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Fluorescence correlation 
spectroscopy reveals a cooperative 
unfolding of monomeric amyloid-β 
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Aggregation of amyloid-beta (Aβ) is believed to be one of the key processes in the development and progression 
of Alzheimer’s disease (AD). Monomeric Aβ is formed by cleavage of the amyloid precursor protein (APP) by 
β- and γ-secretases. Depending on the exact cleavage sites of the secretases, di�erent isoforms of the mono-
meric Aβ evolve and are released into the extracellular space. �e high aggregation propensity of Aβ42 even 
at low micromolar concentrations is a major problem to elucidate the monomer structure in purely aqueous 
solutions by conventional techniques such as nuclear magnetic resonance (NMR) spectroscopy or X-ray di�rac-
tion. �erefore, information about Aβ42 monomer conformation exists so far only from solutions containing 
hexa�uoroisopropanol (HFIP)1, 2. However, these conditions are far from being physiological, especially because 
typical Aβ42 concentrations in vivo are in the nanomolar range3. �us, there is not much experimental evidence 
on the structural properties of Aβ monomers. Understanding the structural conversions of Aβ42 during aggre-
gation can be the basis for drug development and AD treatment. It is suggested that the Aβ42 monomer might 
exist in equilibrium between a folded and unfolded conformer4, but to date there is no substantial experimental 
evidence for this hypothesis.

In this study, we applied �uorescence correlation spectroscopy (FCS) to follow changes in the hydrodynamic 
radius of dye-labelled Aβ42 and thus to be able to observe its unfolding transition with increasing guanidine 
hydrochloride (GndHCl) concentrations. Since FCS measurements are typically performed at low nanomolar 
concentrations, this technique is well-suited to study dye-labelled Aβ42 monomers.

Our �ndings demonstrate that Aβ42 shows a cooperative unfolding pattern when denatured with GdnHCl 
under near-physiological conditions. �e Gibbs free energy of unfolding was determined to be about 2.8 kcal/
mol, thereby indicating that stable structural elements are present.
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β We dissolved lyophilized recombinant Aβ42 with an addi-
tional cysteine residue at the N-terminal end (position zero) “C(0)Aβ42” (preparation is described in the 
Supplementary Information), in 6 M GdnHCl (pH 7.4) containing a 10-fold molar excess of tris(2-carboxyethyl)
phosphin (TCEP). 1 mg of Alexa Fluor 488 maleimide (Molecular Probes, Eugene, OR, USA) was dissolved in 
100 µL DMF (N,N-Dimethylformamide Uvasol for spectroscopy, Merck, Darmstadt, Germany) and added to the 
reaction mixture in order to maintain a 5-fold molar excess of the dye. �e labelling reaction at the N-terminal 
cysteine residue was performed at room temperature overnight. Herea�er, unreacted dye was separated from 
labelled C(0)Aβ42 (termed AF488-C(0)Aβ42) by reversed-phase high performance liquid chromatography 
(rp-HPLC) with 29% Acetonitrile/H2O + 0.1% TFA and at 80 °C. Furthermore, the resulting dye-conjugate frac-
tion was lyophilized (SpeedVac (AVC 2-18) with cold-trap LT-105, Christ, Osterode am Harz, Germany) and 
stored at −80 °C until further use.

Our dye-conjugate variant of Aβ42 with an additional cysteine at the N-terminus is expected to have the 
same structural properties as the unmodi�ed Aβ42. �e insertion of the uncharged amino acid cysteine at the 
N-terminus, which is known to be unstructured1, 5, is not expected to change the properties of our monomer. 
Compared with the dye molecule, the additional cysteine contributes less molecular weight that the dye itself and 
acts as a linker between the dye and the Aβ42 to prevent interference between the dye and the Aβ peptide6. Based 
on the most direct and important property of Aβ42 we did not �nd any drastic change. In particular, we found 
that the dye-conjugate of C(0)Aβ42 is able to aggregate exactly as Aβ42, as shown in the size exclusion chroma-
tography (SEC) (Fig. S1) of C(0)Aβ42 indicating aggregates thereof eluting earlier than the C(0)Aβ42 monomers.

