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ABSTRACT Structural changes associated with protein aggregation are challenging to study, requiring the combination of 

experimental techniques providing insights at the molecular level across diverse scales, ranging from nanometers to microns. 

Understanding these changes is even more complex when aggregation occurs in the presence of molecular cofactors such as 

nucleic acids and when the resulting aggregates are highly polymorphic. Infrared (IR) spectroscopy is a powerful tool for studying 

protein aggregates since it combines the label-free sensitivity to the cross-β architecture, an inherent feature of protein supra

molecular aggregates, with the possibility to reach nanoscale sensitivity by leveraging atomic force microscopy (AFM)-assisted 

detection. Here, we present a combined approach that detects IR spectral markers of aggregation using various IR spectroscopy 

techniques, covering micro-to-nanoscale ranges, to study the effect of RNA on the supramolecular architecture of α-synuclein 

amyloid aggregates. We show a clear impact of RNA consistent with enhanced intermolecular forces, likely via a stronger 

hydrogen-bonded network stabilizing the cross-β architecture. AFM-assisted IR spectroscopy was crucial to assess that the 

more ordered the aggregates are, the stronger the structural impact of RNA. In addition, an RNA-induced reduction of the degree 

of polymorphism within the aggregate population is obtained.

INTRODUCTION

The interaction of aggregation-prone proteins with other 

biological molecules can significantly affect the protein ag

gregation pathway, potentially leading to various aggregate 

polymorphs and different disease outcomes in pathological 

conditions (1). Understanding the relationship between 

aggregate morphology and molecular structure is essential 

for shedding light on the diverse protein self-assembly pro

cesses. In this context, we investigate how the aggregation 

of α-synuclein (αS) is affected when coaggregated in vitro 

with RNA. αS is a protein found in the presynaptic region 

of the human brain (2,3) that has been linked to Parkinson’s 

disease (4–6), and it belongs to the class of intrinsically 

disordered proteins (IDPs). IDPs do not exhibit a single 

conformation in their monomeric state, but rather a 
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SIGNIFICANCE The advances in the study of protein aggregation have highlighted the importance of non-proteic 

cofactors in the process, with nucleic acids being among the most prominent. In the following work, we show the effect of 

RNA on the supramolecular architecture of α-synuclein (αS) fibrils during the in vitro protein aggregation process. This 

presents an important step in the understanding of αS pathological mechanisms, as well as the potential development of 

RNA-based therapeutics and diagnostics for neurodegenerative processes, involving αS. We also provide a widely 

applicable multiscale method that combines various infrared spectroscopy techniques, covering micro-to-nanoscale 

ranges, for the study of structural changes associated with protein aggregation processes.
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multitude of energy-equivalent conformations (7,8). Such a 

feature is known to result in a high degree of polymorphism 

of the aggregates resulting from the self-assembly process 

of the IDPs (26). A wealth of in vitro aggregation studies 

has extensively investigated the phase transition of αS 

from protein monomers to stable aggregate chains, known 

as amyloid fibrils (9–11), also monitoring how the structural 

heterogeneity (polymorphism) can be altered by various ag

gregation conditions (7,12–23). Recently, it has been shown 

that when αS is coincubated in vitro with RNA, the kinetics 

of αS self-assembly aggregation is affected (24). Specif

ically, RNA exacerbates the aggregation propensity of αS, 

with a more pronounced effect for the C-terminal isoform 

truncated at position N103 (αS103), which has been linked 

to a worse disease outcome and increased aggregation of 

endogenous αS in patients (25). The impact on aggregation 

kinetics was computationally and experimentally linked to 

the fact that αS gains the ability to sequester RNA molecules 

once it is in the form of aggregates. The same study has also 

suggested that such sequestration of RNA not only has an 

impact on the aggregation kinetics, but also on the structural 

characteristics of αS aggregates. However, no experimental 

evidence has been provided so far.

In the search to monitor possible structural effects of 

RNA on αS aggregates, the structural heterogeneity poses 

challenges when using volume-averaging techniques since 

there might be a different propensity of aggregates to 

interact with RNA, depending on their structure (27). Pro

tein concentration, ionic strength (28), and coincubation 

with non-protein cofactors (29) were all identified as factors 

affecting the degree of polymorphism of αS aggregates. In 

addition, several studies conducted on other aggregation- 

prone proteins have revealed that the presence of nucleic 

acids can alter not only the protein aggregation kinetics 

(30), but also the fibril architecture (31,32). At the same 

time, high-resolution structural techniques, such as cryo

genic electron microscopy (31) and solid-state nuclear mag

netic resonance (33), cannot provide a complete structural 

picture that captures the full breadth of heterogeneity. In 

this framework, optical vibrational spectroscopies represent 

a powerful tool (34–39). In particular, infrared (IR) vibra

tional spectroscopy emerges as an important experimental 

strategy since it combines two main advantages. On the 

one hand, it provides a great label-free sensitivity to the 

cross-β architecture inherently linked to the protein fibril su

pramolecular architecture. This offers a great advantage 

over other optical spectroscopies used to study protein ag

gregation and particularly suited for kinetic studies. Indeed, 

fluorescent probes, e.g., thioflavin T, activate when the 

cross-β architecture is formed (40) and circular dichroism 

(CD) features high sensitivity to aggregate formation but 

low specificity to the details of supramolecular protein ar

chitecture. Moreover, IR allows for a diversity of ap

proaches, from microspectroscopy techniques working at 

the macroscale down to ultrasensitive techniques at the 

nanoscale, all relying on the same light-matter interaction 

process of vibrational absorption. This latter feature facili

tates the integration and benchmarking of results obtained 

with microspectroscopy and nanospectroscopy approaches 

from samples of the same protein under the same aggrega

tion conditions, something that, again, would not be 

possible with fluorescence and CD spectroscopies or high- 

resolution structural techniques.

Here, we present a toolset for studying the structural ef

fects of RNA on αS amyloid fibrils with diverse degrees 

of polymorphism. We employ Fourier transform IR 

(FTIR) spectroscopy in the form of microspectroscopy (mi

cro-FTIR) together with IR nanospectroscopy approaches 

relying on the use of an atomic force microscopy (AFM), 

both in the form of scattering-type scanning near-field opti

cal microscopy (s-SNOM) and photothermal-expansion IR 

nanospectroscopy (AFM-IR). Spectroscopic analysis is 

also corroborated by pure AFM for morphological charac

terization of the fibrils. We observe a clear effect of RNA 

on the supramolecular architecture of αS fibrils, with an 

enhancing of the intermolecular forces, likely within the 

hydrogen-bonded (H-bond) network of β-sheets character

istic of the cross-β fibril structure. The application of IR 

nanospectroscopy, which correlates morphological to spec

troscopic information, is crucial to assess that the effect of 

RNA also depends on the degree of order of aggregates. 

