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Abstract  

Aβ(1-40) peptide supramolecular assembly and fibril formation processes are widely recognized to have 

direct implications in the progression of Alzheimer’s Disease. The molecular basis of this biological process 

is still unknown and there is a strong need of developing effective strategies to control the occurring events. 

To this purpose the exploitation of small molecules interacting with Aβ aggregation represents one of the 

possible routes. Moreover, the use specific labeling has represented so far one of the most common and 

effective methods to investigate such a process. This possibility in turn rests on the reliability of the 

probe/labels involved. 

Here we present evidences of the effect of Thioflavin T (ThT), a worldwide used fluorescent dye to monitor 

amlyloid growth, on the Aβ(1-40) conformation, stability and aggregation. By combining experimental 

information and molecular dynamics simulation results, we show that the presence of ThT in solution affects 

peptide conformation inducing peculiar supramolecular association. In particular ThT interactions with 

specific Aβ(1-40) residues  promotes a rigid partially-folded conformation which shifts the balance between 

different species in solution toward a more aggregation-prone ensemble of peptides, leading to aggregation. 

Our findings  suggest ways for developing strategies to reverse and block aggregation or to stimulate 

supramolecular assembly and consequently reduce the presence of transient oligomers. This investigation 

underlines the need of developing label-free techniques for unbiased quantitative studies of A(1-40) 

aggregation processes. 

 

Keywords: Alzheimer´s disease, Thioflavin T, Aβ(1-40) Peptide, Protein Aggregation, Protein Conformation, 

Secondary Structure. 
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A significant number of high-impact human pathologies, such as Alzheimer’s, Parkinson’s and Huntington’s 

diseases, are characterized by the presence either in intracellular or extracellular regions of protein/peptide 

aggregates [1-4]. The formation of specific protein aggregates, named amyloid fibrils, is considered a generic 

hallmark of these pathologies. Amyloid fibrils are ordered aggregates with a highly organized H-bond 

pattern, representing the most stable state that proteins can adopt [5]. It is nowadays accepted that the 

formation of abnormal oligomers during amyloid assembly pathway is at the basis of toxicity [6-8]. These 

species, often metastable, may disrupt cell membranes and eventually cause cell death by activating multiple 

unwanted cellular responses via mechanisms that are not yet well understood and need to be unraveled.  

The self-assembly of Aβ peptide into fibrillar structures is closely related to the Alzheimer’s disease (AD) 

development. The 40 residues Aβ(1-40) peptide is in fact naturally occurring from the proteolitic cleavage of 

the amyloid precursor protein (APP) [9,10] and it is the most abundant Aβ species in human brain. However, 

such fragment can also undergo an aggregation process and, in the aggregated form, it is found to be one of 

the major components of insoluble plaques detected in brains of AD patients [11].  

The Aβ(1-40) peptide in solution is unstructured [12] and exists as an ensemble of rapidly converting, nearly 

isoenergetic, conformations whose population is dependent on the physico-chemical properties of the 

solution [13]. Depending on solution conditions Aβ(1-40) can also form amlyloid fibrils in vitro, giving the 

opportunity for a more thorough investigation of the aggregation kinetics. In specific conditions, 

aggregation-prone conformations can be favored, causing the onset of supramolecular assemblies [12,14]. 

Several reports indicate that the in vitro Aβ(1-40) aggregation process proceeds via multiple pathways 

involving a number of intermediate species eventually leading to polymorphic structures [15-16]. Recently, a 

chemical kinetic based approach was proposed as a powerful tool for connecting the measurements of 

macroscopic observables to microscopic mechanisms for Aβ amyloid formation. Such an approach aims at 

gaining insights into the multiple events involved in the formation of such supramolecular assembly via a 

detailed estimation of the rate constants of the reactions that are in turn connected to specific mechanisms, 

e.g. primary nucleation and/or more complex autocatalytic processes [17-20]. In this way the isolation of 

single steps of the kinetics is favored, thus helping in the identification of potential aggregation-prone 
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conformations in the early stages of the process. The latter is one of the main challenges that need to be dealt 

with.  

In this context the possibility of using small molecules to modulate the aggregation pathway and isolate the 

occurring species has recently been considered as a potential tool for therapeutics [17, 21-24]. Such 

molecules may reduce the production of oligomers or alter the balance of protein-environment interaction 

favoring supramolecular assembly thus increasing the clearance of reactive species (e.g. toxic oligomers). 

Such molecules can delay or stimulate the fibril formation, stabilize specific intermediate species or even 

disrupt the final aggregate [25-28]. Evidences of the occurrence of such events have driven an increasing 

interest towards the understanding of small molecule-peptide interaction [29-31]. In particular the role of 

specific residues in the peptide-molecule interactions and the possible changes in conformation upon 

interaction should be better clarified.  

In the case of the Aβ peptide, it has been established that the hydrophobic core, consisting of residues 17–21 

(Leu17-Val18-Phe19-Phe20-Ala21), plays a key role in the interaction with small molecules influencing the 

fibrillation process. Masuda and co-workers [31] reported that the small molecule Curcumin can affect both 

Aβ(1-40) and Aβ(1-42) [22] amyloid fibril formation, with 12 and 17-21 residues of the peptide  being 

mainly involved in the interaction. Moreover, Tjernberg and co-workers [32] showed that the peptide 

fragment including residues 16-20 (Lys16-Leu17-Val18-Phe19-Phe20) is the shortest one displaying a high 

binding capacity to the full length Aβ(1-40) peptide and the ability of inhibiting in vitro fibrils formation. 

Recently, Viet and co-workers [33] demonstrated that this fragment binds to residues near the N-terminal, 

Gly9 and His13. For such kind of studies both experiments and simulations have been employed. Specifically, 

Molecular Dynamic (MD) has been recently employed in the emerging field of metallo-proteins and protein-

metal interactions [34, 35]. In the case of the Aβ peptide, MD results have been employed not only to guide 

experiments, but have also been instrumental in designing potential Aβ aggregation inhibitors [36, 37]. 

