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Abstract

Abrupt aggregation of amyloid beta (Aβ) peptide is strongly associated with Alzheimer’s disease. 

In this study, we used atomic force microscopy−infrared (AFM-IR) spectroscopy to characterize 

the secondary structure of Aβ oligomers, protofibrils and fibrils formed at the early (4 h), middle 

(24 h), and late (72 h) stages of protein aggregation. This innovative spectroscopic approach 

allows for label-free nanoscale structural characterization of individual protein aggregates. Using 

AFM-IR, we found that at the early stage of protein aggregation, oligomers with parallel β-sheet 

dominated. However, these species exhibited slower rates of fibril formation compared to the 

oligomers with antiparallel β-sheet, which first appeared in the middle stage. These antiparallel 

β-sheet oligomers rapidly propagated into fibrils that were simultaneously observed together 

with parallel β-sheet fibrils at the late stage of protein aggregation. Our findings showed that 

aggregation of Aβ is a complex process that yields several distinctly different aggregates with 

dissimilar toxicities.
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INTRODUCTION

There are nearly 44 million people around the world who are diagnosed with Alzheimer’s 

disease (AD). It is one of the most common diseases in Western Europe and the sixth 

leading death cause in the U.S.1,2 A hallmark of AD is a progressive neurodegeneration of 

the frontal cortex. Histological analysis of AD brains revealed the presence of extracellular 

protein deposits together with intracellular neurofibrillary tangles.3–8 Electron microscopy 

showed that in these protein deposits, amyloid beta (Aβ) peptides are aggregated into long 

unbranched fibrils.9,10 In vitro studies confirmed that under physiological conditions both 40 

and 42 amino acid long peptides (Aβ1–40 and Aβ1–42, respectively) could aggregate, forming 

highly toxic prefibrillar oligomers that later propagated into protofibrils and fibrils.1–8

Solid-state nuclear magnetic resonance (ss-NMR) and cryoelectron microscopy (cryo-EM) 

demonstrated that Aβ peptides could form several structurally different fibrils.11–13 This 

phenomenon is known as fibril polymorphism. However, to date, very little if anything is 

known about the structure of Aβ oligomers. These transient species exhibit high structural 

and morphological heterogeneity, which limits the use of ss-NMR and cryo-EM for their 

study. Barghorn et al. discovered that stable homogeneous Aβ 1–42 oligomers could be 

formed if the monomeric peptide was aggregated in low concentrations of sodium dodecyl 

sulfate (SDS).14 Similar findings were reported by Serra-Batiste et al. who observed growth 

of detergent-stabilized Aβ 42 oligomers in the presence of dodecyl phosphocholine (DPC) 

micelles.15 Although such aggregates exerted cell toxicities, their structural relevance to Aβ 
42oligomers formed in the absence of detergents remains unclear.

There is a growing body of evidence that high structural complexity of Aβ aggregates can 

be probed by infrared (IR) spectroscopy.16–19 Time-resolved IR studies revealed that a short 

Aβ fragment (Aβ1–28) first adopted a β-strand, which yielded an increase in the intensity 
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of the 1623.5 cm−1 band in the corresponding IR spectra.20 Several research groups found 

that antiparallel β-sheet was the major conformational contributor in oligomers.21,22 These 

conclusions could be made based on a 1695 cm−1band present in the IR spectra collected 

from Aβ oligomers. At the same time, IR spectra of mature fibrils exhibit vibrations around 

1630 cm−1, which correspond to the parallel β-sheet secondary structure.16,17,19 It has 

been proposed that such antiparallel to parallel β-sheet rearrangement was possible due 

to repeated reorganization of β-strands.23,24 Recently, Vosough and Barth showed that a 

combination of IR and gel electrophoresis could be used to examine the size distribution of 

Aβ1–42 aggregates formed at early and late stages of protein aggregation.19 This analysis 

allowed for establishing a relationship between the IR spectrum and the size of the 

aggregates. The researchers also showed that the heterogeneity of the β-sheet structures 

varied with aggregation time.