All solutions were prepared with Milli-Q water 
(Merck Millipore, Darmstadt, Germany) and high-purity 8 M GdnHCl stock solution. �e 8 M GdnHCl stock 
solution was used to prepare a 6 M GdnHCl solution in 125 mM phosphate bu�er at pH 7.4. �e resulting solu-
tion was then further used to prepare GdnHCl solutions ranging from 0 to 6 M in 125 mM phosphate bu�er (pH 
7.4) for the unfolding experiments. �e GdnHCl concentration of each solution was checked by refractive-index 
measurements (Refractometer, Bausch & Lomb, Rochester, NY, USA) using an empirical relation between 
GdnHCl concentration and refractive index, as described by Nozaki et al.7. Additionally, we measured the kin-
ematic viscosity (micro-Ostwald Viscosimeter with capillary type I, LAUDA Dr. R. Wobser GmbH & Co. KG, 
Lauda-Königshofen, Germany) and the density (Density meter DMA 5000, Anton Paar, Scharnhausen, Germany) 
of each of these GdnHCl solutions to obtain the dynamic viscosity at 23 °C. �is was needed in order to convert 
the di�usion coe�cient into a hydrodynamic radius, as shown in the Supplementary Information.

1-focus �uorescence correlation 
spectroscopy (1fFCS) measurements were performed on a home-built confocal �uorescence detection setup 
equipped with a pulsed laser diode (λ = 470 nm, LDH-P-C-470, PicoQuant, Berlin, Germany). �e laser light is 
forwarded into the microscope via a dichroic mirror (dichroic mirror z470/635, AHF Analysentechnik, Tübingen, 
Germany). A water-immersion objective (UplanApo 60 × 1.2 W, Olympus, Melville, NY, USA) focuses the laser 
beam into the sample solution where �uorescent molecules are excited. Fluorescence light is collected by the 
same objective in reverse direction, passing through the dichroic mirror and focused onto a pinhole of 100 µm 
diameter by a tube lens. A polarising beam splitter separates photons according to their polarisation. Each beam 
is subsequently focused onto a single-photon avalanche detector (SPAD) detector (PDM, MPD, Bolzano, Italy). 
For �uorescence correlation spectroscopy (FCS) analysis, the signals from both detectors were cross-correlated 
to remove detector artifacts such as a�erpulsing8.

FCS measurements were conducted in a 389 well-plate (384 Well Greiner Microplate, Greiner Bio-One, 
Frickenhausen, Germany) covered with foil to prevent solvent evaporation. �e correction collar was adjusted 
to gain maximum intensity when measuring a concentrated solution (~10 nM) of Alexa Fluor 488 (AF488). A 
laser power of about 20 µW was chosen to prevent triplet formation and saturation e�ects. �e concentration of 
AF488-C(0)Aβ42 was about 3 nmol/L. �e correlation and the following �tting were performed using custom 
so�ware written in MATLAB (�e MathWorks, Natick, MA, USA). A typical FCS measurement contained more 
than 20 million detection events. �is data was subsequently split into subpackages of 2 million events resulting 
in 10 correlation curves for each GdnHCl concentration. �e correlation curves were �tted by a one-component 
di�usion model and subsequently converted into hydrodynamic radii by the Stokes-Einstein relation. Further 
details on data �tting and evaluation can be found in the Supplementary Information.

