
Nanoscale Structural Analysis of a Lipid-Driven Aggregation of 
Insulin

Stanislav Rizevsky,
Department of Biochemistry and Biophysics, Texas A&M University, College Station, Texas 
77843, United States; Department of Biotechnology, Binh Duong University, Thu Dau Mot 
820000, Vietnam

Mikhail Matveyenka,
Department of Biochemistry and Biophysics, Texas A&M University, College Station, Texas 
77843, United States

Dmitry Kurouski
Department of Biochemistry and Biophysics and Department of Biomedical Engineering, Texas 
A&M University, College Station, Texas 77843, United States;

Abstract

Abrupt aggregation of misfolded proteins is a hallmark of a large number of severe pathologies, 

including diabetes types 1 and 2, Alzheimer, and Parkinson diseases. A growing body of 

evidence suggests that lipids can uniquely change rates of amyloid-associated proteins as well 

as modify the structure of formed oligomers and fibrils. In this study, we utilize atomic force 

microscopy infrared (AFM-IR) spectroscopy, also known as nano-IR spectroscopy, to examine 

the structure of individual insulin oligomers, protofilaments, and fibrils grown in the presence of 

phospholipids. Our findings show that AFM-IR spectra of insulin oligomers have strong signals 

of C–H and PO2
− vibrations, which points on the presence of lipids in the oligomer structure. 

Furthermore, substantial shifts in lipid vibrations in AFM-IR spectra of the oligomers relative to 

the corresponding bands of pure lipids have been observed. This points on strong interactions 

between a lipid and a protein that are developed at the stage of the oligomer formation.
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A growing body of evidence suggests that more than 20 different peptides and proteins can 

aggregate forming β-sheet-rich oligomers and fibrils.1–3 Some of these protein aggregates 

are a hallmark of Alzheimer, Huntington, and many other amyloid diseases. In vitro 
experiments shed light on the kinetic and thermodynamic nature of protein aggregation.4,5 It 

has been found that protein aggregation has a lag phase that is followed by a rapid growth of 

fibrils. These findings suggest that a critical amount of oligomers, which are formed at the 

lag-phase, is required to catalyze their growth.4,6–11 Utilization of cryo-electron microscopy 

and solid-state nuclear magnetic resonance (ss-NMR) allowed to resolve the secondary 

structure of amyloid fibrils.12–14 It has been found that amyloid fibrils possessed a very 

stable cross-β-sheet secondary structure that had the lowest thermodynamic minimum from 

all possible protein secondary structures. Thus, minimization of the free energy is considered 

to be the driving force of protein aggregation.

Microscopic analysis of Lewy bodies localized in a midbrain of patients diagnosed with 

Parkinson disease (PD) revealed presence of fragments of lipid-rich membranes, organelles, 

and vesicles.15–17 This microscopic evidence suggests that aggregation of α-synuclein (α-

Syn), a protein that is directly linked to PD, occurs in the presence of lipids. This hypothesis 

is supported by experimental results reported by Galvagnion and co-workers. It has been 

found that lipids can alter the rate of α-Syn aggregation. The acceleration or deceleration 

effect is determined by the chemical structure of the lipid and lipid-to-protein ratio.15–17
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Our own experimental findings show that lipids also uniquely alter the secondary structure 

of α-Syn oligomers.5 This important information was revealed by using atomic force 

microscopy infrared (AFM-IR) spectroscopy.18–22 In AFM-IR, a metalized scanning probe 

can be positioned at individual oligomers that are illuminated by pulsed tunable IR 

light.23–25 IR radiation induces expansions in protein aggregates that are recorded by the 

scanning probe.26,27 If the frequency of the laser is tuned to the resonance frequency of the 

scanning probe, the induced resonance effect allows for reaching the single-monolayer and 

even single-molecule sensitivity.28,29 This high sensitivity and nanometer spatial resolution 

made AFM-IR highly attractive for structural analysis of amyloid fibrils,18,20,21,30–32 

plant epicuticular waxes,33,34 polymers,35 malaria blood cells,36 meteorites,37 bacteria,38–40 

liposomes,41 and polycrystalline perovskite films.42 Using AFM-IR, our group found 

that α-Syn yields structurally different oligomers if aggregates in the presence of 

dimyristoylphosphatidylcholine (PC) and dimyristoylphosphatidylserine (PS).5 Furthermore, 

the structure of these oligomers is drastically different from α-Syn aggregates grown in the 

lipid-free environment. The question to ask is: do lipids alter the structure of α-Syn, or 

is this a general phenomenon that can be applied to a large group of amyloid-associated 

proteins? Also, one may wonder: are lipids present only in amyloid oligomers, or are they 

also present in fibrils?