Atomic force microscopy−infrared (AFM-IR) spectroscopy offers nanoscale spatial 

resolution in the IR analysis of protein aggregates.25–27 In AFM-IR, a metalized scanning 

probe is positioned above the aggregate, which is illuminated by pulsed tunable IR light.28,29 

IR-induced thermal expansions in the sample are recorded by the scanning probe. If a 

resonance frequency of the scanning probe matches the laser frequency, the resulting 

resonance effect enables single-monolayer and even single-molecule sensitivity.30,31 This 

high sensitivity and nanometer spatial resolution made AFM-IR highly attractive for 

structural analysis of amyloid fibrils,32–37 plant epicuticular waxes,38,39 polymers,40 

bacteria,41,42 and liposomes.43

Using AFM-IR, our group was able to determine structural changes that took place upon 

aggregation of α-synuclein (α-Syn), a protein that is directly linked to Parkinson’s disease 

(PD).44 Zhou and Kurouski found that on early stages of aggregation, α-Syn formed two 

types of oligomers: one dominated by α-helical or unordered structure and the second 

mostly composed of antiparallel and parallel β-sheet.44 The first type of oligomer remained 

unchanged during the course of protein aggregation, whereas antiparallel β-sheet was 

rearranged into parallel-β-sheet secondary in the second type of oligomers upon their 

propagation into fibrils.44 Expanding upon these findings, we performed nanoscale AFM-IR 

analysis of Aβ1–42 oligomers, protofibrils and fibrils that are formed at early and late states 

of protein aggregation.

RESULTS AND DISCUSSION

Aβ1–42 rapidly aggregated (t1/2 = 31 h) after a short lag-phase (tlag = 12.5 h) reaching a 

plateau at 68 h, Figure 1 and Figure S1. Using AFM, we examined morphologies of Aβ1–42 

aggregates present at the lag-phase (4 h), during exponential growth (24 h), and at the 

plateau (72 h and 168 h) of protein aggregation.

Oligomers observed at the lag-phase (4 h) had spherical appearance with heights ranging 

from 1 to 9 nm, Figure 2. The average size of oligomers detected at 24 h did not increase 

compared to the size of oligomers found at 4 h. However, we observed small protofibrils 

with heights ranging from 2 to 10 nm at this time point of protein aggregation. We also 

found that oligomers and protofibrils detected in the plateau phase (72 and 168 h) had 

Zhaliazka and Kurouski Page 3

ACS Chem Neurosci. Author manuscript; available in PMC 2023 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



similar height profiles as the aggregates observed at the early stages of protein aggregation. 

At 72 and 168 h, we observed substantially larger aggregates present in the analyzed 

specimens, which can be classified as fibrils. Their heights ranged from 6 to 10 nm and from 

9 to 12 nm at 72 and 168 h, respectively.

We performed systematic AFM-IR analysis of Aβ1–42 aggregates observed at different 

stages of protein aggregation. For this, at least 60 individual aggregates were analyzed at 

4, 24, 72 and 168 h, Figures 3 and 4. Aβ1–42 oligomers detected at 4 h exhibited very 

uniform AFM-IR spectra with an amide I centered around 1630 cm−1, which indicates 

the predominance of parallel β-sheet in their secondary structure. We also observed an 

intense vibrational band around 1667 cm−1 and a small shoulder at ~ 1694 cm−1.These 

spectroscopic signatures point to the presence of a substantial amount of unordered protein 

secondary structure and antiparallel β-sheet in these Aβ1–42 aggregates. Spectral fitting 

enabled quantitative assessment of the contributions of parallel and antiparallel β-sheets 

and unordered protein in the secondary structure of Aβ1–42 oligomers detected at 4 h. We 

found that 4 h Aβ1–42 oligomers possess 81% parallel β-sheet structures, whereas 11% and 

8% of their secondary structure could be assigned to unordered and antiparallel β-sheet, 

respectively.