Dual-focus �uorescence corre-
lation spectroscopy (2fFCS) measurements were performed on a time-resolved confocal �uorescence microscopy 
system (MicroTime 200 with dual-focus option, PicoQuant, Berlin, Germany). For excitation, two identical laser 
diode heads (λ = 470 nm, LDH-P-C-470, PicoQuant, Berlin, Germany) provide synchronised laser pulses with 
alternating orthogonal polarisation. According to this polarisation, the laser pulses are de�ected in two slightly 
di�erent directions by a Nomarski prism (U-DICTHC, Olympus, Melville, NY, USA), which is placed in front of 
the water-immersion objective (UPLSAPO 60xW, 1.2 N.A., Olympus, Melville, NY, USA). In this way, two over-
lapping but laterally shi�ed foci are generated in the sample. Because the lateral distance remains constant over 
time for a given wavelength, absolute values of the di�usion coe�cient can be measured9.

2fFCS measurements were conducted in sealed sample cells at 23 °C, whereas an absolute accuracy of 0.1 °C 
is achieved by homemade temperature regulation10. �e total laser power was adjusted to approximately 50 µW, 
before the laser light is re�ected towards the objective. �e measurement time was adjusted to detect 4 × 106 
photons per point at least. �e detected photons were divided into 2 × 106 photon subpackages. Several points 
were recorded for each sample. �e resulting autocorrelation and cross-correlation functions were �tted by a 
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one-component di�usion model. �e obtained di�usion coe�cients were averaged over all measured data points 
and converted into hydrodynamic radii by the Stokes-Einstein relation. Further details on the 2fFCS setup, data 
�tting and evaluation can be found in the Supplementary Information.

Photon counting histogram (PCH) analysis was performed to 
check if the amyloid beta molecule solely exists in its monomeric form under low-nanomolar concentrations. 
PCH analysis is a powerful tool to discriminate di�erent molecules based on their brightness. Müller et al. 
demonstrated that PCH is capable of distinguishing singly and doubly labelled proteins11. �us, PCH is com-
plementary to FCS which is not able to resolve two �uorescent molecules of similar size12. Additionally, PCH is 
especially useful when molecules tend to form oligomers13. �e basics of PCH analysis are brie�y described in the 
Supplementary Information. For more details, we refer to the paper by Chen et al.14.

By plotting the hydrodynamic radius RH versus the denaturant concen-
tration, an experimental curve was obtained which is referred to as experimental unfolding curve subsequently. 
A two-state unfolding model was applied to �t the experimental unfolding curves (equation (1)) by using a 
Levenberg-Marquardt simplex algorithm in Origin (OriginLab, Northampton, MA, USA).
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RH,N and RH,U denote the hydrodynamic radius of the native and unfolded form of the peptide, respectively, T is 
absolute temperature in Kelvin and R is universal gas constant. ∆GH O2  denotes the Gibbs free energy in the 
absence of denaturant and can be used to assess the structural stability of a peptide15. m is a measure of coopera-
tivity of the unfolding transition and is proportional to the change in the solvent-accessible surface area (∆SASA) 
when going from the native to the denatured conformation16. This will be discussed in more detail in the 
Supplementary Information. �e denaturant concentration is given by [D]. Equation (1) incorporates the linear 
extrapolation model which assumes a linear relationship between the Gibbs free energy ∆G and the denaturant 
concentration17:

∆ = ∆ −G G m D[ ] (2)H O2

For a better comparability between several independent measurement series, the hydrodynamic radii from 
the FCS unfolding experiments were also transformed into the fraction of denatured peptide fexp by the following 
equation:
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RH,min and RH,max denote the smallest and largest measured hydrodynamic radius of the peptide, respectively. With 
the fractions of the native and unfolded form of the peptide, fN and fU, equation (1) turns to:
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Results and Discussion
β Purely monomeric AF488-C(0)

Aβ42 was prepared from recombinant C(0)Aβ42 a�er AF488 coupling to the cysteine residue and subsequent size 
exclusion chromatography (SEC) (Fig. S1 in the Supplementary Information). �e time between SEC puri�cation 
and the FCS unfolding measurements ranged from minutes to hours. We have not observed any dependence of 
the experimental results on the lag time between SEC puri�cation and experiment start. �ere was no indication 
for the presence of AF488-C(0)Aβ42 aggregates from FCS analysis (Figs 1 and S2).