We have recently reported that Thioflavin T (ThT), a fluorescent probe commonly used as a amyloid-

specific dye, promotes Aβ(1-40) aggregation under near-physiological conditions [38]. In particular, the in 

situ presence of ThT resulted to be necessary to trigger the Aβ(1-40) aggregation process in quiescent 
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conditions [38]. As a consequence, ThT configures itself as a good model molecule for the investigation of 

molecule-induced modulation of the aggregation process, as it is simultaneously the target molecule and the 

tool to monitor the process. In the light of the specific ThT properties, we inferred that hydrophobic and 

electrostatic interactions between Aβ and ThT can potentially be at the basis of the enhanced Aβ(1-40) 

aggregation propensity in the presence of the dye. However, the mechanism of action shifting the protein 

ensemble towards a more aggregation-prone state remains to be clarified as well as the induced aggregation 

pathways. Either a specific stabilization of aggregation prone conformations, with the dye acting as a 

template, or a purely unspecific steric effect can be hypothesized. The occurrence of both mechanisms has 

been reported with reference to the behaviors of certain small organic molecules [39-41].  

Here we present a combined experimental and MD simulation study of the microscopic mechanisms 

underlying Aβ(1-40)-ThT interaction. Experiments highlight different aspects and the intrinsic complexity of 

observed supramolecular assembly. In particular combined high-resolution microscopy and spectroscopy 

techniques revealed the inherent presence of multiple assembly mechanisms triggered by the ThT presence 

in solution, which give rise to aggregates with different properties. MD simulations allow to single out the 

potential role of specific peptide residues  in the interaction with the dye. Moreover, it is possible to identify 

peculiar structural arrangements and geometrical properties of the ThT-induced conformation of Aβ(1-40) 

leading to the onset of the aggregation process. 

 

Methods 

Sample preparation. Thioflavin T (ThT) dye was purchased from Sigma Aldrich and used without further 

purification. Aβ(1-40) was purchased from Biopeptide. According to a slightly modified Fezoui protocol 

[42] the peptide was dissolved in a 2 mM NaOH aqueous solution (pH 10), sonicated for 30 min in a ice-

water bath, and freeze-dried before being stored at -80 °C. This preliminary procedure leads to the 

disaggregation of the peptide. For the experiments, the peptide was dissolved in 50 mM sodium phosphate 

buffer, pH 7.4, with or without ThT, and filtered through 0.20 µm filters. Both the disaggregation and 

dissolution procedures were accomplished in a cold room in order to avoid seed formation. Aβ(1-40) and dye 
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concentrations were estimated by means of absorbance measurements using a molar extinction coefficient of 

1390 M-1 cm-1 at 276 nm and 36000 M-1 cm-1 at 412 nm, respectively.  

Rayleigh Scattering and ThT Fluorescence measurements. Fluorescence and Rayleigh scattering 

measurements were carried out simultaneously during the incubation of the sample at the desired 

temperature. Measurement were acquired every minute in standard right-angle geometry on a 0.5 × 1.0 cm 

PMMA UV-cuvette (BRAND) under excitation at 435 nm using a fluorescence system (ACTON 

Instruments) equipped with a PIXIS charge coupled device as a detector. A Xenon lamp (75 W) was used as 

a light source. Rayleigh scattering signal at 90° was measured as the maximum of the elastic peaks of 

excitation light (435 nm). Complete fluorescence intensity spectrum was measured at each time in order to 

highlight (if any) changes in its shape. Within the experimental error ThT emission measured in present 

experimental conditions did not show unsought peak deformation. Data were corrected for possible lamp 

intensity fluctuations. All the reported aggregation kinetics were measured in quiescent conditions and 

experiments were performed in triplicate showing a high degree of reproducibility.  

Transmission Electron Microscopy. Grids were prepared as described by Foderà and co-workers [43]. 

Briefly, 5 µL of the sample were loaded onto copper 400 mesh grids (Agar Scientific, Stansted, UK) coated 

with Formvar and carbon film. After 60 s, 10 μL of distilled water was added and excess water was removed. 

Subsequently, 10 μL of 2% (w/v) uranyl acetate (Agar Scientific) was placed on the grid and left for 30 s. 

Finally, 2x10 μL distilled water were added and again excess water removed. The grid was then left to dry. 

The same procedure was used for the two samples under investigation. Images were collected using a 

CM100 transmission electron microscope operating at an acceleration voltage in the range of 40-100 kV. 

Foster Recovery After Photobleaching (FRAP) measurements. Aβ(1-40) samples after incubation at 41 

°C were cooled down in an ice-water bath before carrying out the measurements. Drops (10 µl) were placed 

in chambered cover-glass and imaged using a Leica RCS SP5 confocal laser scanning microscope with a 63× 

oil objective numerical aperture (NA) = 1.4 (Leica Microsystems, Germany). Confocal experiments were 

performed using the available FRAP wizard of the LEICA control software. 
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Circular Dichroism (CD) measurements. Measurements in the Far-UV region were carried out on a Jasco 

J-715 spectropolarimeter, equipped with a Jasco PCT 348 WI temperature controller. Sample cell paths were 

0.5 mm. Spectra were acquired using a scan speed of 50 nm/min, data pitch of 0.1 nm, response of 2 s, 

number of accumulations 4. Measurements on thermally treated samples were carried out just after cooling 

down in an ice-water bath. 