Oligomers detected at 24 h exhibited slightly lower content of parallel β-sheet (62%), than 

4 h oligomers (81%), Figure 3 and Table S1. At the same time, these oligomers possessed 

significantly higher amounts of antiparallel β-sheet (20%) and unordered protein secondary 

structure (18%). We also found protofibrils with secondary structure similar to the these 

oligomer protein. All Aβ1–42 aggregates (oligomers, protofibrils and fibrils) observed at 

72 h had very similar content of a parallel β-sheet (40%), as well as unordered protein 

(27%).Similar content of the antiparallel β-sheet was also observed in protofibrils (30%) 

and fibrils (34%), whereas oligomers detected at this time point exhibited a slightly larger 

amount of this secondary structure (36%). Oligomers observed at 168 h had secondary 

structure nearly identical to 4 h oligomers. At this time point, we also observed protofibrils 

that had 62% and 17% of parallel and antiparallel β-sheet, respectively, simultaneously 

possessing ~20% of unordered protein secondary structure. Fibrils present at 168 h had a 

similar amount of antiparallel β-sheet to protofibrils present at the same time point. These 

fibrils also exhibited higher content of parallel β-sheet and lower amount of unordered 

protein secondary structure compared to protofibrils present in the analyzed sample.

Next, we used principal component analysis (PCA) to determine the extent to which AFM-

IR spectra collected at the same time point of Aβ1–42 aggregation are similar, Figure S2–S9, 

Table S1. PCA showed that spectra collected from oligomers formed at 4 h can be split 

into three groups. These groups had similar content of parallel and antiparallel β-sheet 

and unordered protein secondary structure, Figure 5. However, 24 h oligomers exhibited 

drastically different contents of parallel and antiparallel β-sheet. We found that group 2 had 

the highest, group 1 medium, and group 3 the lowest amount of parallel β-sheet. These 

group had low, medium and high amounts, respectively, of antiparallel β-sheet. We also 

found two distinctly different protofibril polymorphs at 24 h with high and low content of 

parallel β-sheet. While the first group of protofibrils had very low amounts of unordered and 
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antiparallel β-sheet, protofibrils of the second group had nearly 2 times higher amounts of 

these protein secondary structures.

We also found that oligomers and protofibrils present at 72 h could be classified into 3 

groups based on the variability in the amount of parallel and antiparallel β-sheet secondary 

structures, Figure 5. However, these aggregates had very similar if not identical amounts of 

unordered protein in their secondary structure. We also found two groups of fibrils at both 

72 and 168 h that had distinctly different amounts of parallel and antiparallel β-sheet and 

unordered protein. Similar differences were found for two groups of protofibrils present at 

168 h.

These findings suggest that at early states of Aβ1–42 aggregation (4 h), oligomers with 

parallel β-sheet are formed first, Figure 6A. Some of these oligomers propagate into group 

1 protofibrils observed at 24h, which later forms fibrils (72 h). At the same time, at 

24 h, a new class of oligomers with substantially higher amount of antiparallel β-sheet 

is formed. It should be noted that these antiparallel β-sheet-rich oligomers are a minor 

population of all observed oligomers present at this time point. Nanoscale structural analysis 

of individual oligomers present at 24 h confirmed this hypothesis, Figure 3. Specifically, 

we found that some of these oligomers had predominantly parallel β-sheet (Figure 6B), 

whereas others predominantly possessed antiparallel β-sheet. Simultaneous presence of 

antiparallel β-sheet-rich oligomers and protofibrils at the same time point (24 h) suggests 

that structures with antiparallel β-sheet have high growth rates (Figure 6D).Although the 

aggregates with parallel β-sheet have apparently slower growth rates compared to the 

antiparallel β-sheet-rich aggregates, both parallel and antiparallel β-sheet-rich aggregates 

have similar abundance at 72 h, Figure 6A.