Hence, in order to be sure that the unfolding transition is solely due to conformational changes of the mon-
omers, we performed PCH analysis on the data set of the FCS unfolding experiments, particularly at the lowest 
GdnHCl concentration (0.25 M) and at a high GdnHCl concentration (5 M). In case there would have been oli-
gomers present in the solution, a one-component �t to the experimental PCH would have failed and resulted in 
a reduced chi-squared much higher than one. Figure 2 reveals that �tting the experimental PCH of AF488-C(0)
Aβ42 with a one-component model yielded a good �t with a reduced chi-squared close to one over the entire 
GdnHCl concentration range.

In addition, the brightness values of free AF488 dye and AF488-C(0)Aβ42 were almost identical at 0.25 M 
and 5 M GdnHCl, respectively (Table 1). A substantial amount of oligomeric species would have yielded a higher 
brightness of AF488-C(0)Aβ42 compared to the free dye13. �e 2.5–3-fold smaller brightness at 5 M GdnHCl 
results from a bathochromic shi� in the excitation and emission spectra (Fig. S8), which leads to a decrease in the 
detected intensity since the excitation and emission �lter set was chosen according to the non-shi�ed spectrum 
at zero molar GdnHCl. It shall be noted that the veri�cation of the monomeric form was performed on the same 
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data set, which was �nally used to construct the unfolding curve. �is is in contrast to other methods such as 
circular dichroism (CD) spectroscopy or 4,4′-bis-1-anilinonaphthalene-8-sulfonate (Bis-ANS) �uorescence in 
which the veri�cation is done on a separate instrument (e.g. SEC) a�er the actual unfolding measurements (see 
e.g. ref. 18).

β Upon unfolding 
in GdnHCl, the increasing hydrodynamic radii, as well as the increasing viscosity of the solutions, leads to a 
right-shi� of the correlation curves, as shown in Fig. 1. For quantifying the unfolding e�ect, the correlation curves 
were �tted by a one-component di�usion model (equation (S1)) and the corresponding di�usion coe�cients 
were converted into hydrodynamic radii via the Stokes-Einstein relation. Plotting the hydrodynamic radii as a 
function of the GdnHCl concentration yields the appropriate unfolding curves shown in Fig. 3A and B.
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Figure 1. Normalized correlation curves (○) with their corresponding best-�t lines (−) of AF488-C(0)Aβ42 
under denaturing conditions of increasing GdnHCl concentrations and based on a one-component di�usion 
model (equation (S1) in the Supplementary Information). �e shi� towards larger correlation times can mainly 
be attributed to (i) the increasing viscosity of the GdnHCl solutions and (ii) an increase of the hydrodynamic 
radius due to the unfolding process.
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Figure 2. Photon counting histograms of AF488-C(0)Aβ42 in 0.25 M GdnHCl solution (le�) and in 5 M 
GdnHCl solution (right). 0.25 M GdnHCl was the lowest GdnHCl concentration applied in the 1fFCS 
measurements whose data was used to generate the photon counting histograms. Each dashed line in this �gure 
represents a �t to a one-component model. A reduced chi-squared of χr

2 = 0.6 and 1.2, respectively, indicates an 
excellent �t to this model where the F-value (equation (S16)) was determined from a separate measurement 
with free AF488 dye.

sample AF488 AF488-C(0)Aβ42

GdnHCl conc. [M] 0.25 5 0.25 5

brightness [kHz] 16.23 (±0.22) 6.36 (±0.43) 18.73 (±2.23) 6.32 (±0.18)