Classical Molecular Dynamics. Classical MD simulations of the A(1-40) peptide in interaction with 5 ThT 

molecules in water were performed employing the GROMACS package [44]. The systems are simulated in 

the NpT-ensemble, using the GROMOS53A6 force field [45] which was recently tested to properly work for  

A(1-40) in the work of Gerben et al. [46]. The temperature is held fixed at 300 K using the v-rescale 

thermostat [47] with a coupling time of 0.1 ps. The pressure is kept constant at the reference pressure of 1 

bar with a coupling time of 1 ps and an isothermal compressibility of 4.5·10-5 bar-1, exploiting the features of 

the Berendsen barostat [48]. The single point charge (SPC) model is used for water molecules. The ThT 

force field was computed with the help of the Automated Topology Builder and Repository [49] and 

implemented in GROMOS53A6. 

The number of water molecules (more than 122.000) in the simulation box1 is such that the A(1-40) 

concentration is about 400 M. An appropriate number of counter-ions (Na+ or Cl-) is added in order to have 

a wholly neutral system. MD simulations are performed at neutral pH.  In other words the protonation state 

of the peptide was chosen so as to have N-terminus, arginine and lysine protonated and positively charged, 

while C-terminus, glutamic and aspartic acid are deprotonated and negatively charged, a choice 

corresponding to the expected protonation state of free amino acids at neutral pH. 

Periodic boundary conditions are used throughout the simulation and Particle Mesh Ewald algorithm is 

employed to deal with the long-range Coulomb interactions [50]. The integration time step is 2 fs. A non-

bond pair list cutoff of 1.4 nm was used, and the pair list was updated every ten steps. For each system in 

study we have collected trajectories as long as 90 ns.  

The simulation strategy we followed is the same as in ref. [37]. The relevant structural and dynamical 

 

1  The  volume of the cubic simulation box is 15.43 ≈ 3652 nm3. 



 

8 

 

information about the simulated systems are extracted only using the last 60 ns of the collected trajectories, 

in order to perform the analysis employing sufficiently well equilibrated system configurations. We will also 

occasionally discuss the transient behavior represented by the first 30 ns from which one can extract useful 

information on how the systems approach equilibrium. The structural analysis of the collected configurations 

was carried out using some of the available GROMACS tools and a number of “home-made” codes 

expressly written for the purposes of the present investigation. 

Results and Discussion 

Effect of temperature on Aβ(1-40) aggregation kinetics. In Figure 1A we report the time evolution of 

Rayleigh scattering intensity growth as a function of time for three identical 120 μM Aβ (1-40) samples 

containing 33 μM ThT and incubated at 37 °C (cyan circles), 41 °C (blue plus) and 45 °C (dark pink cross). 

In Figure 1B we show ThT fluorescence intensity kinetics simultaneously acquired during the scattering 

measurements. Rayleigh scattering intensity provides information about the average size of particles in 

solution and gives qualitative information about the overall aggregation process [51]. 
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Figure 1 

ThT fluorescence kinetics gives information on the presence/growth of amyloid-like structures. Data are 

normalized to the ThT intensity value after 3 hours of incubation. The direct comparison among absolute 

values of fluorescence intensity at the different temperatures is, in fact, not possible due to the dependence of 

the quantum yield on temperature [52]. However, comparison of the temporal profiles of fluorescence 

signals during isothermal experiments provides significant information about the activation times and growth 

rates of the occurring processes.  

As it can be seen, scattering signal shows a two-step kinetics with a high degree of reproducibility: a lag-

phase in which the signal slowly increases almost linearly, and a subsequent slope change resulting in an 
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abrupt growth. These observations are in line with what previously observed: in the presence of ThT in 

analogous conditions [38] aggregation is observed, while no scattering growth (massive aggregation) was 

observed in the absence of ThT.  Dashed lines in Figure 1A indicate the duration, t0, of the first part of the 

lag-phase. The same lines are reported in Figure 1B as a reference. The duration of the lag-phase t0 and the 

slope of the signal growth in the second phase are critically dependent on temperature, being the whole 

process faster at higher temperatures. ThT fluorescence kinetics in Figure 1B shows an almost monotonic 

growth. However, a closer inspection of the data may reveal a first concave growth for t<t0 (to the left of the  

dashed lines) and a second almost linear growth. The occurrence of the second phase and its slope strongly 

depend on temperature. The kinetic ThT fluorescence profile in the first phase overlaps for ~6-7 hours 

without showing any significant temperature dependence. From this observation, it is possible to infer that, 

in the observed conditions, and at least in the early stages, ThT signal growth is characterized by the same 

kinetic profile in experiments at different temperature. Only the signal of the sample incubated at 37 °C 

reaches a plateau before the onset of the second phase, which is clearly detected by light scattering (Figure 

1A). Rayleigh Scattering and ThT fluorescence signals show different temporal evolution, the first being 

characterized by a marked biphasic behavior with a steep increase in the second phase, while the second one 

starts with a monotonic growth and undergoes a less prominent change in the second phase.  

The simultaneous analysis of ThT fluorescence kinetics with other observables may help revealing multiple 

facets of the same process. Data in fig. 1 show lack of correlation between scattering and ThT fluorescence 

kinetics acquired simultaneously, highlighting the possible presence of different interconnected aggregation 

pathways, likely characterized by different intermediate species with different affinities to the dye [53].  

The first concave growth in the kinetics at 37 °C can be fitted using a stretched exponential function 

Y=1− exp[− (βt )γ] with β~0.37 sec-1, γ~0.72 (pink line in Figure 1B). Stretched exponential function can 

be used to provide a description of phenomena characterised by the presence of a highly heterogeneous 

sequence of events or species regulated by a distribution of activation energies. Importantly, such a fitting 

procedure does not imply specific models based on molecular mechanisms. The stretched exponential 

function (γ<1) also represents a particular case (with m=1) of the so-called “autocatalytic model” that has 
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been developed for assembly processes in which an array surface catalyzes the rate-determining formation of 

a critical “nucleus” of m units [54]. The finding γ<1 further corroborates the presence of multiple pathways 

already indicated by the lack of correlation between ThT and scattering data. Concave ThT fluorescence 

growth was previously observed in Aβ supramolecular assembly process characterized by a nucleation 

process occurring in presence of seeds [20, 55, 56]. This kinetic profile usually reflects the occurrence of 

heterogeneous nucleation mechanisms along aggregation pathways [57].  