To answer these questions, we aggregated insulin in the presence of PC and cardiolipin 

(CL), a lipid that is uniquely present in mitochondria. Our findings show that insulin 

oligomers grown in the presence of both PC and CL possess lipid molecules in their 

structure. This finding suggests that lipids template insulin aggregation. Our results also 

show that insulin filaments and fibrils grown in the presence of PC and CL possess very 

little of any lipids. We have also questioned whether insulin has any presences in lipid 

binding if more than one lipid is available. To answer this question, we aggregated insulin in 

an equimolar mixture of PC and CL. Our findings show that AFM-IR spectra collected from 

the corresponding insulin oligomers exhibit PC vibrations with no defined CL bands.

These findings are significant because insulin aggregation is linked to injection 

amyloidosis.43,44 This severe pathology is caused by high local concentration of insulin 

in the skin dermis and dermal fat. The increase in the insulin concentration is caused by 

constant hormone injections, which are required upon diabetes type 1. The presence of 

insulin at high concentrations catalyzes its aggregation into oligomers and fibrils that, in 

turn, can trigger the aggregation of other proteins present in cell media which may result 

in systemic amyloidosis.45 Our results show that insulin can interact with lipids present in 

the dermal fat making lipid–protein oligomers that are structurally different from oligomers 

formed by insulin itself. Furthermore, such oligomers may or may not yield fibrils. Finally, 

insulin fibrils grown in the presence of lipids and fibrils grown in the lipid-free environment 

will exert different cell toxicities.

Microscopic examination of insulin aggregation in the equimolar concentration of large 

unilamellar vesicles (LUVs) of PC (Ins:PC) revealed the presence of small oligomers that 

are 3–8 nm in height (Figure 1). AFM-IR spectra collected from these aggregates exhibited 

vibrational bands that can be assigned to both proteins and lipids. Specifically, we observed 

both amide I and amide II at 1620–1700 and 1480–1580 cm−1, respectively (Figure 2). 
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The position of amide I band can be used to determine the secondary structure of protein 

aggregates. If the amide I is centered around 1620 cm−1, the aggregates exhibit primarily 

parallel β-sheet secondary structure, whereas the shift of this vibration to ~1695 cm−1 is 

indicative of the antiparallel β-sheet.5,10 Proteins with unordered secondary structure exhibit 

amide I around 1660 cm−1, whereas α-helical proteins possess amide I around 1640–1650 

cm−1.5,10 On the basis of the acquired spectra, we can conclude that Ins:PC aggregates have 

predominantly unordered protein secondary structure.

AFM-IR spectra acquired form Ins:PC also possess vibrations that can be assigned to PC 

itself (Figure 2 and Figure S1). Specifically, we observed a weak band at 1732 cm−1, which 

corresponds to the ester vibration of PC as well as a set of bands in the range 822–1086 

cm−1 (Figure 2 and Table 1). These set of bands includes ν(C–N+–C), ν(PO2
−), and C–O 

vibrations. We have also observed weak P═O, ν(PO2
−), and C–O–P vibrations of PC at 

1168–1228 cm−1 as well as the C–O stretching vibration of the lipid at 1374 cm−1. It should 

be noted that these vibrational bands are not present in the insulin aggregates grown in a 

lipid-free environment (Figure 3). To demonstrate this, we collected more than 10 spectra 

from different insulin aggregates shown in Figure 3A–D. These spectra (Figure 3E) do not 

possess vibrations that can be assigned to lipids (Table 1).

These findings show that Ins:PC aggregates possess lipids in their structure. Finally, in 

the AFM-IR spectra acquired form Ins:PC, we observed the CH2 vibration at 1466 cm−1. 

However, this vibration cannot be exclusively assigned to a particular class of biological 

molecules because CH2 groups present in both lipids and protein.

We also found that frequencies and intensities of a vast majority of lipid vibrations in 

the AFM-IR spectra collected from Ins:PC have been changed relative to the reference IR 

spectrum of PC (Figure 2). Specifically, we observed a drastic decrease in the intensity of 

the C═O ester vibration (1730 cm−1) and the C–O stretching vibration (1380 cm−1) in 

the AFM-IR spectrum relative to the intensities of these bands in the IR spectrum of PC. 

We have also observed a shift of most of v(C–N+–C) vibrations relative to the reference 

vibrations of these bands in the IR spectrum of PC. These spectral changes show that polar 

PC groups interact with insulin molecules upon protein aggregation.

Previously reported NMR studies shed light on the nature of such lipid–protein interactions. 

Specifically, it has been demonstrated that polar head groups of lipids build electrostatic 

interactions with charged amino acid residues of α-Syn.46 NMR and fluorescence methods 

also revealed that lipid–protein interactions are facilitated by hydrophobic interactions 

between nonpolar amino acid residues of the protein and fatty acid tails of lipids.47,48 These 

interactions alter the structure of Ins:PC aggregates, preventing their propagation into mature 

fibrils. Thus, PC can have an inhibitory effect on insulin aggregation.