We clearly observe in the high polymorphic αS103 isoform 

that the more ordered the aggregates appear, such as amy

loid fibrils, the stronger the structural impact of RNA on 

their supramolecular architecture. Such structural effect is 

accompanied by an RNA-induced reduction of the structural 

heterogeneity within the mature aggregate population.

MATERIALS AND METHODS

Protein purification

The protein was purified according to existing protocols (24). Briefly, 

competent E. coli BL21 [DE3] cells (Thermo Fisher Scientific, Waltham, 

MA) expressing αSWT were lysed at 95◦C and the protein was isolated 

via a two-step precipitation protocol with streptomycin sulfate and ammo

nium sulfate. After dialysis, the protein was further purified with subse

quent ion-exchange and size-exclusion chromatography steps. The 

purified protein was immediately pooled, aliquoted, and kept at − 80◦C. 

Concentration was checked with a bicinchoninic acid assay and purity 

via spectropolarimetry and sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis.

Preparation of αS fibrils

Purified αSWT and αS103 samples were quickly defrosted and immediately 

filtered with a 0.22 μm syringe filter (Merck Millipore, Burlington, MA). 

Total yeast RNA (Roche, Basel, Switzerland) was resuspended in aggrega

tion buffer (20 mM potassium phosphate [pH 7.2], 100 mM KCl, 5 mM 

MgCl2) to form a stock solution with a concentration of 5 mg mL− 1. Protein 

and RNA were mixed immediately before the start of the assay to the final 

concentrations of 50 μM and 0.5 mg mL− 1, respectively, with the addition 

of 0.05% NaN3. Aggregation assays were performed in a Thermomixer 
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C device (Eppendorf, Hamburg, Germany) in DNA LoBind 1.5 mL tubes 

(Eppendorf) at 37◦C with constant agitation at 800 rpm for 144 and 5.5 h 

for αSWT and αS103, respectively.

Seeded aggregation of αSWT

αSWT aggregates in the presence and absence of RNA were prepared as 

described above. Samples were centrifuged at 17,000 × g for 1 h at room 

temperature and the supernatant was removed. The pelleted fibrils were re

suspended in sterile 1× phosphate buffered saline (PBS) and RNase A 

(ThermoFisher Scientific) was added to degrade leftover RNA. The RNA 

digestion was performed for 30 min at 37◦C and stopped with the addition 

of RiboLock RNase inhibitor (ThermoFisher Scientific) directly into the 

suspension. The sample was again centrifuged at 17,000 × g for 1 h at 

room temperature, the supernatant removed and the pellet washed with 

PBS. This was repeated a further two times to avoid any potential RNA 

or RNase A contamination. In the end, the pelleted fibrils were resuspended 

in 1× PBS, aliquoted in Protein LoBind tubes (Eppendorf) and kept at 

− 80◦C until use. The seeds were sonicated at room temperature for 

10 min immediately before the experiment.

Protein aggregation assays

The protein aggregation assays were performed as described previously 

(24). Briefly, the protein aliquots were kept at − 80◦C, thawed in cold water, 

and immediately filtered through a 0.22 μm syringe filter (Merck Milli

pore). Total yeast RNA (Roche) was prepared as described above. 

Proteostat™ (Enzo Life Science, Farmingdale, NY) was used as the amy

loid reporter dye at 1000× dilution as per the manufacturer’s instructions. 

The experiment was conducted in a 96-well plate with a protein low-bind

ing surface (Grenier Bio-One, Kremsmünster, Austria) using a 3 mm boro

silicate glass bead in a Tecan Spark instrument (Tecan Group, Männedorf, 

Switzerland). The excitation wavelength was set to 505 nm and the emis

sion to 590 nm. Plates were incubated at 37◦C with constant double-orbital 

shaking at 200 rpm. Reads were taken every 5 min for αS103 over 6 h and 

every 10 min for αSWT over 24 h, with each read represented as an average 

of 10 scans.

CD

The protein was quickly thawed and the buffer was immediately exchanged 

for the CD buffer containing 20 mM potassium phosphate (pH 7.2), 

100 mM KF, and 5 mM MgF2 on a PD-10 desalting column (Cytiva Life 

Sciences, Marlborough, MA). Total yeast RNA (Roche) was resuspended 

in CD buffer and the aggregation samples were prepared as described 

above. At identical time points, 150 μL of the sample was transferred to 

a 1 mm Quartz cuvette (Hellma, Müllheim, Germany), and the measure

ments were taken at 37◦C with a Jasco J-1500 instrument (JASCO, Tokyo, 

Japan). Spectra were recorded between 190 and 320 nm with a scanning 

speed of 100 nm min− 1 at a bandwidth of 1 nm. The final spectrum repre

sents an average of 10 scans. The spectra of RNA alone were subtracted 

from the spectra of the protein-RNA coaggregation sample and compared 

with the protein-only.

FTIR microspectroscopy

For the micro-FTIR experiments, 20 μL of the sample was deposited at the 

center of the top surface of 1-mm-thick CaF2 windows and let to dry 

completely under a gentle nitrogen flow in low-humidity conditions. 

The micro-FTIR experiments presented in this work were performed using 

three experimental setups probing different sampling areas. Micro-FTIR 

spectra reported in Fig. 1 F were acquired with an IFS 66v/S spectrometer 

combined with a gas-purged Hyperion IR-microscope (Bruker Optics, Et

tlingen, Germany). The Hyperion microscope was equipped with a 15×

Cassegrain objective lens (numerical aperture [NA] = 0.4) and a liquid-ni

trogen-cooled mercury-cadmium-telluride (MCT) detector. The knife-edge 

aperture used for the experiments was 200 × 200 μm2. Spectra were re

corded in transmission mode within the spectral range 800–6000 cm− 1 

with a resolution of 2 cm− 1 and 512 scans. Micro-FTIR spectra reported 

in Fig. 2 A were acquired using a Vertex 80 spectrometer (Bruker Optics) 

combined with a Hyperion 3000 IR-microscope (Bruker Optics) at the 

IRIS beamline at BESSY II of the Helmholtz Zentrum Berlin. The Hype

rion 3000 microscope was purged continuously with gaseous nitrogen and 

was equipped with a 15× Cassegrain objective lens (NA = 0.4). The data 

of Figs. 2, A, C, D and 3, A and B were acquired with a liquid nitrogen- 

cooled MCT detector using a knife-edge aperture of 15 × 15 μm2, while 

the data of Fig. 2 E with a liquid-nitrogen cooled 64 × 64 pixel focal plane 

array (FPA) detector covering a total area of 173 × 173 μm2 (single pixel 

area is 2.7 × 2.7 μm2). Spectra were recorded using the internal Globar 

source in transmission mode within the spectral range 800–4000 cm− 1 

with a resolution of 2 cm− 1 and 128 (64) scans for the MCT (FPA) 

detector.