Data in fig. 1A and indicate the presence of a series of interconnected mechanisms (Figure 1). The initial 

increase of the ThT signal does not depend on dye concentration [38] and shows a weak dependence on 

temperature (Figure 1B). 

Effect of ThT on Aβ(1-40) initial and intermediate states during aggregation. To gain further insights 

into the early phases of the process, we analyzed the initial peptide state (before thermal treatment, with and 

without ThT) and the species formed at t0 (dotted line in Figure 1) by means of imaging techniques.  

In Figure 2, representative transmission electron microscopy (TEM) measurements are reported for 150 μM 

Aβ samples in the presence of 30 μM ThT (panels A, B) and in the absence of ThT (panels C, D) before 

incubation. The two samples were freshly prepared using identical protocols and then dried on the sample 

holder (see Materials and Methods).  

 

Figure 2 
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Large quantities of aggregates are found in the samples where ThT is present (Figure 2A and 2B), in 

particular a network of tiny aggregates possibly formed by elongated substructures is observed. On the 

contrary, samples where ThT is not present show very few aggregates of smaller size and with lower level of 

organization (Figure 2C and 2D). Obviously, these measurements do not reflect actual conditions at the first 

stage of the kinetics, since samples underwent (identical) drying procedure before imaging, possibly favoring 

aggregation. However, it is worth noticing that, since the preparation protocol for the two samples is 

identical, any difference between them can be related to nothing else than their intrinsic nature. Figures 2 

(panels A to D) reveal for Aβ(1-40) an increased tendency to aggregate when ThT is present, even at room 

temperature. These measurements indicate that changes induced by the presence of ThT in solution are 

effective right after the sample preparation and before thermal treatment.  

In Figure 2E FAR-UV CD spectra of Aβ(1-40) samples in the presence and in the absence of ThT are 

reported together with the spectrum of the sample after 45 hours of thermal treatment at 41 °C. Importantly, 

no significant differences are found among spectra. CD measurements in Figure 2E indicates that even after 

45 hours of incubation, i.e. when large aggregates positive to ThT (see e.g. fibrillar structures imaged in ref. 

[38]) are present, the CD spectrum does not display significant changes with respect to the one  of the protein 

in the initial  state before incubation.   This observation can be explained noting that only a small fraction of 

the sample is converted into fibrils, leaving a significant part of the molecule with a nearly unchanged 

secondary structure. In this case, as also commented by Arosio et al. [58], the resolution of CD technique 

may not allow the detection of small fractions of aggregates/peptides with a modified secondary structure.  

To further investigate the initial phase of the aggregation process, we then analyzed, as an example, an Aβ(1-

40) sample after 6 hours of incubation at 41 °C in the presence of ThT, that corresponds to an advanced stage 

of the initial growth phase whose end is indicated with the blue dashed line in Figure 1A. This point of the 

kinetics corresponds to the end of the common growth of ThT fluorescence kinetics measured at the different 

temperatures (Figure 1B). We performed single color confocal microscopy measurements whose results are 

shown in Figure 2F. The uniform green signal takes into account ThT fluorescence when the dye interacts 

with protein aggregates whose size is below the instrumental resolution (~200 nm). It is possible to quantify 
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the size of these aggregates using Foster Recovery After Photo-bleaching (FRAP) technique. Several FRAP 

experiments were performed in different areas of the samples showing a homogeneous presence in solution 

of small aggregates bound to ThT. In Figure 2G a typical profile of fluorescence recovery curve from a 

circular area of 10 μm-radius is reported. According to such fluorescence recovery, standard analysis using 

the Kapitza model [59] allows one to calculate a diffusion coefficient D = 29 μm2/s. Similar measurements 

on different solution areas using bleaching regions (with radius from 5 to 30 m) revealed the presence in 

solution of small aggregates (bound to ThT) with hydrodynamic radius ranging between 5 nm and 25 nm. In 

contrast with other standard techniques (e.g. light scattering or bulk ThT fluorescence), these measurements 

allow one to isolate the contribution of the population of molecules that bind to ThT and contribute to its 

fluorescence enhancement, also determining their size. These aggregates of fibrillar nature also contribute to 

the first scattering growth observed in Figure 1 and, importantly, they are uniformly distributed in the whole 

sample (within instrumental resolution). These structures can either 1) be seeds for further aggregation, 2) 

represent propagons [58, 57] that may further interact with non-fluorescent species or 3) be involved in an 

independent assembly pathway.  

Effect of Aβ concentration on the aggregation kinetics. The study of A(1-40) assembly kinetics as a 

function of concentration gives information on the underlying aggregation mechanisms. It is informative 

about the possible presence  of both homogeneous and/or heterogeneous nucleation pathways [17-20, 60].  

Figure 3 shows the time evolution of Rayleigh scattering intensity (A) and ThT fluorescence intensity (B), 

acquired for five Aβ(1-40) samples with peptide concentration ranging between 25 μM and 150 μM, 

containing a constant concentration of ThT (28 μM), during isothermal incubation at 41 °C. The insets in 

panel (A) and (B) report respectively Rayleigh scattering and ThT fluorescence intensity as a function of 

time for three Aβ(1-40) samples incubated at 37 °C at a peptide concentration of 50 µM, 115 µM and 160 

µM. As previously reported [38], in these conditions and in the absence of ThT, no aggregation is observed 

as monitored by Rayleigh scattering.  