CL is a phospholipid that is uniquely present in the inner membranes of mitochondria.55,56 

Changes in the concentration of CL are directly linked to a large group of diseases, including 

Parkinson disease.57,58 Therefore, we examined the extent to which insulin aggregation 

can be altered by CL. We found that in the presence of CL insulin formed oligomers that 

propagated into protofibrils and fibrils (Figure 1C–F). Ins:CL oligomers exhibit an amide I 
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band centered at 1660 cm−1 with a shoulder around 1624 cm−1 (Figure 4). This suggests the 

dominance of the unordered protein secondary structure in Ins:CL oligomers with a small 

contribution of parallel β-sheet. Similar to Ins:PC, AFM-IR spectra collected from Ins:CL 

oligomers exhibit bands that can be assigned to the C═O ester vibration of CL (1730 cm−1) 

as well as a set ν(C–N+–C), ν(PO2
−), and C–O vibrations at 800–1098 cm−1 (Figure 4 and 

Figure S2). We have also observed a peak at 1466 cm−1 which could be assigned to CH2 

vibrations. These data show that CL is present in Ins:CL oligomers. Similar to Ins:PC, the 

intensity of the C═O ester vibration was found to be significantly lower in the AFM-IR 

spectra of Ins:CL compared to the intensity of this vibration in the reference spectrum of 

CL. This conclusion can be also made about the ~840 cm−1 vibration. Finally, we found that 

most of v(C–N+–C) vibrations were shifted in the AFM-IR spectrum of Ins:CL relative to 

the reference vibrations of these bands in the IR spectrum of CL. It should be noted that 

vibrational bands that can be assigned to CL are not present in the insulin aggregates grown 

in the absence of lipids (Figure 3). These findings show that insulin develops strong charge 

interactions with the headgroup of CL. This Ins:CL complex templates protein aggregation 

that yields oligomers, protofibrils, and fibrils.

AFM-IR analysis of Ins:CL protofibrils and fibrils showed graduate changes in the relative 

intensities of 1660 and 1624 cm−1 in their spectra. We found that, similar to the oligomers, 

Ins:CL protofibrils have a more intense 1660 cm−1 vibration, whereas in the AFM-IR 

spectrum of Ins:CL fibrils, the 1624 cm−1 bond dominates. These spectral changes indicate a 

graduate increase in the amount of parallel β-sheet with a reversed decrease in the amount of 

unordered protein secondary structure as Ins:CL oligomers propagate into fibrils.

However, we have not observed the C═O ester vibration of PC (1730 cm−1) either in the 

AFM-IR spectrum of Ins:CL protofibrils or in the spectrum of Ins:CL fibrils. Furthermore, 

we have found a change in the relative intensities of v(C–N+–C) and amide vibrations 

in the spectra of protofibrils and fibrils. If in the AFM-IR spectrum of Ins:CL protofibril 

vibrations within 986–1098 cm−1 were more intense than both amide I and II bands, in the 

spectrum of Ins:CL these ratios were reversed. These findings show that the amounts of 

lipids relative to the amount of protein decreases as protofibrils are developed into fibrils. 

Thus, although some residual CL is present in Ins:CL fibrils, these aggregates are modestly 

lipid-free compared to their oligomers.

The question to ask is whether insulin has certain lipid preferences if aggregated in the 

presence of both CL and PC. To answer this question, we aggregated insulin in the 

equimolar rations of premade LUVs of 1:1 PC:CL. Microscopic examination of Ins:PC:CL 

aggregates revealed the presence of oligomers, protofibrils, and fibrils (Figure 5).

AFM-IR spectra collected from the oligomers exhibit vibrational bands that can be assigned 

to the protein (amide I and II) (Figure 6). In the spectra collected from the oligomers, 

the amide I is centered around 1660 cm−1, indicating the dominance of unordered protein 

secondary structure, whereas in the spectra collected from protofibrils, the presence of both 

1624 and 1660 cm−1 bands is evident. In the spectra collected from the oligomers, we 

have also observed vibrations that can be assigned to PC. Specifically, we have observed 

the C═O ester vibration around 1730 cm−1 as well as the ν(C–N+–C), ν(PO2
−), and C–O 
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vibrations at 822–1068 cm−1. However, we have not observed the CL marker vibrational 

bands at 840 and 1130 cm−1 in the spectra collected from Ins:PC:CL oligomers. This 

finding shows that in the presence of equimolar concentrations of PC and CL insulin 

exclusively interacts with PC. It should be noted that all analyzed aggregates exhibited 

similar if not identical lipid vibrations (Figure 6). This finding shows that Ins:PC:CL 

aggregates are homogeneous rather than heterogeneous from the perspective of their 

structural organization.