The dominance of oligomers, protofibrils, and fibrils with parallel β-sheet at 168 h can have 

two possible explanations.According to the first one, aggregates with antiparallel β-sheet 

convert to parallel β-sheet as time progresses. Alternatively, more protofibrils and fibrils 

with parallel β-sheet could be formed at later stages of protein aggregation, Figure 6B. It 

should be noted that AFM-IR analysis of individual fibrils present at 168 h revealed that 

some of these aggregates possessed high amount of parallel β-sheet (Figure 6C), whereas 

others were dominated by antiparallel β-sheet (Figure 6E). These results suggest that the 

above discussed oligomers and fibrils with both parallel and antiparallel β-sheet can be 

far away from their free energy minima, which allows for the observed structural and 

morphological transformations in this study.

The question to ask is why oligomers with similar amide I profiles could be detected 

at all stages of Aβ1–42 aggregation.This observation could be explained by a continuous 

process of oligomer formation from Aβ1–42 monomers during the course of protein 

aggregation. Alternatively, these structurally similar Aβ1–42 oligomers could be present 

at different time points because once formed at 4 h, these oligomers propagated into 

neither protofibrils nor fibrils. More detailed structural characterization of these species 

is required to disentangle these two possibilities. It should be noted that the Hemmingsen 

group recently reported the coexistence of parallel and antiparallel β-sheet structures upon 

Aβ1–40 aggregation.45 Similar experimental evidence was reported by the D’Arrigo group.46 
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Furthermore, Herzberg and co-workers proposed an autocatalytic conversion of antiparallel 

to parallel β-sheet species,45 which is in a good agreement with the results previously 

reported by Zhou and Kurouski for α-Syn aggregates.44

One may question whether such a detailed examination of different populations of Aβ1–42 

aggregates could be achieved using conventional IR and CD spectroscopies. These analytical 

approaches probe bulk volume of the sample. At the early stages of protein aggregation, 

protein monomers dominate in solution. Consequently, utilization of CD and conventional 

IR prevents direct detection and structural characterization of protein oligomers present at 

these time points. Furthermore, CD does not provide required sensitivity to differentiate 

between parallel and antiparallel β-sheet secondary structure.Our own results show that 

CD can reveal only major transitions between unordered (4 h) and β-sheet (24–168h) 

conformations of Aβ1–42, Figure S10. Conventional IR analysis, although it could be used to 

track changes in parallel β-sheet, does not allow for visualization of low quantities of protein 

aggregates with antiparallel β-sheet present at early stages of Aβ1–42 aggregation, Figure 

S11.

There is an ongoing discussion whether Aβ1–42 aggregates with parallel or antiparallel 

β-sheet exert higher cell toxicities.47,48 Also, it remains unclear whether Aβ oligomers or 

fibrils are more toxic to cells.48–50 To end this, we compared toxicities of Aβ1–42 oligomers 

and aggregates grown at 72 and 168 h. At 168 h, Aβ1–42 aggregates primarily possessed 

parallel β-sheet secondary structure, whereas a mixture of aggregates with parallel and 

antiparallel β-sheet was present at 72 h. LDH test showed that 168 h Aβ1–42 aggregates 

exerted the highest cell toxicity, whereas toxicity of 72 h aggregates was nearly 2 times 

lower, Figure 7. Finally, Aβ1–42 oligomers (4 h) showed the lowest cell toxicity.Importantly, 

monomeric Aβ1–42 exerted no cell toxicity. These findings are in a good agreement 

with previously reported studies by Vendruscolo and Baskakov groups, which showed 

that oligomers have insignificant cell toxicity or exert substantially lower toxicity than 

fibrils.49,51

CONCLUSION

Nanoscale IR analysis of Aβ1–42 aggregates formed at different stages of aggregation 

revealed substantial complexity of these protein species. We found that Aβ first formed 

oligomers with parallel β-sheet structure that had much slower rates of fibril formation. 