Table 1. Comparison of the brightnesses of free AF488 dye and AF488-C(0)Aβ42 in 0.25 M and 5 M GdnHCl 
solution obtained from PCH analysis (Fig. 2).
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We measured a whole unfolding series of AF488-C(0)Aβ42 using 2fFCS and compared the correspond-
ing unfolding curve with one obtained by 1fFCS in order to validate that the 1fFCS results are not biased by 
refractive-index changes. Both unfolding curves show a similar course with a transition region between 1 and 
2.5 M GdnHCl. �e hydrodynamic radius RH,N at about zero molar GdnHCl corresponds to the hydrodynamic 
radius of the native conformation. �e RH,N- value is about 9.6 Å for both methods, which is in good agreement 
with the results reported in studies that characterized Aβ isoforms19–21. �e hydrodynamic radius of the unfolded 
conformation RH,U can be extracted from the unfolding curve at high GdnHCl concentrations (3 to 6M) and is 
about 13.0 Å (A) or 13.6 Å (B). Because Aβ42 is small and believed to be unstructured to some extent the absolute 
change in hydrodynamic radius upon unfolding was expected to be much smaller than for other proteins22–24. 
Our results con�rm our assumption.

�e steepness of the unfolding curve in the transition region contains information about the structural stabil-
ity of the peptide. �is information is enclosed in the m-value and ∆GH O2 , respectively (equations (1) and (2)), 
whereas the latter one reports on the stability of the native conformation of a protein in the absence of denatur-
ant15 and can thus, for example, be used to compare protein mutants with their corresponding wild-type25. Both 
parameters can be extracted by �tting the experimental unfolding curve to a two-state unfolding model (equation 
(1)). As presented in Table 2, the parameters ∆GH O2  and m are very close together.

It shall be mentioned that the 1fFCS and 2fFCS unfolding curves in Fig. 3A and B are based on a single meas-
urement series each, which results in small error bars of the unfolding curves and correspondingly in small errors 
of the �t parameters. In this case, the error bars of the unfolding curves were derived as the standard deviation of 
the �tting results of 10 correlation curves per data point. Within one measurement series, the error bars tend to 
increase with increasing GdnHCl concentrations. �e reasons for this may be manifold and are discussed in the 
Supplementary Information (Figs S3–S5 and S8). Furthermore, it was checked whether the change in hydrody-
namic radius is associated with the unfolding of the Aβ42 peptide and not to structural changes of the conjugated 
AF488 dye. For this purpose, the free AF488 dye was measured at several GdnHCl concentrations up to 6 M and 
no increase in hydrodynamic radius was observed (Fig. S6).

�e experimental data was normalized by using equation (3). Consequently, the fraction of unfolded peptide 
is plotted as a function of the GdnHCl concentration, leading to the unfolding curve presented in Fig. 4. Figure 4 
shows the unfolding curve of AF488-C(0)Aβ42 from three independent 1fFCS and one 2fFCS measurement 
series. �e hydrodynamic radii of the folded and the unfolded states are fully reproducible at around 9.6 and 13 Å, 
respectively, but the hydrodynamic radii around the transition points showed larger variations between inde-
pendent measurement series. �us, although each single unfolding curve is within the error margins of the other 
unfolding curves, the combined unfolding curve results in error bars that are larger around the transition point 
than at low and high GdnHCl concentrations. �erefore, the error bars of the corresponding �t parameters in 
Table 3, which are in line with the values calculated in Table 2, are also larger. AF488-C(0)Aβ42 is predominantly 
in its native conformation up to 0.5 M GdnHCl. A relatively steep transition region between 1 and 2 M GdnHCl 
is followed by a plateau above 2 M at which the AF488-C(0)Aβ42 was completely unfolded. Each data point was 

Figure 3. AF488-C(0)Aβ42 unfolding curves as obtained by the analysis of a single 1fFCS measurement series 
(A) and as obtained by the analysis of a single 2fFCS measurement series (B). �e dashed lines are best-�t 
lines to the two-state unfolding model (equation (1)). �e hydrodynamic radius is plotted as a function of the 
GdnHCl concentration. �e error bars of the unfolding curves were derived as the standard deviation of the 
�tting results of 10 correlation curves per data point.