Data in Figure 3A clearly show a biphasic behavior analogous to the one reported in Figure 1A. It is 

noticeable that really small variations are observed in the duration of the first phase (t0) as a function of 
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monomer concentration. In Figure 3B ThT fluorescence growth is not observed for samples at peptide 

concentration lower than 65 μM. In these samples Rayleigh scattering growth  is observed only after t0,  

indicating the occurrence of massive aggregation. For sample with peptide concentrations higher than 65 

μM, ThT fluorescence intensity increases. In particular, the monotonic concave growth of the kinetics is 

larger at higher peptide concentration. This shows that, in these conditions, peptide molecules interact with 

the dye, resulting in an increased quantum yield since the very early stages. This last fact indicates that the 

protein-solvent-dye balance of different interactions is also regulated by peptide concentration, probably 

affecting peptide 3D organization via long-range forces.  

 

Figure 3 
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In samples at lower peptide concentration, scattering intensity in Figure 3A shows a biphasic behavior with a 

no significant signal increase in the first phase. Similarly in these samples ThT fluorescence intensity growth 

is not observed (Figure 3B).  

In samples at higher peptide concentration, the ThT fluorescence intensity growth is paralleled by scattering 

increase in the first step, whose slope depends on concentration. 

This phenomenon is more evident for the 150 μM sample when the first 25 hours are examined, thus 

suggesting that the scattering species during this phase are of amyloid-like origin.  

A closer inspection shows that the duration of the first phase in Rayleigh scattering growth remains 

unvaried when protein concentration is increased from 25 μM to 65μM (i.e. when ThT fluorescence 

signal growth is not significant), at higher concentration a really small variation of t0 is detected. 

Specifically, in samples at peptide concentration of 100μM and 150μM the duration of the first 

phase increases by about 3 hours with respect to the lower ones. In Fig.3 inset analogous 

measurements obtained at 37°C. As it is evident the whole process speeds up when the peptide 

concentration is decreased, being the first phase shorter at lower peptide concentration. 

This atypical peptide concentration dependence together with the high reproducibility of the 

observed kinetics (generally observed in the case of templated processes) indicates a major role of ThT in 

the aggregation process. The process seems to involve multiple reacting species in different stages whose 

equilibrium depends on relative concentration of reagents, which vary at each time point and that are 

differently regulated by external factors (e.g. temperature). At lower A concentration, i.e. in conditions 

where ThT fluorescence intensity growth is not observed, large aggregates formation occurs, indicating the 

formation of aggregates that do not bind ThT. At higher concentration ThT interacts with Aβ(1-40) 

molecules since the very first stage of aggregation, leading to ThT- positive aggregates.  

Moreover, data in Figure 3, in combination with previously reported experiments (see Figure 2 in [38]), 

suggest that peptide-ThT interaction dominates the aggregation reaction in such a way that the rate constants 



 

16 

 

of the processes (ThT positive and massive aggregation) depend on the ratio between dye and peptide 

concentrations but that absolute peptide concentration also plays a significant role in regulating assembly 

mechanisms.  

Interaction of the dye with the peptide may lead to the formation of activated species, which act as a rate 

limiting step for the massive aggregation revealed by Rayleigh scattering. Indeed, as we shown in ref 38, at 

constant peptide concentration, the duration of the lag-phase depends on ThT concentration. On the contrary, 

Figure 3 shows that, fixing the ThT concentration, the duration of the lag-phase does not depend on Aβ 

concentration as long as the ThT fluorescence signal does not increase. Moreover, when an increment in ThT 

fluorescence intensity is monitored, the duration of the lag-phase increases as a function of peptide 

concentration. This indicates that the formation of ThT-positive species acts in competition with that of 

activated species  

Self-assembly process appear to be modulated by ThT-mediated interactions. If the reaction would have been 

regulated only by pure peptide-peptide interaction, the aggregation process would have occurred only via 

stochastic nucleation mechanisms (i.e. low degree of reproducibility [61]) with a strong dependence of the 

lag-phase on the peptide concentration [62, 63]. On the contrary, we found that ThT presence in solution 

clearly alters the balance between monomer-oligomers-fibrils populations (Figure 2A-D), so that classical 

scaling laws for aggregation process are not followed. It is anyway worth noting that the growth of 

aggregates able to bind the dye depends on the peptide concentration, and that, at higher peptide 

concentration, these structures undergo a further reorganization leading to the concave profile typical of 

assembly kinetics regulated by complex nucleation mechanisms (Figure 3).  

In summary, results reported till now suggest the coexistence of at least two distinct aggregation pathways. 

Aggregates able to bind to ThT (“ThT-positive” aggregates) are formed in the early phase and their number 

increases as the peptide concentration rises. Furthermore, Rayleigh scattering data reveal that the abrupt 

aggregates growth, observed in the second part of the process (t>t0), occurs only if the ThT is present in 

solution [38] and may occur even in the absence of a ThT fluorescence intensity growth. That is, the 

formation of small aggregates that bind to ThT is not directly linked to the occurrence of the massive 
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aggregation at t>t0, but the presence of the dye is a conditio sine qua non for the activation of massive 

aggregation. Both processes are triggered by ThT though by different mechanisms and different peptide 

concentration-dependence. Moreover, the early formation of ThT-positive species may act in competition 

with massive aggregation observed at longer time. This effect is emphasized in experiments at 37 °C (Figure 

3, insets). At increasing peptide concentration, an enhanced population of ThT-positive aggregates is initially 

formed (Figure 3) probably having as a direct effect the depletion of peptide molecules free to contribute to 

massive aggregation for t>t0 . This in turn determines the apparent “reverse” dependence on concentration of 

t0 (Figure 3) observed at 37 °C and barely visible at higher temperatures. Importantly, since such an effect is 

more evident at lower temperature, we can also conclude that the two aggregation pathways have different 

temperature dependence. Regarding the activation of the massive aggregation, we can infer that ThT 

presence templates the formation and the enrichment of a population of a reactive species during the lag-

phase [64]. These species may constitute critical nuclei for further nucleation mechanisms.  

Alternatively, the observed templated process could resemble the aggregation mechanisms followed by an 

ensemble of proteins in the presence of preformed seeds [55, 56]. This last hypothesis supported by the 

absence of clear peptide concentration dependence for this process, while a strong ThT concentration 

dependence is observed [38].  