AFM-IR nanospectroscopy

Three aliquots of 2 μL were drop-cast onto the 1 × 1 cm template-stripped 

gold surfaces (Platypus Technologies, Madison, WI, 0.3 nm nominal rough

ness) for 5 min, then rinsed with 40 μL Milli-Q water to achieve a sparse 

area of deposited protein aggregates and let dry for 1 h under a gentle nitro

gen flow in a controlled low-humidity environment. AFM topographies and 

AFM-IR spectra were measured using the nanoIR2 platform (Anasys In

struments, Santa Barbara, CA) equipped with a quantum cascade laser oper

ating between 900 and 1900 cm− 1 (MIRcat-xB, Daylight Solutions, San 

Diego, CA). The probes were gold-coated silicon cantilevers with an elastic 

constant of 0.07–0.4 N m− 1 and a nominal radius of 25 nm (PR-EX-nIR2- 

10, provided by Anasys Instruments). All measurements were done in con

tact mode and at room temperature.

Topography

Image data were acquired at a line rate of 1–1.5 Hz and a resolution of 

20 nm per pixel. The AFM images were flattened using the built-in Analysis 

Studio software (Anasys Instruments). The persistence length was calcu

lated from the contour length (C) and the end-to-end distance (E) of the fi

brils by fitting E2 as a function of C (Fig. S5). These measurements were 

conducted on single αSWT and αSWT+RNA fibrils at the edges of bundles, 

sometimes intersecting each other.

Spectra

The AFM-IR spectra were collected within the range 1415–1900 cm− 1 at 

2 cm− 1 spectral resolution and 256 coaverages. Spectra were averaged 

from at least 12 measurements.

Scattering-type scanning near-field optical 

microscopy

The αSWT;seed fibrils were dropcast on ultraflat gold surfaces as described 

for the AFM-IR measurements. The s-SNOM measurements of individual 

αSWT;seed agglomerate fibril bundles were performed with a neaSNOM sys

tem (attocube systems, Haar, Germany) coupled to the broadband synchro

tron source at the IRIS beamline at BESSY II of the Helmholtz Zentrum 

Berlin with a spectral resolution of 6 cm− 1. The s-SNOM measurements 

of the αSWT;seed and αSWT+RNA;seed were done in tapping mode using an 

Arrow-NCPt Pt/Ir-coated AFM probe (tip radius <25 nm, NanoWorld, 

Neuchâtel, Switzerland) and a PPP-NCSTAu Au-coated AFM probe (tip 

radius <50 nm, Nanosensors, Neuchâtel, Switzerland), respectively.

Structural effect of RNA on α-synuclein fibrils 
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Data analysis

The IR spectra shown in Fig. 1 were baseline corrected, smoothed with a 

spline algorithm, and normalized by IgorPro software (version 6.22A, 

Wavemetrics, Lake Oswego, OR). To determine the relative amount of sec

ondary structure components, the amide-I and -II bands were fitted in the 

1500–1700 cm− 1 spectral range using eight Lorentzian components. Sec

ond-order derivatives of the IR spectra determined the number and peak po

sitions of the Lorentzian line shapes. The amide-II band was fitted with 

three components centered at 1523, 1552, and 1590 cm− 1 with intensity 

as the free parameter and full width at half maximum (FWHM) fixed to 

40, 60, and 40 cm− 1, respectively. The amide-I band was deconvolved us

ing five Lorentzian components centered at 1625, 1640, 1652, 1670, and 

1690 cm− 1 ranging 5 2 cm− 1, with a fixed FWHM equal to 25 cm− 1 

and intensity as the free parameter. The Lorentzian line shapes used to de

convolve the amide-I band are assigned to different secondary structure 

components of the protein: 1623–1627 cm− 1 is ascribed to antiparallel 

and parallel β-sheet, 1638–1642 cm− 1 to disordered, 1650–1654 cm− 1 to 

α-helix, 1668–1672 cm− 1 to turn, and 1688–1692 cm− 1 to antiparallel 

β-sheet (41).

The ωβ analysis in the single MCT spectra shown in Figs. 2 C and 3 A, 

was done using OPUS software (version 8.7, Bruker Optics). The sec

ond-order derivatives of the IR spectra were first calculated by applying 

the Savitzky-Golay algorithm (nine smoothing points). Then, the minima 

of the second-order derivatives in the 1624–1632 cm− 1 range were identi

fied using the peak picking command of OPUS. After baseline correction 

and normalization at the amide-I and -II area, the same spectra 

were analyzed with principal component analysis (PCA) in the 1605– 

1640 cm− 1 range (Figs. 2, D, E and 3 B) using Quasar 1.9.2 software pack

age (42).

The 64 × 64 IR spectra acquired with the FPA detector were baseline cor

rected in the range 1480–1730 cm− 1 and integrated in the 1490–1720 cm− 1 

range to obtain a map of the amide-I and -II absorbance intensity. To obtain 

the map of the ωβ, the second-order derivatives were calculated as described 

for the single MCT spectra. Spectra with no or two second-order derivative 

minima in the 1624–1632 cm− 1 range, corresponding to spectra with a low 

signal-to-noise ratio (SNR), were not considered for the analysis of the ωβ. 

For a further exclusion of the pixels with a low protein content, a mask was 

applied to the amide-I and -II absorbance intensity map selecting the pixels 

with a value in the 50–100% range with respect to the maximum using 

Gwyddion software (version 2.61). The same mask was applied to the ωβ 
map. After normalization at the amide-I and -II area, the spectra corre

sponding to the selected pixels were analyzed with PCA in the 1605– 

1640 cm− 1 (Fig. 2 E) by the Quasar 1.9.2 software.

FTIR and fluorescence data in Fig. 1, B and D were fitted using the Hill func

tion. Parameters for the best fitting curves of the αS103 (αS103+RNA) FTIR data 

are: A = 0.81 5 0.03 (0.77 5 0.05), c = 5.9 5 1.5 (19 5 10), k = 1.6 5 0.1 h 

(2.9 5 0.1 h). Parameters for the best fitting curves of the αS103 (αS103+RNA) 

time-resolved fluorescence data are: A = 0.91 5 0.02 (1.02 5 0.02), c = 11.6 

5 0.9 (4.8 5 0.3), k = 3.62 5 0.03 h (1.19 5 0.02 h).

RESULTS

Initial focus: The impact of RNA on de novo αS 

aggregation kinetics and fibril morphology

Sample preparation for all IR experiments, from micro- to 

nanospectroscopy, consisted of promoting the de novo ag

gregation in solution and depositing droplets of the sample 

on solid substrates at a given time t. The samples were 

dried to ‘‘freeze’’ the protein at specific aggregation stages. 