Although CL was not detected in the structure of Ins:PC:CL aggregates, AFM results show 

that a presence of CL in the lipid mixture suppresses the inhibitory activity of PC on fibril 

formation. Specifically, in the presence of PC, insulin forms only oligomers, whereas both 

protofibrils and fibrils are observed for PC:CL. Thus, although CL does not bind directly 

to insulin, it modifies the structure of the aggregates that were grown in its presence. 

Consequently, one can expect that such aggregates would exert distinctly different toxicities 

compared to both Ins:CL and Ins:PC aggregates.

To answer this question, we performed lactate dehydrogenase test (LDH) in which we 

examined the toxicity of Ins:PC, Ins:CL, and Ins:PC:CL. We have also compared toxicities 

of these aggregates to the toxicities exerted by lipids themselves and insulin aggregates 

grown in the lipid-free environment (Figure 3).

Our results show that Ins:CL:PC oligomers exerted very similar toxicities to Ins:PC, which 

confirms discussed above structural similarities between these two types of oligomeric 

species (Figure 7). It should be noted that toxicities of both Ins:CL:PC and Ins:PC oligomers 

are greater than the toxicities of Ins and Ins:CL. However, toxicity exerted by Ins:CL:PC is 

more similar to Ins:CL, which confirms structural similarities between these two types of 

insulin aggregates. It should be noted that Ins:PC exerted significantly lower cell toxicity 

than Ins, Ins:CL, and Ins:CL:PC. The toxicities of Ins, Ins:PC, Ins:CL, and Ins:CL:PC fibrils 

showed that Ins:CL:PC exerted a higher cell toxicity than Ins:PC and a lower toxicity than 

Ins:CL. At the same time, all aggregates grown in the presence of lipids exerted lower cell 

toxicities compared to insulin aggregates grown in the lipid-free environment. The LDH 

assay also revealed that insulin protofibrils and fibrils exert greater toxicities than oligomers. 

It should be noted that lipids themselves did not exert any significant cell toxicity.

Summarizing, our experimental findings show that phospholipids interact with insulin 

drastically changing the structure and toxicity of the resulting protein aggregates. Insulin 

oligomers possess a high amount of lipids and exert low cell toxicities, whereas protofibrils 

and fibrils exhibit very low lipid content simultaneously exerting high cell toxicity. Our 

findings also show that insulin has higher affinity toward PC than CL if aggregated in their 

equimolar mixture. However, although presence of CL in this case has very little if any 

effect on insulin oligomers, CL presence strongly suppresses the inhibitory effect of PC on 

insulin aggregation. The resulting Ins:PC:CL protofibrils and fibrils exert a similar toxicity 

to Ins:CL aggregates.
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Figure 1. 
AFM images of Ins:PC oligomers (A, B), Ins:CL oligomers (C, D), protofibrils (E), and 

fibrils (F).
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Figure 2. 
Nanoscale analysis of lipid content of insulin aggregates grown in the presence of PC. 

AFM-IR spectra of Ins:PC (gray); the average spectrum is shown in orange. FTIR spectrum 

of PC (red).
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Figure 3. 
AFM images (A–D) of insulin aggregates grown in the lipid-free environment; AFM-IR 

spectra collected from these aggregates (E). Individual spectra are in gray, and the average 

spectrum is in red.

Rizevsky et al. Page 13

J Phys Chem Lett. Author manuscript; available in PMC 2022 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
AFM IR spectra of Ins:CL fibrils (a), protofibrils (b), and oligomers (c, d) (gray) with 

corresponding average spectra shown in orange. FTIR spectrum of CL (blue).
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Figure 5. 
AFM images of Ins:PC:CL oligomers (A, B), protofibrils (C, D), and fibrils (E, F).
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Figure 6. 
AFM-IR spectra of Ins:CL collected from individual fibrils (a), protofibrils (b), and 

oligomers (c–h). FTIR spectra of CL (blue) of PC (red).
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Figure 7. 
LDH-determined toxicity of oligomers (4 h), protofibrils (24 h), and fibrils (48 h) of Ins, 

Ins:PC, Ins:CL, and Ins:CL:PC.
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Table 1.

Vibrational Bands and Their Assignments for Phospholipids and Proteins

band wavenumber (cm−1) vibration mode assignment

820–880 ν(C–N+–C) lipid49

920–950 ν(C–N+–C) lipid49

970 ν(C–N+–C) lipid49

1020–1028 C–O stretch lipid50,51

1082–1090 ν(PO2
−) lipid49

1168–1200 P═O
C–O–P lipid52

1220–1260 ν(PO2
−) lipid53

1350 stretching C–O lipid54

1374 CH3, C–O stretching lipid49,53,54

1466 CH2 scissoring proteins and lipids10

1480–1580 C–N stretching and N–H bending (amide II) proteins10

1620–1700 C═O (amide I) proteins10

1730–1745 ν(C═O) lipid54
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