 

 

Molecular Dynamics Simulation and Aβ(1-40)-ThT interaction. In the previous section we presented 

evidences of the direct effect of ThT on the monomeric peptide and, as a consequence, on the aggregation 

kinetics. Given the complex interactions highlighted by experimental data, it would be an important piece of 

information to obtain insights into the way the dye interacts with a single peptide triggering the aggregation 

process. To this purpose we performed MD simulations, that allows the investigation at atomistic level of the 

mechanisms involved in the interaction between Aβ(1-40) peptide and ThT molecules. MD simulation are 

aimed at  identifying possible ThT binding sites, getting indications on most stable A(1-40) conformations 
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and on their potential reactivity. As a consequence, the interest is focused on the interaction of ThT 

molecules with one A peptide.  

We performed classical MD simulations of a model system where one Aβ(1-40) peptide is dissolved in water  

together with 5 ThT molecules. The rationale for this choice is to monitor the behavior of a system where a 

sufficiently high number of ThT molecules are in position of interacting with the Aβ(1-40) peptide thus 

facilitating the search for possible A(1-40)-ThT interaction sites and highlighting any ThT-induced change 

in the A(1-40) conformation.  

Starting from the Aβ(1-40) NMR structure ID:1IYT [65] we analyzed the effect of the presence of 5 ThT 

molecules on the peptide structure and conformation during the MD simulation time, using different 

structural indicators. Data were compared to the case of Aβ(1-40) peptide in water in the absence of ThT. 
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Figure 4 

We report in Figure 4A the Root Mean Square Displacement (RMSD) of the peptide [66] as a function of 

time referred to only the peptide backbone atoms of the Aβ(1-40) (green points) and Aβ(1-40)-ThT (magenta 

points) systems along the 90 ns of the NpT simulation. The time behavior of RMSD was computed by means 

of the g_rms [66] GROMACS tool, using as a reference configuration the PDB structure from which MD 

simulations were started. 

As it can be seen in the region between 30 ns and 90 ns, the value of RMSD as a function of time is quite 

stable in the presence of ThT (magenta) while in the absence of dye molecules (green) it reaches a plateau 
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only in the last 20 ns (Figure 4A). Moreover, in the first 30 ns (dark cyan area), the two systems display quite 

a different approach to equilibrium. In the absence of ThT the RMSD of the A(1-40) system (green) moves 

rapidly to a plateau, while the Aβ(1-40)-ThT system (magenta) gradually approaches it. A comparison of the 

mobility of the two systems can be performed in terms of the quantity  

σ
R
= [1

T
∑

t

1

N
R

∑
j

∣r
j
( t )− 〈r

j
〉∣2]

1/2

       (1) 

where T is the length of the MD trajectory, {rj(t), j=1,..., NR}, are the positions of the NR atoms belonging to 

the residue R and <rj> represents the average position of the j-th residue atom along the trajectory. For the 

computation of this quantity only the last 60 ns of the simulation was used. The behavior of R as a function 

of the aminoacid residue position for the two systems of interest is displayed in Figure 4B. The mobility R is 

computed using the g_rmsf GROMACS routine. 

The kind of values taken by R at the amino acid residue position suggests that interactions with ThT force 

constraints that reduce the size of the basin of the peptide accessible conformations. The 1-16 region doesn't 

show significant mobility differences, that are instead well visible in the 17-38 region. This region includes 

the central hydrophobic cluster Leu17-Val18-Phe19-Phe20-Ala21 known to form the core of the minimum fibril 

forming sequence [67] that is considered crucial in the aggregation process. Indeed, planar aromatic 

interactions involving the two Phe residues were proposed to stabilize the fibrillar structure and to determine 

the main structure of the amyloid fibrils [68].  

These modifications can be ascribed to the direct interaction of ThT molecules with specific Aβ(1-40) 

residues. To verify such hypothesis, we measured the time evolution of the distance between the Aβ peptide 

and each one of the 5 ThT molecules. In Figure 5, for each ThT molecule, the occurrence of an event where 

a ThT molecule approaches a specific Aβ(1-40) residue is reported as a function of the simulation time. 
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Specifically, a given symbol is drawn in the plot if the center of mass of the n-th ThT molecule is found 

within 8 Å from anyone of the Aβ(1-40) backbone atoms2.  

As shown in Figure 5 all the five ThT molecules approach the peptide. However, the time of permanence in 

the peptide vicinity is quite different. In particular both ThT nr. 1 and nr. 4 approach the peptide for a very 

short time, the former ThT nr. 1 at the end of the simulation trajectory and ThT nr. 4 in the interval 36-39 ns.  

ThT molecule nr. 2, instead, comes close to the Aβ(1-40) peptide after about 48 ns and remains in its vicinity 

until the end of the simulation. Specifically, it interacts with the residues located at the two extremes of the 

3-26 fragment. It is interesting to note that ThT nr. 2 interacts with an unstructured region by acting as a 

“lock” that imposes  stable hairpin like structure. ThT molecule nr. 3 approaches the peptide backbone 

(fragment 5-25) immediately after the simulation starting and remains in this position for the whole 

simulation.  

As it is clear from Figure 5, both ThT nr. 2 and nr. 3 are found to predominantly interact with aromatic 

residues. ThT nr. 2 interacts with the peptide in the region 3-6 namely with the sequence Glu-Phe-Arg-His, 

and 24-27 i.e. Val-Gly-Ser-Asn while ThT nr. 3 interacts very stably along the whole simulation time with 

the peptide in regions 10-11 (Tyr-Glu) and 19-21 (Phe-Phe-Ala), forcing these last residues in a more rigid 

conformation as shown in Figure 4B. Finally ThT molecule nr. 5 is found in the vicinity of the peptide (28-

40 region) in the last 14 ns close to the -sheet structure. It cannot be excluded that this ThT molecule may 

possibly have a role in the peptide-peptide interaction. Indeed, the vicinity of the molecule to the β-sheet 

structure could favor intermolecular interactions [70] able to block the ThT molecule in between two peptide 

molecules.  