This procedure allowed us to perform various measure

ments on fibrils grown under the same experimental condi

tions and provided a better benchmark between micro- 

FTIR and IR nanospectroscopy approaches. Although 

efforts are being made to overcome the limitation of 

performing AFM-based IR nanospectroscopy in liquid 

(43–46), working with dried samples remains the standard 

when a high SNR is required, as in this application. As a 

first step, we verified that the structural information ob

tained through IR spectroscopy of deposited and dried ag

gregates reflects the protein state formed during in vitro 

aggregation in solution. To achieve this, we benchmarked 

IR data against time-resolved Proteostat™ fluorescence 

spectroscopy and CD, both performed on proteins in liquid 

suspension. Proteostat™ is used as a marker of aggregation 

through the direct binding to the cross-β architectures, re

sulting in an increase in fluorescence upon amyloid forma

tion. The formation of extended β-sheets featuring strong 

intermolecular interactions, where the β-strands are ori

ented perpendicular to the fibril axis, creates the hallmark 

cross-β architecture of amyloid fibrils (47,48). To assist 

the reader, we provide a simplified sketch of a representa

tive protein fibril with a parallel cross-β arrangement, high

lighting the H-bonds between the β-strands that stabilize 

the fibril (Fig. 1 A). For the characterization of αS aggrega

tion by IR spectroscopy, we focused on the amide-I band 

(1610–1690 cm− 1), which arises from the coupled C=O 

stretching vibrational modes along the protein backbone. 

As such, it is the primary IR band sensitive to protein sec

ondary structure as well as to the characteristic supramo

lecular cross-β architecture of protein fibrils (49–52). In 

Fig. 1 B, we report representative amide-I FTIR spectra 

and their individual components obtained from amide-I de

convolution, one acquired when αSWT is in the oligomeric 

state at the beginning of the aggregation process (bottom), 

and another obtained at the end of the process when mature 

fibrils have formed (top). The latter spectrum shows a 

visible increase in the antiparallel and parallel β-sheet 

peak (β-sheet)P,AP, a spectral marker of fibrils and aggre

gates in general, thus indicating their formation with 

respect to the less β-structure-rich oligomers. The charac

teristic cross-β architecture of fibrils can involve either a 

parallel or antiparallel arrangement of intermolecular 

β-sheets, both resulting in an intense absorption peak 

centered at frequencies (1620–1630 cm− 1) slightly lower 

than those of native β-sheets (53,54). As confirmed by 

the deconvolution of the amide-I band spectra in secondary 

structure components (antiparallel and parallel β-sheet, 

disordered conformation, α-helix, turn, and antiparallel β 
sheet), the spectrum of mature amyloid fibrils features a 

much more intense antiparallel and parallel β-sheet compo

nent, and a less-intense antiparallel component (β-sheet)AP, 

contrary to the spectrum of oligomers. This is in agreement 

with previous findings that αS oligomers and fibrils show 

an antiparallel (55,56) and parallel (57) β-sheet arrange

ment, respectively. It is worth remarking that, in the pres

ence of a high density of ordered fibril agglomerates, 
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FIGURE 1 Effect of RNA on the fibril formation kinetics and morphology of αS fibrils. (A) Left: AFM image of αS fibrils with a schematic representation 

of the two protofibrils that constitute the fibril (70). The β-strands adopt a parallel and in-register arrangement and are perpendicular to the fibril axis (49). 

Right: schematics of the interstrand H-bond between the carbonyl and the amine groups in the peptide backbone, called cross-β architecture, detected by IR. 

(B) Amide-I band deconvolution of αSWT fibrils (top) and oligomers (bottom) using five Lorentzian components centered at 1625, 1640, 1652, 1670, and 

1690 cm− 1. Each Lorentzian component corresponds to a specific protein secondary structure based on its frequency position (41). (C) Experimental 

data from averaged time-resolved Proteostat™ fluorescence replicates of αS103 in the absence (top) and presence (bottom) of RNA with standard deviations. 

(D) Maximum percentage values of the FTIR (β-sheet)P,AP component for the αS103 (top) and αS103+RNA (bottom) samples. See Figs. S2 and S3 for repre

sentative FTIR spectra and trend of the amide-I band deconvolution components. The data in (B) and (D) were fitted into a sigmoidal curve using the Hill 

function. Best-fit aggregation rates for fluorescence (and FTIR) are 1.3 5 0.1 h− 1 (1.5 5 0.4 h− 1) for αS103 and 2.0 5 0.2 h− 1 (2.5 5 1.3 h− 1) for 

αS103+RNA samples. (E and F) CD and micro-FTIR absorption spectra (200 × 200 μm2 sample area) of αSWT (continuous line) and αSWT+RNA (dashed 

line) at different sampling times. The micro-FTIR spectra are normalized at 1660 cm− 1. (G) Contact-mode AFM topography maps of αSWT (top) and 

αSWT+RNA (bottom) fibrils. Scale bar, 200 nm. (H and I) Histograms of the height distribution of αSWT (H) and αSWT+RNA (I) fibrils (bin size is 1 nm). 

In the inset, the trajectory of fibrils with different lengths (superimposed black lines in the AFM images of (G)), where the tangents at the initial end are 

aligned.
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the β-sheet component becomes representative of the su

pramolecular cross-β architecture, rather than just the sec

ondary structure of the β-sheets, with a lineshape 

determined via the transition dipole coupling (TDC) 

(49,50). Hereafter, we refer to the antiparallel and parallel 

β-sheet peak as the cross-β peak.

In our case study, time-resolved fluorescence data re

vealed that RNA increases the αS aggregation rate, with a 

more pronounced effect observed for the αS103 isoform 

compared with αSWT (Fig. S1) (24). We then performed 

IR spectroscopy experiments at various stages of in vitro ag

gregation process for both the αSWT and αS103 isoforms 

(Figs. S2 and S3). Specifically, we monitored variations of 

the cross-β peak intensity as a function of aggregation 

time. For a direct comparison with fluorescence data, we 

calculated the normalized cross-β percentage values ob

tained from amide-I band deconvolution, and plotted them 

at various time points to obtain a similar kinetic plot. Impor

tantly, we verified that the spectral contribution of RNA is 

negligible compared with that of proteins and therefore 

does not significantly affect the amide-I band. In Fig. 1, C 

and D, we provide a benchmark between the kinetic curves 

obtained by time-resolved fluorescence and FTIR data for 

the αS103 isoform in the presence and absence of RNA. 

Similar data for the wild-type protein are reported in 

Fig. S4, although in this case an evaluation of aggregation 

rates to be compared with those obtained from fluorescence 

data was not possible (see supporting material for data and 

relative discussion). To quantify the aggregation rate, we 

fitted both the time-resolved fluorescence (Fig. 1 C) and 

the cross-β peak intensity from FTIR (Fig. 1 D) and calcu

lated the aggregation parameters as outlined in (24) (best- 

fitting rate values reported in the insets). Good agreement 

is obtained in terms of relative rate, with a higher value in 

the presence of RNA for both fluorescence and FTIR data. 

It is worth noting, however, that the latter two techniques 

are sensitive to different features of the aggregates and 

that in vitro aggregation was promoted under slightly 

different conditions, as reported in the materials and 

methods. These factors can justify possible differences 

both in terms of the absolute value of rates and lag phases, 

but the main point that RNA increases the aggregation 

rate is confirmed.