Right after their appearance, we detected oligomers with antiparallel β-sheet that rapidly 

propagated into protofilaments and fibrils. At 72 h after initiation of Aβ aggregation, 

we observed nearly equal amounts of aggregates with parallel and antiparallel β-sheet 

secondary structures. We also found that aggregates with antiparallel β-sheet remained as 

a subpopulation, whereas at the late stages, aggregates with parallel β-sheet dominated. 

Finally, we found that such parallel β-sheet aggregates exert higher cell toxicities than 

protofibrils and fibrils with antiparallel β-sheet. These findings show that aggregation 

dynamics of Aβ is a complex process that yields several distinctly different aggregates 

with dissimilar toxicities.
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MATERIALS AND METHODS

Protein Aggregation.

Recombinant human Aβ1–42 (1 mg; Genscript cat. no. RP10017) was dissolved in 1 mL of 

hexafluoroisopropanol (HFIP; Acros Organics, code 445820500); after all peptide was fully 

dissolved, HFIP was evaporated under N2.The resulting protein film was dissolved in 6 M 

guanidine chloride at 4 °C. Next, 6 M guanidine chloride was replaced with 20 mM PB, pH 

7.4, using a PD-10 desalting column (Cytiva, cat. No 17085101) at 4 °C to suppress peptide 

aggregation. The final sample contained 240 μM Aβ1–42; the samples were incubated at 25 

°C under quiescent conditions.

Kinetic Measurements.

Aβ1–42 aggregation was monitored using thioflavin T (ThT) fluorescence assay. Protein 

solution was mixed with ThT right before measurements to reach final concentration of ThT 

equal to 25 μM. Measurement was performed in quartz cuvettes with 3 mm path length 

using a home-build spectrofluorimeter; excitation was 450 nm, and emission signal was 

collected at 495 nm. Measurements were performed every 2 h.

AFM Imaging.

AFM imaging was performed using silicon AFM probes (purchased from Appnano, 

Mountain View, CA) with related parameters of force constant = 2.7 N/m and resonance 

frequency = 50–80 kHz on an AIST-NT-HORIBA system (Edison, NJ). Analysis of 

collected images was performed using AIST-NT software (Edison, NJ).

AFM-IR.

AFM-IR imaging was conducted using a Nano-IR3 system (Bruker Nano, Santa Barbara, 

CA, USA). The IR source was a QCL laser. Contact-mode AFM tips (ContGB-G AFM 

probe, NanoAndMore) were used to obtain all spectra and maps. Spectral differences 

between AFM-IR signals acquired from individual oligomers and the sample background 

are shown in Figure S12. Treatment and analysis of collected spectra was performed in 

Matlab. All raw spectra were treated by 10 points smoothing filter in Analysis Studio v3.15 

and normalized by average area.

Spectral fitting was performed in GRAMS/AI 7.0 (Thermo Galactic, Salem, NH). The amide 

I region (1600–1700 cm−1) was fitted with 3 or 4 peaks centered at 1616 and 1636 cm−1 

(parallel β-sheet), 1665 cm−1 (unordered protein), and 1693 cm−1 (antiparallel β-sheet). 

Peak area for each secondary structure was normalized relative to the total peak area of the 

amide I region. Corresponding percentages of the amide I band region for each secondary 

structure were reported in Figures 3 and 5. Standard deviations of the peak areas of each of 

the secondary structure are shown by the error bars in Figure 3.

Circular Dichroism (CD).

CD spectra were collected from 100 μM solution of Aβ1–42 in 20 mM phosphate buffer, pH 

7.4, at 25 °C on a J-1000 CD spectrometer (Jasco, Easton, MD, USA). Three spectra were 

collected for each sample within 205–250 nm.
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Attenuated Total Reflectance Fourier-Transform Infrared (ATR-FTIR) Spectroscopy.

Sample aliquots were placed onto an ATR crystal and dried at room temperature. Spectra 

were measured using a Spectrum 100 FTIR spectrometer (PerkinElmer, Waltham, MA, 

USA). Three spectra were collected from each sample.