 

2 The 8 Å-limit is chosen to be slightly larger than the sum of the van der Waals radius of A(1-40) and the n-ThT 

molecule. 
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Figure 5 

We also monitored secondary structure evolution during the simulation using a protocol for the definition of 

secondary structure of proteins (DSSP) previously proposed in [69] and implemented in GROMACS in the 

do_dssp tool. In Figure 6 we show DSSP results as a function of the simulation time for the A(1-40) 

peptide both in the absence (panel A) and in the presence (panel B) of ThT. Above each DSSP panel, we 

draw the photograms showing the most representative tridimensional structures of the cluster of 

configurations encountered every 10 ns 3.  

 

 

3 The most representative structure of the cluster is computed by using the g_cluster GROMACS' routine and it is the 

centroid of the most populated cluster retrieved for each 10 ns time interval. 
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Figure 6 

Looking atthe Aβ(1-40)-ThT system, one notices that the α-helix structure (blue) is completely lost after few 

ns. At the same time, β-sheet (red) and turn (yellow) structures in the 28-38 segment, together with a 13-20 

segment of 5-helix, appear and remain almost stable for the whole simulation time. We report in Table 1 the 

relative content of secondary structure as computed along the final 60 ns. It is worth mentioning here that the 

influence of ligands on the Aβ(1-40) aggregation propensity relies on their ability of altering the peptide 

secondary structure organization. As an example, ligands able to increase A helix stability are found to 

reduce fibrils formation, whereas compounds with no effects on secondary structure do not seem to affect 

fibril formation [37, 71]. 
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 Coil -sheet -bridge  bend Turn -helix 5-helix 

A 39% 2% 2% 19% 7% 23% 8% 

A-ThT 42% 10% 3% 20% 7% 4% 13% 

 

 

Table 1 

The ThT-peptide interaction is found to “lock” the peptide in a closed chain conformation where the 

hydrophobic region 28-38 is forced to form a short β-sheet that may act as a reactive site for peptides 

intermolecular interactions. In fact, looking at Figures 5 and 6, it can be noticed that, when ThT nr. 3 starts 

interacting stably with Tyr10 and Phe19, A(1-40) takes a -sheet structure in the 28-38 region and does not 

lose this structure irrespective of how many other ThT molecules approach the peptide. The observed 

differences of the folding of the two A(1-40) systems, with and without ThT molecues, together with the 

close interaction of ThT nr. 2 and nr. 3 stabilizing an extended -sheets structure in the first steps of the 

simulation, represent a proof on the role of the dye in controlling the secondary structure of the peptide, 

likely enhancing the overall aggregation propensity of the peptide ensemble. It is worth noting that, at the 

end of the simulation, ThT nr. 5 and, though for a reduced time, also ThT nr. 1 approach the peptide exactly 

in the -sheet region, neither interfering with ThT nr. 3 nor with the stability of the 28-38 secondary 

structure. 
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Figure 7 

A representative structure of the last 10 ns of simulation is reported in Figure 7 where three ThT molecules 

are visible. The two aromatic rings in ThT nr. 3 are packed in between the aromatic rings of Tyr10 and 

Phe19. This configuration leads to the critical exposure of other aromatic residues that may take part in 

supramolecular association. 

Although it is evident that simulation conditions are rather far from the experimental ones, the data we have 

presented can elucidate the experimentally observed effects of ThT on the Aβ(1-40) stability. The “locked” 

ThT-induced conformation contains a short β-sheet in the hydrophobic region and its subsequent reduced 

mobility may indeed change the energetic equilibrium of the peptide ensemble. This can probably lead to 

favorable stacking interactions also due to the varied spatial organization of the aromatic residues in presence 

of the dye as well as to selected directionality and orientation of new intermolecular bonding. This would be 
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in agreement with the tendency to aggregation experimentally observed by TEM imaging even at room 

temperature (Figure 2) and the ability of ThT in inducing aggregation processes (Figure 1 and 3),  otherwise 

not present in its absence [38]. Specifically, we can postulate that this “locked” conformation may favor 

intermolecular interaction both with “template” molecules and unstructured monomers giving rise to the two 

different aggregation pathways experimentally observed. In particular a direct interaction of such ThT-

induced conformation could in principle give rise to the formation of the ThT-positive aggregates, while 

interaction of such state with unstructured monomers could be at the basis of the observed massive 

aggregation. Further mechanisms can be also supposed including the interaction of A or “templated” A 

with ThT clusters or micelles, which are not observed in the present simulations, but might be present in real 

solution conditions and contribute to some extent to aggregation. 

According to the MD data, the [ThT]/[Aβ(1-40)] ratio needed to experimentally observe an overall 

secondary structure conversion in real sample should be extremely high. In the presented experimental 

conditions only a fraction of the Aβ(1-40) sample would be able to interact with ThT, so that the extent of 

the expected secondary structure changes cannot be appreciated by CD, being them within the experimental 

error. 

. 

Conclusions 

We presented a thorough study on the interaction between Aβ(1-40) and ThT and the effect of the dye on the 

Aβ(1-40) conformation and aggregation propensity. Experimental data show that ThT presence triggers a 

complex aggregation pathway with multiple intermediate states whose equilibrium depend on peptide 

concentration, [ThT]/[Aβ(1-40)] ratio and temperature. We previously demonstrated that at constant peptide 

concentration ThT presence induces aggregation and that increasing ThT concentration causes the 

acceleration of aggregation kinetics without modifying aggregation kinetic profile [38]. In the same 

experimental conditions, but in the absence of ThT, Aβ(1-40) aggregation processes do not occur. 
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Data presented here unequivocally show that the aggregation process induced by ThT involves at least two 

association mechanisms. One responsible for the massive aggregation revealed by Rayleigh scattering, the 

second one hinted by an increase of ThT fluorescence signal as a function of time and a small increment in 

the Rayleigh scattering signal, during the lag-phase.  