Further confirmation of the good comparison between ex

periments performed on deposited αSWT aggregates and 

those in solution comes from benchmarking FTIR and CD 

spectra, which were acquired under the same aggregation 

conditions on the αSWT only (see Fig. 1, E and F). Note 

that the sampling interval, ranging from 0 to 6 h for αS103, 

was considerably shorter than the 0 to 144 h used for 

αSWT, consistent with well-established findings that αS103 

aggregates significantly faster than αSWT, regardless of 

RNA presence in the aggregating solution (58,59). CD can 

be performed in solution and it is a label-free technique 

featuring structural sensitivity, although less specific than 

IR spectroscopy to the cross-β architecture. The intensity 

of the peak related to the β-sheet conformation (cross-β 
peak at 1625 cm− 1 in the FTIR spectra and negative peak 

centered at 220 nm in the CD spectra) increases with an 

onset at the same time t for the αSWT (96 h) and 

αSWT+RNA (48 h) samples, pointing to the same RNA-medi

ated aggregation process.

Along the pathway of amyloid fibril formation, we con

ducted AFM analysis, which enables morphological investi

gation at the single fibril level, to monitor possible effects of 

RNA also on aggregate morphology (60–63). We focused on 

mature fibrils, which are the end products of the aggregation 

process. Consistent with reports from other groups on αSWT 

(64–67), we observe a certain degree of variability in the 

morphology and dimension of aggregates obtained at a 

given sampling time in the wild-type samples. Despite this 

variability, we easily found micrometer-long amyloid 

fibrils in both αSWT and αSWT+RNA samples (see representa

tive images in Fig. 1 G). As shown in the histograms in 

Fig. 1, H and I, on average, the height of αSWT+RNA fibrils 

(4.4 5 1.3 nm, number of analyzed fibrils n = 106) is lower 

than that of αSWT fibrils (6.1 5 2.9 nm, n = 89), and the 

height distribution is narrower in the presence of RNA. 

Additionally, amyloid fibrils forming in the presence of 

RNA display a larger curvature radius compared with 

αSWT fibrils. This is evident from the comparison of repre

sentative fibril trajectories reported in the insets of Fig. 1, H 

and I and further confirmed by the calculated persistence 

length of 1.4 5 0.2 μm (n = 52) for αSWT and 2.0 5 0.1 

μm (n = 51) for αSWT+RNA fibrils (Fig. S5). Although the 

calculated values are significantly different, one can envi

sion strengthening this result by adopting surface function

alization methods to obtain isolated single fibrils and more 

precise values of the persistence length.

To understand the molecular mechanisms behind the 

observed morphological differences, as well as the distinct 

aggregation kinetics, we conducted extensive IR studies to 

gain insights into the architecture of mature aggregates 

grown in the presence or absence of RNA. We leveraged 

two great advantages of IR spectroscopy over other optical 

spectroscopies, including fluorescence and CD, to address 

the issue of polymorphism. First, IR spectroscopy allows 

for a drastic reduction of the probed volume, down to a 

few microns and nanometers, thus overcoming the limita

tions of volume-averaging approaches and allowing a 

direct benchmarking between the micro- and nanospectro

scopic results. Second, it provides information on the ar

chitecture of the aggregates (not just their amount) 

through an in-depth analysis of the cross-β peak. Raman 

spectroscopy also provides label-free sensitivity to 

protein conformation, although less sensitive than IR spec

troscopy, while enabling a similar multiscale approach 

(68,69). Given the complementary nature of the information 

provided by the two techniques, it would be interesting to 

extend this work in that direction in the future.
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Low-polymorphic seed-amplified αSWT;seed isoform

We started with αSWT, which exhibits a low degree of fibril 

polymorphism and has been extensively studied using 

optical spectroscopies, scanning probe microscopies, and 

high-resolution structural techniques (33,70,71). We first 

conducted an analysis of the cross-β peak in the micro- 

FTIR spectra acquired from both αSWT and αSWT+RNA 

samples (Fig. S6). This analysis did not reveal any clear 

structural differences between the two samples, likely due 

to a combination of polymorphism and large probed areas. 

To amplify possible structural effects of RNA, we used 

the seed-amplified wild-type αS (αSWT;seed) in vitro assay, 

which relies on the intrinsic self-replicative nature of αS ag

gregates (seeds) (72). Amyloid fibrils grown in the absence 

and presence of free RNA in suspension were used as tem

plate structures for αSWT monomers. Such a procedure is ex

pected to exacerbate possible structural differences between 

amyloid fibrils formed starting from the two different tem

plates, insofar as reducing the structural polymorphism. A 

further advantage of αSWT;seed samples is that there is no 

free RNA in the aggregating solution, which can otherwise 

affect the high-frequency tail of the amide-I band (50). To 

increase statistics and gain deeper insights into structural 

heterogeneity, we acquired multiple micro-FTIR spectra, 

reducing the probed sample area compared with the mi

cro-FTIR spectra reported in Fig. 1 (15 × 15 vs. 

200 × 200 μm2). In Fig. 2, A and B, we report representative 

micro-FTIR spectra from 15 × 15 μm2 areas and their cor

responding second-order derivatives. The second derivative 

of a band has a narrower line width compared with the orig

inal band, allowing for better resolution of overlapping 

bands within the amide-I region. The spectra were selected 

to emphasize the structural variability within each fibril pop

ulation of the two samples (αSWT;seed and αSWT+RNA;seed). In 

both samples, no distinct negative peak around 1690 cm− 1 is 

observed in the second-order derivative curves (see Fig. 2

B). This suggests that the parallel β-sheet architecture, 

typical for αSWT fibrils (57), is retained in the presence of 

RNA. However, it is evident that the two samples, 

αSWT;seed and αSWT+RNA;seed, feature clear structural differ

ences, primarily attributed to variations in the cross-β peak 

(highlighted in the figures by the vertical gray shadow). 

