16:0, and PA-C18:0 aggregates. This conclusion was
further supported by the observation of intense C−H (∼800−
866 cm−1) and PO2

− (976−1202 cm−1) vibrations present in
the AFM-IR spectra collected from PA-C18:1, PA-C16:0, and PA-
C18:0.

50 Presence of these bands, which were not evident in the
AFM-IR spectrum of Ins, confirmed that the corresponding
phospholipids were possessed by PA-C18:1, PA-C16:0, and PA-
C18:0 aggregates. We also observed differences in the
spectroscopic profiles of C−H (∼800 to 866 cm−1) and
PO2

− (976−1202 cm−1) bands in the AFM-IR spectra
collected from PA-C16:0, PA-C18:0, and PA-C18:1.

7,22,23,50

Specifically, C−H and PO2
− vibrational bands and their

intensities were very similar in the AFM-IR spectra collected
from PA-C16:0 and PA-C18:0 aggregates. However, we observed
a very low intensity of 1022 and 1446 cm−1 in the spectra
collected from PA-C18:1 fibrils, which was not evident in the
AFM-IR spectra of PA-C16:0 and PA-C18:0. These findings
suggested that ester groups of PA-C18:1 had a different local
environment in the structure of PA-C18:1 aggregates
compared to the environment of PAs in the structure of PA-
C16:0 and PA-C18:0 protein aggregates. Thus, there was a drastic
difference between the interactions of saturated vs unsaturated
PAs with insulin. This observation is in good agreement with
the results reported by Mizuno and co-workers.4

The question to ask is whether observed structural
differences between Ins, PA-C16:0, PA-C18:0, and PA-C18:1
have any biological significance. To answer this question, we
investigate the extent to which these protein aggregates exert

Figure 4. Annexin V cell viability assay, ROS, and mitochondrial stresses exerted by Ins, PA-C16:0, PA-C18:0, and PA-C18:1. Histograms of cell
viability (top) and ROS (middle) and JC-1 (bottom) assays of Ins, PA-C16:0, PA-C18:0, and PA-C18:1 aggregates, as we as the corresponding PA-
C16:0, PA-C18:0, and PA-C18:1 lipids (green bars) themselves. Blue asterisks (*) and “NS” show the significance level of differences between Ins and
insulin aggregates grown in the presence of lipids. Green “NS” shows the significance level of differences between the control and lipids themselves.
NS: nonsignificant difference; **P ≤ 0.01.
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cell toxicity, ROS, and mitochondrial stresses on the midbrain
N27 cell line of the mice (Figure 4).

The cell viability assay showed that PA-C16:0 exerted very
little if any cell toxicity, whereas PA-C18:0 and PA-C18:1 fibrils
were found to be toxic to N27 cells. It should be noted that cell
toxicity of PA-C18:0 and PA-C18:1 fibrils was very similar to the
toxicity exerted by Ins fibrils themselves. Our results also
showed that PA-C18:1 exerted more prompt toxicity effects,
which resulted in a higher percentage of dead vs apoptotic
cells, whereas the ratio between apoptotic and dead cells was
different for Ins and PA-C18:0. It should be noted that PA-C16:0
lipid themselves were not toxic to cells. However, both PA-
C18:0 and PA-C18:1 exerted significant cell toxicities.

Similar conclusions could be made about ROS levels exerted
by insulin aggregates formed in the presence of PA-C16:0. We
found that these aggregates exert very low ROS levels in cells
compared to Ins, PA-C18:0, and PA-C18:1. We also found that
ROS levels exerted by PA-C18:0 and PA-C18:1 were not
significantly different from the ROS levels exerted by Ins
fibrils themselves. We also found that all analyzed aggregates
cause similar stress on the mitochondrial activity of the cells.
Finally, none of the lipids exerted significantly high ROS or
mitochondrial impairment levels in the N27 cells.

■ DISCUSSION
Our results showed that the degree of unsaturation and the
length of the FAs played an important role in the physiological
activity of PA. Specifically, the presence of short FAs helped to
stabilize insulin decelerating protein aggregation into fibrils. At
the same time, an increase in the length of FAs on two carbon
atoms had a tremendous effect on the behavior of PA. Instead
of stabilization, PA-C18:0 was found to strongly enhance the
rate of insulin aggregation. It should be noted that
morphologically similar aggregates were found in both PA-
C16:0 and PA-C18:0. Thus, the length of the FAs had very little if
any effect on the topology of insulin aggregates. At the same
time, the presence of only one double bond drastically altered
the behavior of PA. PA-C18:1 both slowed down insulin
aggregation and led to the formation of fibrils with drastically
different morphologies compared to the aggregates formed in
the presence of PA-C18:0. One could expect that this effect
could be explained by drastic differences between the
interactions of PAs with saturated vs unsaturated FAs with
insulin. Mizuno and co-workers recently reported that PA-C18:1
was strongly bound to α-Syn, whereas the binding activity of
PAs with saturated FAs was significantly lower.4

Our findings also show that the saturation of FAs in PA has a
similar effect on the rate of insulin aggregation compared to
the effect of saturation previously described by Matveyenka
and co-workers for PS.9 Specifically, saturated PS exhibit a
much greater effect on the acceleration of insulin aggregation
compared to the effect exerted by PS with one double bond
present in its FAs. However, the effect of saturation of FAs of
CL has an opposite effect on the rate of insulin aggregation. It
has been shown that unsaturated CL much strongly accelerates
insulin aggregation compared to its saturated analogue.8