Cell Toxicity Assays.

Mouse 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 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 medium was replaced with 100 μL of RPMI 1640 medium with 5% FBS 

containing protein samples. After 48 h of incubation, lactate dehydrogenase (LDH) assay 

was performed on the cell medium using CytoTox 96 nonradioactive cytotoxicity assay 

(G1781, Promega, Madison, WI, USA). Absorption measurements were made in a plate 

reader (Tecan, Männedorf, Switzerland) at 490 nm. Every well was measured 25 times in 

different locations. All measurements were made in triplicate. A t test was used to determine 

the significance level of differences between toxicity of analyzed samples. We also used 

ANOVA and Bonferroni corrected post hoc t test to analyze results of the LDH toxicity 

assay.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Kinetics of Aβ1–42 aggregation determined by ThT assay.
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Figure 2. 
Morphological examination of Aβ1–42 aggregates observed at different states of protein 

aggregation. AFM images (A–D) and height profiles (E–H) of protein aggregates observed 

at 4 h (A and E), 24 h (B and F), 72 h (C and G) ,and 168 h (D and H) after the initiation of 

Aβ1–42 aggregation. Scale bars are 1 μm (A) and 2 μm (B–D).
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Figure 3. 
Structural analysis of Aβ1−42 aggregates formed at different states of protein aggregation. 

Averaged AFM-IR spectra (green) acquired from individual aggregates observed at 4 

(A), 24 (B), 72 (C), and 168 h (D) after initiation of Aβ1–42 aggregation reveal the 

presence of antiparallel β-sheet (1693–1695 cm−1), unordered protein (1665–1670 cm−1), 

and parallel β-sheet (1634–1636 cm−1) in their structure. Spectral fitting of the amide I 

region (1693–1634 cm−1) enabled quantification of relative contributions of antiparallel 

β-sheet (purple), unordered protein (yellow), and parallel β-sheet (red and maroon) protein 

secondary structures in oligomers, protofibrils, and fibrils (E–G).
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Figure 4. 
AFM-IR maps of Aβ1–42 aggregates observed at 4 (A–D), 24 (E–H), 72 (I–L), and 168 h 

(M–P) after initiation of protein aggregation. AFM height images (A, E, I, and M) and IR 

maps acquired at 1624 cm–1 (unordered) (C, G, K, O), and (parallel β-sheet) (B, F, J, N), 

1655 cm–1 at 1694 cm (antiparallel β-sheet) (D, H, L, P). Scale bars are 100 nm (A–H) and 

200 nm (I–P).
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Figure 5. 
Histograms of distribution of parallel β-sheet (1625–1636 cm−1), unordered protein (1655–

1667 cm–1), and antiparallel β-sheet (1694 cm−1) in different groups of oligomers, 

protofibrils and fibrils. Groups were determined by PCA analysis of the acquired spectra 

(Figures S2–S10).
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Figure 6. 
Scheme of formation and development of aggregates with parallel (pink) and antiparallel 

(purple) β-sheet at different stages of protein aggregation. AFM-IR spectra collected from 

individual oligomers (B and D) at 24 h and fibrils (C and E) at 168 h after the initiation 

of protein aggregation. At 24 h, oligomers with predominantly parallel β-sheet (B) and 

antiparallel β-sheet (D) are observed that later propagate into fibrils with predominantly 

parallel β-sheet (C) and antiparallel β-sheet (E) secondary structures.
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Figure 7. 
Toxicity of Aβ1–42 oligomers (4 h), a mixture of aggregates with parallel and antiparallel 

(72 h), and parallel β-sheet (168 h) secondary structures, as well as Aβ1–42 monomers. 

Error bars represent standard errors of the mean (SEM) of three replicates. According to the 

ANOVA and Bonferroni corrected post hoc t test, difference in the LDH levels between all 

classes was significant except for 0 h (monomers) and 4 h (oligomers), control, 0 h and 4 h 

(Table S2).
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