As indicated by the second-order derivative curves, the 

key difference in the cross-β peak between the two samples 

is that the central frequency of the principal negative peak, 

referred to as ωβ, is on average lower for αSWT+RNA;seed 

compared with αSWT;seed. This frequency shift is accompa

nied by a slightly narrower negative peak (see Gaussian fit 

in the inset of Fig. 2 B), together with the appearance of a 

smaller negative peak centered below 1620 cm− 1 in the sec

ond derivative curves of the αSWT+RNA;seed spectra, which 

has been related to a stronger H-bond network (28, 73). His

tograms of ωβ, along with PCA, derived from ∼100 micro- 

FTIR spectra for each sample (Fig. 2, C and D), confirm the 

significance of this observation despite the structural vari

ability within each sample population (note that the PCA 

was performed within the frequency interval of 1605– 

1640 cm− 1 to optimize the separation of the principal com

ponents). On the one hand, the histograms show a clear 

spectral transfer of the cross-β peak toward lower fre

quencies for αSWT+RNA;seed. In the insets of Fig. 2 C, we 

also report the average second-order derivative curves for 

spectra with ωβ< 1626.5 cm− 1 and ωβ> 1626.5 cm− 1, con

firming the correlation between the shift of ωβ toward lower 

frequencies and the increase in intensity of the small peak 

centered below 1620 cm− 1. On the other hand, in the PCA 

scores plot, the two fibril populations mainly differ in the 

value of the PC2 component, which crosses zero at 1625 

cm− 1, suggesting that the main difference arises from the 

shift of ωβ (see PC1 and PC2 components in the loadings 

plots of the inset Fig. 2 D). RNA also appears to affect the 

heterogeneity within the aggregate population, as indicated 

by the narrower ωβ distribution in the histogram of 

αSWT+RNA;seed (Fig. 2 C, bottom). To further validate this 

finding, we show the PCA scores plot in Fig. 2 E, derived 

from spectra obtained with a FPA detector, which enables 

the simultaneous acquisition of thousands of spectra from 

areas as small as a few square micrometers, with each pixel 

corresponding to an area of 2.7 × 2.7 μm2. In agreement 

with the ωβ histograms, the scatter plot for the αSWT;seed 

shows two distinct clusters and is broader than that for 

αSWT+RNA;seed, pointing to a higher structural heterogeneity. 

Additionally, the AFM characterization in terms of fibril 

height shown earlier in Fig. 1, H and I is consistent with a 

lower degree of morphological heterogeneity in the pres

ence of RNA. The overall data suggest that, within the poly

morphic population, RNA somehow promotes certain fibril 

architectures that would otherwise be less likely (see the his

tograms of ωβ), insofar as reducing the degree of morpho

logical and structural polymorphism.

IR nanospectroscopy applied to αSWT;seed isoform

Besides micro-FTIR techniques, we also adopted IR nano

spectroscopy approaches, both s-SNOM and AFM-IR, 

which enhance the structural sensitivity of IR spectroscopy 

at the nanoscale, ideally down to the single aggregate level 

(74–76). While spectra of individual fibrils can be acquired, 

our focus was on agglomerates of fibrils rather than on sin

gle fibrils. This is because the intensity—although not the 

frequency and width—of the cross-β peak in IR nanospec

troscopy spectra of amyloid fibrils depends on the relative 

angle between the electric field in the nanogap and the 

mean C=O dipole moment, which can vary among different 

agglomerates (77). According to the selection rule that de

fines the physical process of IR absorption, a nonzero rela

tive angle is required between the electric field and 

the dipole moment associated with the vibration. In the 
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tip-gold nanogap, the electric field is expected to be almost 

fully vertical, while the dipole moment of the C=O stretch

ing of parallel and antiparallel β-sheet in single fibrils has a 

small vertical component (see simplified sketch in Fig. 

2 F reporting the ideal case of a single rod fibril). This re

sults in a low-intensity but still measurable cross-β peak 

(74) in the case of individual fibrils, as we also experimen

tally confirmed (data not shown), hence making challenging 

an accurate analysis of this peak (77). Note that this is not 

the case for the high-frequency antiparallel β-sheet peak. 

On the contrary, on the agglomerate of fibrils, there is a sig

nificant vertical component of the total C=O dipole moment 

A

B

F G H

C D

E

FIGURE 2 Effect of RNA on the supramolecular architecture of the less polymorphic αSWT;seed fibrils. (A and B) Micro-FTIR absorption spectra (15 × 15 

μm2) with the assignment of the secondary structure components (A) and corresponding second-order derivative curves (B) for the αSWT;seed (purple line) and 

αSWT+RNA;seed (orange line). The inset of (B) shows representative second-order derivatives with Gaussian fits of the (β-sheet)P,AP component. The Gaussian 

fits have a central frequency at 1629.3 and 1626.7 cm− 1 and a FWHM of 5.4 and 4.3 cm− 1 for the αSWT;seed and αSWT+RNA;seed curves, respectively. (C) 

Histogram of the ωβ distribution of αSWT;seed (top) and αSWT+RNA;seed (bottom) fibrils measured in 15 × 15 μm2 areas (bin size is 0.1 cm− 1). Number of 

analyzed spectra is 73 (top) and 48 (bottom). In the insets, we show the average second-order derivatives from the low-frequency (<1626.5 cm− 1, purple 

and red line) and high-frequency (>1626.5 cm− 1, light purple and orange line) populations of the histograms. Arrows indicate the 1620 cm− 1 contribution. 

(D and E) PCA scores plots showing a clear separation between the ωβ of αSWT;seed and αSWT+RNA;seed fibrils measured in 15 × 15 μm2 areas with an MCT 

detector (D) and 2.7 × 2.7 μm2 areas with an FPA detector (E). In the insets, the loadings plots show the PC1 and PC2 coordinates, which indicate the first and 

second principal components. PC1 and PC2 variance is 56% and 32% for FPA and 60% and 28% for MCT, respectively. (F) Sketch of the relative angle 

between the electric field in the tip-gold nanogap and the C=O cross-β dipole moment for a simplified case of an individual rod-like amyloid fibril (top) 

and an agglomerate of fibrils (bottom). (G) s-SNOM absorbance spectra (top) and corresponding second-order derivative curves (bottom) of αSWT;seed (purple 

line) and αSWT+RNA;seed (orange line) fibril agglomerates. Spectra are the average of measurements at four different locations of the fibril agglomerates. (H) 

AFM topography maps of the αSWT;seed (top) and αSWT+RNA;seed (bottom) fibril agglomerates where the s-SNOM spectra were acquired.
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due to the imperfect planar orientation of the fibrils and 

therefore the cross-β peak is pronounced. In this work, we 

focused on agglomerates, as their higher cross-β peak inten

sity enhances the accuracy of the central frequency analysis.

In the top of Fig. 2 G, we show two representative 

s-SNOM spectra acquired on agglomerates of αSWT;seed 

and αSWT+RNA;seed amyloid fibrils (see the AFM topography 

maps in Fig. 2 H), both featuring a clear and distinguishable 

cross-β peak. The reported spectra were obtained by aver

aging measurements at different locations within the same 

fibril agglomerates. By comparing the second-order deriva

tive curves of the two average s-SNOM spectra (Fig. 2 G, 

bottom), one can see that the main difference appears in 

the frequency interval of the cross-β peak. More impor

tantly, αSWT+RNA;seed fibrils clearly show a lower value of 

ωβ, in perfect agreement with the micro-FTIR data (Fig. 2

B). The absence of a clear small peak centered below 

1620 cm− 1 can be ascribed to the lower spectral resolution, 

as well as the lower SNR of the s-SNOM spectra (and all 

AFM-based IR nanospectroscopy approaches) compared 

with FTIR. Such IR nanospectroscopy experiments further 

confirm that the amyloid fibrils grown in the presence or 

absence of RNA feature structural differences arising from 

diverse supramolecular architectures, insofar as explaining 

micro-FTIR results with nanometric detail.