Nevertheless, the presence of unsaturated CL results in the
formation of long fibrils that are not evident in the presence of
saturated CL. These results point to the important role of
hydrogen binding between the lipid and proteins. Such bonds
are developed between the aliphatic FAs of lipids and
hydrophobic amino acid residues. We infer that small
differences in the hydrogen bonding between saturated and

unsaturated FAs strongly influence the thermodynamics of the
lipid:protein complex, which in turn, results in the structural
and morphological differences discussed above. Differences in
the thermodynamics of the lipid:protein complex can also
explain the observed differences between PA-C16:0 and PA-
C18:0. Two CH2 groups drastically alter the melting points of
such lipids and consistently should alter the thermodynamics
of the lipid−protein interactions. Elucidation of the thermody-
namic properties of PA-C16:0−insulin, PA-C18:0−insulin, and
PA-C18:1−insulin complexes is the subject of a separate study.
Based on these results, we can conclude that the chemical
nature of the phospholipid plays a critically important role in
the stability of insulin and consequently its aggregation
properties.

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

Louis, MO). 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).
Liposome Preparation. Large unilamellar vesicles (LUVs) of PA-

C16:0, PA-C18:0, and PA-C18:1 were prepared according to the method
proposed by Galvagnion et al.51 Briefly, 0.6 mg of each PA was
dissolved in 2.6 mL of phosphate-buffered saline (PBS) with pH 7.4.
After the lipid powder was fully dissolved, the solution was heated in a
water bath to ∼50 °C for 30 min. Next, the solution was immersed in
liquid nitrogen for 3−5 min. The procedure was repeated 8−10 times.
After that, the lipid solution was subjected to fine reshaping on the
LUVs using an extruder equipped with a 100 nm membrane (Avanti,
Alabaster, AL). Dynamic light scattering was used to ensure that the
size of the LUVs was within 100 ± 10 nm.
Insulin Aggregation. In the lipid-free environment, 400 μM

insulin was dissolved in PBS. The solution pH was adjusted to 3.0
using concentrated HCl. For PA-C16:0, PA-C18:0, and PA-C18:1, 400
μM insulin was mixed with an equivalent concentration of the
corresponding lipid. The pH of the final solution was adjusted to 3.0
using concentrated HCl. Next, the samples were placed in a 96-well
plate that was kept in a plate reader (Tecan, Man̈nedorf, Switzerland)
at 37 °C for 70 h under 510 rpm agitation.
Kinetic Measurements. Rates of protein aggregation were

measured using a thioflavin T (ThT) fluorescence assay. For this,
the samples were mixed with 2 mM ThT solution and placed in a 96-
well plate that was kept in a plate reader (Tecan, Man̈nedorf,
Switzerland) at 37 °C for 70 h under 510 rpm agitation. Fluorescence
measurements were taken every 10 min (excitation 450 nm; emission
488 nm).
AFM Imaging. Microscopic analysis of protein aggregates was

performed on an AIST-NT-HORIBA system (Edison, NJ) using
silicon AFM probes (force constant 2.7 N/m; resonance frequency
50−80 kHz) purchased from Appnano (Mountain View, CA).
Preprocessing of the collected AFM images was made using AIST-
NT software (Edison, NJ).
AFM-IR. AFM-IR spectra were collected on a Nano-IR3 system

(Bruker, Santa Barbara, CA) equipped with a QCL laser using
contact-mode AFM scanning probes (ContGB-G AFM probe,
NanoAndMore, Watsonville, CA). The collected spectra were
preprocessed using Bruker Imaging software.
Cell Toxicity Assays. Mice midbrain N27 cells were grown in

RPMI 1640 Medium (Thermo Fisher Scientific, Waltham, MA) with
10% fetal bovine serum (FBS) (Invitrogen, Waltham, MA) in a 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
of RPMI 1640 Medium with 5% FBS containing protein samples.
After 24 h of incubation with the sample of the protein aggregates, the
cells were stained using annexin V cell viability assay and analyzed on
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an LSRII BD flow cytometer (BD, San Jose, CA). All measurements
were made in triplicates.

In parallel, reactive oxygen species (ROS) assay was performed
using the same cell culture. Briefly, ROS reagent (C10422, Invitrogen,
Waltham, MA) 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, the cells were washed with PBS and
resuspended in 200 μL of PBS in the flow cytometry tubes. Sample
measurements were made in an LSRII BD flow cytometer (BD, San
Jose, CA) using a red channel (λ = 633 nm). Percentages of ROS cells
were determined using LSRII software. A t-test was used to determine
the significance level of differences between the toxicity of the
analyzed samples.

For JC-1 staining, 1 μL of a JC-1 reagent (M34152A, Invitrogen,
Waltham, MA) was added to the cells and incubated at 37 °C under
5% CO2 for 30 min. After the supernatant was removed, the cells were
washed with PBS and resuspended in 200 μL of PBS in the flow
cytometry tubes. Sample measurements were made in an LSRII BD
flow cytometer (BD, San Jose, CA) using a red channel (λ = 633 nm).
Percentages of ROS cells were determined using LSRII BD software.
A t-test was used to determine the significance level of differences
between the toxicity of the analyzed samples.
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Figure S1 shows a histogram of amide I % areas of
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spectra reported in Figure 3 (PDF)
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