At low peptide concentration no ThT fluorescence signal growth is observed and supramolecular assembly 

leads to the formation of “ThT-negative” aggregates. In these conditions, a proper lag-phase in scattering 

intensity kinetics is observed with no growth until the second phase occurs. At higher peptide concentration 

two aggregation pathways are activated. In the first stage, aggregation leads to the formation of “ThT-

positive” complexes with this process being paralleled by a scattering growth of small extent. An abrupt 

growth in the scattering signal is observed after this “modified” lag-phase. The “ThT-positive” aggregates 

formed in the first stage likely decrease the protein material available for massive aggregation. The reduction 

of available protein material leads to a decrease of the rate of growth of the  second part of the scattering 

signal. 

In these conditions, where ThT fluorescence growth is observed, the energy barriers regulating the aggregate 

growth appear to be low enough not to result in significant temperature dependence of fluorescence kinetics. 

This is true at least in the first stages of the measurements where the formation of uniformly distributed 

oligomers binding to ThT is detected. All experimental data, point toward a templated-effect induced by ThT 

that regulates a supramolecular assembly process in which only a small fraction of peptides changes its 

conformation  which is then converted into fibrils.  

MD simulations confirm that ThT may interact with a single A peptide and allow identifying possible 

binding sites of ThT molecules along the peptide chain. We have been able to highlight in this way the 

existence of a novel ThT-induced Aβ(1-40) conformation characterized by an enhanced content of β-sheet 

structures and a pronounced conformational rigidity. We identify the specific Aβ(1-40) regions involved in 

the interaction as being the residues 3-6 10-11 19-21. All together our results show the ability of ThT in 

modulating the aggregation reaction of Aβ(1-40) and provide new insights into both the Aβ(1-40) 

aggregation propensity and the possibility of using ThT as small molecule for the modulation of inter-protein 
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interactions. Our study also poses new questions regarding the needs of developing new quantitative and 

label-free techniques for a reliable (i.e. unbiased) investigation of Aβ(1-40) aggregation processes. 
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Figure 1. A: Normalized Rayleigh scattering intensity at 435 nm as a function of time for A(1-40) samples 

at three different temperatures. The peptide was dissolved in 50 mM sodium phosphate buffer, pH 7.4, 

containing 33 µM of ThT, to a final concentration of 120 µM; B: ThT fluorescence intensity as a function of 

time acquired simultaneously to Rayleigh scattering. The fluorescence curves were normalized to the ThT 

fluorescence intensity value after 3 hours of incubation in order to compare the temporal profiles. Pink solid 

line indicates the stretched exponential fit (see text). Vertical dashed lines correspond to the end of the lag-

phase (t0) for the three temperatures. 

Figure 2. A, B, C and D: Representative transmission electron microscopy measurements on Aβ(1-40) 

samples prepared dissolving the peptide in 50 mM sodium phosphate buffer, pH 7.4, with (A and B) and 

without (C and D) the addition of 30 µM of ThT. The inset scale bar in panel D is 2 µm. E: Far-UV CD 

spectra acquired at RT for Aβ(1-40) sample before and after 45 hours of thermal incubation at 41°C. The 

spectrum of an identical sample without ThT addition is also reported for comparison. Panel F: 512X512 

confocal image of the edge of a drop of an Aβ(1-40) sample identical to that one in panels C and D. This 

sample was incubated at 41 °C and images acquired during the first stage of the kinetics. Panel G: Typical 

Fluorescence recovery profile obtained from FRAP experiments on a circular region of 20 µm radius (ROI-

1) on sample in panel E.  

Figure 3. A: Rayleigh scattering intensity at 435 nm as a function of time for Aβ (1-40) samples at different 

peptide concentrations, incubated at 41 °C. The peptide was dissolved in 50 mM sodium phosphate buffer, 

pH 7.4, containing 28 µM of ThT. Inset: Rayleigh scattering intensity at 435 nm as a function of time for Aβ 

(1-40) samples containing 33 µM of ThT, incubated at 37 °C. B: ThT fluorescence intensity as a function of 

time simultaneously acquired to Rayleigh scattering in panel A. Inset: ThT fluorescence intensity as a 

function of time simultaneously acquired to Rayleigh scattering in the inset of panel A.  

Figure 4. A) Aβ(1-40) peptide RMSD(t) in the absence (green) and in the presence (magenta) of ThT 

molecules along the 90 ns NpT simulation. The dark cyan area indicates the initial equilibration time. B) 

Mobility of Aβ(1-40) residues. Color code is as before. Only the last 60 ns of the simulation was used. 

Figure 5. ThT molecules whose center of mass is within 8 Å from the Aβ(1-40) backbone atoms as a 

function of simulation time. For readers convenience we write here the A(1-40) amino acid sequence 

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV 

Figure 6. Aβ(1-40) DSSP secondary structure as function of simulation time in the absence (panel A) and in 

the presence (panel B) of ThT. The tridimensional structure of the most representative configuration of each 

10 ns simulation are drawn as cartoons. 

Figure 7. 3D drawing of the Aβ(1-40)-ThT representative structure of the last 10 ns of Molecular Dynamic 

Simulation. This could indicate an higher affinity of the ThT induced conformation with further ThT 

molecules.  

 

Table 1. Relative secondary structure content computed for Aβ(1-40) and Aβ(1-40)-ThT systems along the 

final simulated  60 ns. In red are indicated significant changes induced by ThT. 

 


	The kind of values taken by R at the amino acid residue position suggests that interactions with ThT force constraints that reduce the size of the basin of the peptide accessible conformations. The 1-16 region doesn't show significant mobility diffe...