Polymorphic C-truncated αS103 isoform

The low degree of fibril polymorphism in αSWT enabled us 

to employ micro-FTIR technique, which provided high SNR 

spectra, while simultaneously gaining a global picture of 

possible heterogeneity through FPA detection. We now 

aim to investigate the structural effects of RNA on the path

ologically relevant αS103 isoform (25), for which the large 

polymorphism poses challenges when using bulk techniques 

due to volume-averaging effects. By performing the same 

analysis on the αS103 and αS103+RNA samples as we did 

for the micro-FTIR data of the seed-amplified wild-type 

protein samples, we observed only subtle differences be

tween the two samples (see the PCA scores plots and histo

grams of ωβ reported in Fig. 3, A and B). These very small 

differences may be attributed to averaging effects over 

structurally different aggregates, on which RNA potentially 

has varying impacts. It is important to note that a systematic 

morphological analysis, in terms of height and persistence 

length of individual αS103 fibrils, was not feasible for the 

truncated isoform of αS because of its high degree of fibril 

polymorphism and formation of large fibril bundles, as 

also reported in the literature for C-terminally truncated iso

forms of αS (78–80). Although αS103 has a higher seeding 

capacity (25) compared with αSWT, it is known that αS103 

seed fibrils do not effectively serve as templates for fibril 

elongation in the presence of αS103 monomers (59). We 

therefore conducted experiments exclusively on αS103 and 

αS103+RNA, for which investigation at the nanoscale level be

comes of paramount relevance for unraveling the effect of 

RNA on the diverse polymorphs.

IR-Nanospectroscopy applied to polymorphic 

C-truncated αS103 isoform

We employed photothermal-expansion AFM-IR nanospec

troscopy, which, for thin samples placed in the nanogap 

formed by a metallic AFM probe tip and a metallic surface 

(tip-gold nanogap), offers sensitivity down to nanometer- 

sized samples (81–83), similarly to s-SNOM. In Fig. 3, C 

and D, extensive AFM and AFM-IR analysis revealed sig

nificant morphological variability in probed samples 

featuring an amide-I band with a pronounced cross-β 
peak, indicative of mature protein aggregates, in both 

αS103 and αS103+RNA samples. Interestingly, we observed 

not only micrometer-long fibrils but also a variety of less-or

dered aggregates, such as amorphous ones, forming under 

the same aggregating conditions. This morphological diver

sity of the αS103 aggregates aligns with previous reports on 

other C-terminal truncations of αS (78–80), which also 

confirm the propensity of such an isoform to form fibril ag

glomerates/bundles, as observed in Fig. 3, C and D.

To monitor potential structural effects induced by RNA, 

we calculated the second derivative curves for AFM-IR 

spectra displaying a clear and distinguishable cross-β 
peak (see Fig. 3 E). We then fitted the negative second de

rivative peak associated with the cross-β peak using a 

Gaussian line shape. In Fig. 3 F, we show the correlation 

plot of ωβ (central frequency of the Gaussian curve) versus 

the FWHM of the Gaussian curve. On average, αS103+RNA 

features lower values of the ωβ and a narrower FWHM 

compared with αS103 (see circles in Fig. 3 F), in line 

with observations for the seed-amplified wild-type isoform 

(see inset of Fig. 2 B). However, the difference between the 

two samples (with and without RNA) is much less pro

nounced for the C-truncated isoform. The advantage of 

such a high-resolution IR spectroscopic probe compared 

with bulk techniques, including micro-FTIR, lies in its 

ability to correlate, at the nanoscale, aggregate morphology 

with supramolecular architecture via the spectroscopic in

formation. In Fig. 4, A and C, we compare the second de

rivative curves of αS103 and αS103+RNA samples featuring 

similar morphologies, namely micrometer-long fibril ag

glomerates (Fig. 4 D) and amorphous, filament-shaped ag

glomerates that are thinner and less ordered (Fig. 4 B). It is 

evident that, for αS103+RNA micrometer-long fibrils, the 

negative peak related to the cross-β peak displays a lower 

ωβ and a narrower FWHM. For amorphous aggregates, 

there is a subtle frequency shift and almost no variation 

of the peak width. This suggests that the more ordered 

the aggregate architecture appears (such as micrometer- 

long fibrils), the stronger the structural impact of RNA, 

with a tendency to induce the formation of even more rigid 

and compact supramolecular structures, as observed for the 
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seeded samples (Fig. 2). On amorphous, protofibril-like su

pramolecular structures, an almost negligible impact of 

RNA is observed. According to this result, the micro- 

FTIR data can be explained as effectively averaging over 

structurally different αS103 aggregates where the impact 

of RNA is different, thus providing almost identical 

‘‘bulk’’ micro-FTIR spectra (Fig. 3, A and B).

DISCUSSION

Hypotheses about the main structural characteristics of the 

supramolecular architecture promoted by the coincubation 

with RNA can be made based on the IR data presented in 

the previous sections. It is well known that both the fre

quency and width of the cross-β peak are dependent on 

A
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FIGURE 3 Effect of RNA on the morphology and supramolecular architecture of the highly polymorphic αS103 aggregates. (A) Histogram of the ωβ dis

tribution of αS103 (top) and αS103+RNA (bottom) fibrils measured in 15 × 15 μm2 areas (bin size is 0.1 cm− 1). Number of analyzed spectra is 79 (top) and 82 

(bottom). (B) PCA scores plot showing very little separation between the ωβ of αS103 and αS103+RNA fibrils. In the inset, the loading plot shows the PC1 and 

PC2 coordinates, which indicate the first and second principal components. PC1 and PC2 variance is 51 and 42%, respectively. (C and D) AFM topography 

maps of αS103 (C) and αS103+RNA (D) agglomerate of amorphous aggregates and fibrils. (E) Second-order derivatives of AFM-IR spectra acquired on αS103 

(left) and αS103+RNA (right) amorphous aggregates and fibrils. The dashed lines are the Gaussian fits of the cross-β negative peak. (F) Plot of the ωβ of the 

Gaussian fit versus the Gaussian FWHM for the αS103 and αS103+RNA amorphous aggregates and fibrils in (E). Circle markers show the average values cor

responding to the αS103 and αS103+RNA samples. Horizontal and vertical error bars represent the standard deviation of the FWHM and ωcross− β, respectively. 

The average ωcross− β values for αS103 and αS103+RNA are 1633 5 1 cm− 1 and 1631 5 1 cm− 1, respectively. Meanwhile, the average FWHM values are 7 5 2 

cm− 1 and 5 5 2 cm− 1, respectively. The total number of analyzed AFM-IR spectra is 11 for the αS103 and 12 for the αS103+RNA samples.
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the architecture of the polypeptide backbone (84,85) via the 

TDC, which defines the coupling between vibrational modes 

of neighboring peptides (50). According to the TDC theory, 

the strength of this coupling depends on the specific protein 

arrangement along the fibril chain. Typically, the most or

dered, compact, and rigid amyloid fibrils feature a narrower 

cross-β peak centered at a lower frequency when compared 

with the more disordered ones (49).