method ∆G
H O2  [kcal/mol] m [kcal/mol/M]

1fFCS 2.6 (±0.7) 1.7 (±0.5)

2fFCS 1.9 (±0.5) 1.1 (±0.3)

average 2.3 (±0.6) 1.4 (±0.4)

Table 2. Fit parameter from �tting the unfolding curves (Fig. 3A and B) to the two-state unfolding model 
(equation (1)).
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measured at least in triplicate. �us, the corresponding error bars in Fig. 4 were calculated as the standard devia-
tion between these independent measurements.

�e ∆GH O2 -value calculated in Table 3 is reasonably low and indicates that, from a thermodynamic point of 
view, there is energetically no considerable di�erence between the unfolded conformation and the native confor-
mation (free in solution). Depending on the free energy of activation for the interconversion of both conforma-
tions, the equilibrium will quickly be achieved once the AF488-C(0)Aβ42 is formed in its native conformation. 
Buell et al. showed that the Gibbs free energy of activation for the conformational change of native Aβ42 to a 
beta-sheet conformation (as found in �brils) is very low (1.4 kcal/mol)26. If we assume a similar value for the 
interconversion between the native and the unfolded state, chemical equilibrium will be reached quickly. In addi-
tion, it was shown that a low ∆GH O2 -value corresponds to a high aggregation propensity27, which goes well with 
the known properties of Aβ4228.

It is worth mentioning that our ∆GH O2 -value is larger than typical values for the strength of hydrogen bonds 
within proteins (≈0.5–1.5 kcal/mol29). Hence, the native conformation might contain several hydrogen bonds 
which leads to some residual structure, e.g. a short beta-sheet at the C-terminus28 or a molten globule in which the 
overall structure is denatured with some residual structural elements30. In a molten globule many hydrophobic 
residues can be surface-exposed and lead to a sticky behaviour of the corresponding peptide, which also goes well 
with the properties of Aβ4231, 32. In any case, the results do not agree with a completely randomly coiled peptide 
as opposed to what is partially claimed in the literature33, 34.

Our results show a cooperative unfolding of monomeric AF488-C(0)Aβ42 with a Gibbs free energy of about 
2.8 kcal/mol. �e peptide contains some residual structural elements and is thus not completely random coiled. 
We think that monomeric Aβ42 adopts a molten globule conformation under physiological conditions. A future 
study is going to examine this issue, which is, however, beyond the scope of this paper.

Conclusions
With this study, we explored the unfolding of dye-labelled monomeric amyloid-β 42 (Aβ42) peptide under 
near-physiological conditions using �uorescence correlation spectroscopy. We showed that this technique is able 
to track the tiny changes of the hydrodynamic radius when monomeric Aβ42 unfolds in guanidine hydrochloride. 
We found that Aβ42 shows a cooperative unfolding, which clearly suggests the presence of structural elements. 
However, the small value of the Gibbs free energy of unfolding (≈2.8 kcal/mol) indicates that only a low amount 
of residual structure is present and that Aβ42 is mainly unfolded. Our results hint that monomeric Aβ42 adopts 
a molten globule conformation.
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Figure 4. Unfolding curve of AF488-C(0)Aβ42 from three independent 1fFCS and one 2fFCS measurement 
series with their corresponding best-�t line to the two-state unfolding model (equation (4)). Each data point is 
the average of at least three hydrodynamic radii, which were transformed into the fraction of denatured peptide 
according to equation (3). �e error bars were calculated as the standard deviation between these independent 
measurements.

∆G
H O2  [kcal/mol] m [kcal/mol/M]

2.8 (±1.2) 2.3 (±0.9)

Table 3. Fit parameters from �tting the unfolding curve (Fig. 4) to the linear extrapolation model (equation 
(3)). �e �t was performed on the averaged unfolding curve. �e errors denote the standard errors of the �t 
parameters.
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