In the case of the low-polymorphic seed-amplified 

samples, the lower value of ωcross− β obtained for 

αSWT+RNA;seed, together with AFM analysis showing 

increased persistence length of fibrils formed in the presence 

of RNA, suggests that RNA promotes the formation of more 

ordered, compact, and rigid fibrils. Different possible condi

tions can result in more rigid fibrils featuring a shift of the 

cross-β peak to lower frequencies, including increased 

H-bonding, more planar β-sheets, or a larger number of 

β-strands (51, 73). According to our data, one can hypothe

size that the main effect of RNA is an increase of H-bond 

strength between the β-strands along the fibril axis (see 

sketch in Fig. 1 A). In (86), it has been demonstrated that 

the major contribution to the rigidity of amyloid fibrils 

stems from intermolecular forces, primarily in the form of 

an interbackbone H-bonding network characteristic of the 

cross-β structure. The same reference, together with subse

quent ones (60,62), also suggests a positive correlation be

tween the strength of interbackbone H-bonding and the 

persistence length of amyloid fibrils. Further corroboration 

of our hypothesis comes from the presence of the small 

negative peak around 1620 cm− 1 in the second derivative 

curves for the αSWT+RNA;seed sample (see Fig. 2 B), which 

is known to be related to an H-bond type featuring higher 

strength (28,73). In Fig. 5 C, we report a simplified sketch 

that depicts the structural effect of RNA, showing an in

crease in the H-bond between β-strands, represented as a 

decrease in the H-O distance of the carbonyl and amine 

groups in the peptide backbone. Given the supramolecular 

architecture of αS fibrils, it is reasonable to assume that, be

sides a tighter packing of the proteins along the fibril axis, 

the proteins are more compact also in the perpendicular di

rection, leading to a lower value of the fibril diameter (Fig. 1

I) when incubated with RNA. For the polymorphic 

C-truncated αS103 sample, the observed effect, when pre

sent, is still consistent with an increase of the intermolecular 

forces. Using the results from the template seed-amplified 

sample as a benchmark, one can reasonably hypothesize 

that RNA leads to the formation of more rigid and more or

dered fibrils, even for the αS103 isoform. However, high-res

olution AFM morphological characterization and direct 

AFM mechanical measurements (87,88) are required to 

confirm this hypothesis. Finally, for the low-polymorphic 

seed-amplified samples, where we were able to use a more 

‘‘bulk’’ technique such as micro-FTIR to capture a global 

picture of structural heterogeneity, the overall data suggest 

A B

C D

FIGURE 4 RNA has different structural effects on αS103 aggregates with distinct conformations. (A and C) Second-order derivatives of AFM-IR spectra 

acquired on αS103 and αS103+RNA amorphous aggregates (A) and ordered fibrils (C). (B and D) AFM topography maps of αS103 and αS103+RNA amorphous 

aggregates (B) and fibrils (D) . Filled circle markers on the AFM maps indicate the location where the AFM-IR spectra were acquired.
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that the presence of RNA may promote a specific structural 

architecture of fibrils within the polymorphic population 

(see sketch in Fig. 5). This structural effect (as indicated 

by the histograms and PCA scores plot of ωβ in Fig. 2) 

seems to reduce the degree of structural polymorphism.

In the case of αS, the perturbation of intra- and intermo

lecular forces between the N- and C-termini of the mono

meric protein can strongly influence its aggregation 

propensity. Presumably, RNA interferes with these contacts, 

leading to an increased exposure of the hydrophobic central 

core region and an observed increase in the aggregation pro

pensity of αS (24). We confirm these results in terms of ag

gregation kinetics and, in addition, we observe that 

coincubation with RNA potentially leads to a more rigid 

fibril structure, both for αSWT and αS103. The case of 

αS103 is particularly interesting because of the presence of 

what seem to be amorphous aggregates. These exhibit 

similar structural features both in the absence and presence 

of RNA, while the amyloid fibrils appear to be much more 

rigid and compact upon coincubation with RNA. Therefore, 

possibly in the case of ‘‘ordered’’ structures, such as amyloid 

fibrils, the effect of RNA is much more pronounced. This 

correlates well with the other major finding, namely that 

amyloids and particularly those of αS exhibit a much higher 

RNA binding propensity (24). While the original study did 

not involve any structural characterization of the resulting 

aggregates, we can now conclude from our observations 

that a higher RNA binding propensity is correlated 

with a higher conformational impact and a decreased 

polymorphism. Aggregate polymorphism is of particular 

concern for αS, since two structures of patient brain-derived 

amyloids exhibit significant differences, indicating that 

distinct amyloid folds are disease specific (89,90). Studying 

these structural transitions and developing novel approaches 

to decipher these structural changes can therefore be critical 

for advancing our understanding of disease and for 

designing effective diagnostic tools.

CONCLUSION

In conclusion, we have studied the effect of RNA on the su

pramolecular architecture of αS amyloid aggregates by 

leveraging the label-free sensitivity of IR spectroscopy to 

the cross-β architecture of protein fibrils. Combining statis

tical data obtained by means of IR microspectroscopy on a 

few micrometer-square areas with results obtained at the 

nanoscale using the ultrasensitive IR nanospectroscopy 

approach, we could reach an in-depth picture of the struc

tural effect of RNA on the αS fibrils, when αS is coincubated 

with RNA. The observed structural effect is consistent with 

enhanced intermolecular forces, likely via a stronger 

H-bond network stabilizing the cross-β architecture of the 

αS fibrils. For the polymorphic C-truncated αS103 isoform, 

IR nanospectroscopy has proven fundamental to show that 

the greater the order of aggregates, the stronger the struc

tural impact of RNA. Finally, a reduction in the degree of 

polymorphism within the aggregate population was 

observed when αS aggregation occurred in the presence of 

A B C

FIGURE 5 RNA favors the formation of stronger H-bonding among the β-sheets in the αS fibril structure. (A) Energy landscape of protein folding and 

aggregation. (B and C) Distribution of the low-energy levels related to fibril formation (top) and general chemical structure of β-strands (bottom), inside 

the αS (B) and αS+RNA (C) fibril, interacting by H-bonds. In the presence of RNA, the H-bond network is stronger (represented by thick dashed lines).

Intze et al. 

2016 Biophysical Journal 124, 2005–2019, June 17, 2025



RNA. Our work represents an important step forward in the 

understanding of RNA impacts on the structural and 

morphological properties of αS fibrils. Shedding light on 

these phenomena is relevant to the pathological implications 

of neurodegenerative diseases associated with the intracel

lular amyloid formation that can potentially sequester RNA.
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