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ABSTRACT

Alzheimer’s disease (AD) is a prevalent neurodegenerative disorder characterized by amyloid-beta (Ap) aggre-
gation, primarily involving the peptides Ap40 and Af42. Human serum albumin (HSA) has emerged as a po-
tential therapeutic agent due to its ability to bind Ap, inhibit aggregation, and promote disaggregation. This
study quantitatively examined the interactions of HSA with both monomeric and aggregated forms of Ap40 and
AP42 using fluorescence techniques, including bulk steady-state fluorescence, fluorescence anisotropy, time-
resolved fluorescence, and Fluorescence Correlation Spectroscopy (FCS). The binding constants determined
from these methods were 4.45 x 10* M~ for Ap42 and 1.8 x 10*M ™! for AB40, indicating strong but differential
affinities. FCS demonstrated that HSA effectively dissociates Ap aggregates, shifting the equilibrium toward
monomeric states, with the disaggregation capacity positively correlated with HSA concentration. These findings
support HSA’s utility in therapies like plasma exchange to reduce the cerebral Ap burden, providing critical
insights into its mechanistic role and therapeutic potential.

1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder currently
affecting 1 in 9 people aged 65 and older, being the most common form
of dementia among the elderly [1,2]. The pathogenesis of AD remains
only partially understood, with the aggregation of amyloid-beta (Ap)
and tau proteins being central to current hypotheses. The amyloid
cascade hypothesis posits that the accumulation of Ap peptides in the
brain initiates a series of events leading to the disease’s onset [3].
Among the Af peptides, Ap40 (composed of 40 amino acids) and Ap42
(composed of 42 amino acids) are predominant, with AB42 being more
hydrophobic and prone to aggregation [4,5].

Recent therapeutic advancements for AD include plasma exchange
(PE) with albumin replacement, which leverages the interaction be-
tween human serum albumin (HSA) and amyloid-beta peptides [6,7]. It
has been observed that a critical aspect of AD pathogenesis is the
impaired clearance of Ap in the brain [8,9]. Since approximately 90 % of
plasma A is bound to HSA, with only a small fraction remaining free
[10], replacing the patient’s AB-carrying HSA with free HSA during PE
facilitates the elimination of Ap from the brain through the blood-brain
barrier (BBB) by an equilibrium shift [11]. In this way the Ap burden can
be reduced in the brain. This therapeutic approach is utilized in the
AMBAR (Alzheimer Management by Albumin Replacement) project
developed by Grifols [12].
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Additionally, HSA is known to inhibit Ap self-association [13-15]
and promote the disassembly of aggregated Ap fibrils, although this
inhibition may be reduced in the presence of fatty acids [16,17], or
enhanced by the presence of other compounds like serotonin, that pro-
mote the interaction with Af monomers [18], potentially affecting
treatment efficacy. Experimental and computational studies consistently
identify domain III of HSA, particularly residues 494-515 in the C-ter-
minal region, as critical for binding Ap peptides [15,19-21]. This region
aligns closely with the central hydrophobic core of AB, a domain
essential for Af self-association. Hydrophobic interactions primarily
drive this binding [19]. These interactions disrupt -sheet formation in
Ap and favoring a-helical conformations, thereby reducing aggregation
propensity [20,21].

Although HSA shows therapeutic potential in AD, the precise
mechanisms involved are not fully understood. Despite numerous
studies investigating HSA’s interaction with amyloids through various
experimental and computational techniques, consensus on the interac-
tion strength and its impact on disaggregation has yet to be reached. As
summarized in Table 1, prior studies on these interactions have yielded
inconsistent results, likely due to the complexity of the Ap aggregation
process and challenges in accurately quantifying these processes.

This study aims to comprehensively investigate the interactions be-
tween HSA and both monomeric and aggregated forms of Ap42 and
AP40. Specifically, our objectives are to determine whether HSA binds to
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Table 1
Summary of published studies on the interactions between Af42, Ap40, and
HSA.

Reference Year Qualitative or quantitative Technique
information
Kuoetal. [22] 2000  Apparent 1:1 stoichiometry for both ~ Immunoassays

monomeric A peptides.

Rézga et al. 2007 K=(2.1+0.6) x 10°M ! for Ap40.  CD
[23]
Milojevic 2009  No interaction with monomeric Ap NMR
et al. [24] but with the oligomers.
Costa el at 2012 K= (1.72 £ 0.24) x 10° M ! for SPR &
[25]. Ap42. Immunoassays

Stanyonetal. 2012 K =2 x 10° M"! for both Fluorescence &

[26] monomeric Ap peptides. TEM

Algamal et al. 2013  Kp with Ap oligomers in the sub-uM  Fluorescence &
[19] range. NMR

Algamal et al. 2017 K=0.1-1 x 10* M~ for Ap40 and ~ NMR
[27] weaker interaction for Ap42.

these amyloid species and whether this interaction facilitates the
disaggregation of preformed Ap aggregates, advancing the quantitative
understanding of these interactions and their implications for the PE
treatment. Additionally, we aim to develop a mechanistic model for
HSA’s role in amyloid disaggregation and assess its efficacy in capturing
and disaggregating amyloid aggregates, in alignment with the thera-
peutic framework proposed by the AMBAR project.

To explore these interactions, we conducted titration experiments
with fluorescently N-terminally labelled Ap42* and Af40*, in both
monomeric and aggregated states. These experiments employed bulk
steady-state fluorescence, anisotropy, and time-resolved fluorescence
techniques, as well as Fluorescence Correlation Spectroscopy (FCS) at
the single-molecule level.

Our research group has also previously analysed amyloid aggrega-
tion, identifying the critical aggregation concentration at which aggre-
gates begin to form and characterizing the morphology and composition
of Ap40 and APB42 aggregates. This knowledge provides the foundation
for interpreting the results presented here [28,29].

2. Results and discussion

The interaction between amyloid peptides and serum albumin can be
studied using steady-state and time-resolved fluorescence techniques, as
well as FCS, by monitoring changes in specific properties upon associ-
ation, such as quantum yield, spectral shift, anisotropy, fluorescence
lifetime, and diffusion coefficient. These techniques also provide in-
sights into the number of fluorescent species and their mobility, making
them powerful tools to investigate processes like amyloid self-
aggregation and its association with HSA.

In this study, series of emission spectra, fluorescence anisotropy,
fluorescence intensity decays and fluorescence correlation curves of
labelled amyloids - Ap42* and AB40* (in both monomeric and aggre-
gated states) - were measured in the presence of varying concentrations
of HSA. These measurements provided insights into their interactions,
allowing for the determination of the binding constant, K.

The proposed general association scheme with a 1:1 stoichiometry
would be:

*

G +H

NE
0

(€8]

where G* refers to a fluorescent guest molecule, in this case the guest
peptides AB42* or AB40*, H to a host molecule, in this case the host
protein HSA, and C* to the fluorescent complex formed by the two. The
rate constants k; and k_ correspond to the association and dissociation
processes, respectively, and are related to the binding equilibrium
constant as follows:
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2.1. Fluorescence titrations of monomeric Af* with HSA

Fig. 1 shows the fluorescence emission of monomeric Ap42* and
ApB40* in the presence of different concentrations of HSA. After excita-
tion at 488 nm, the expected fluorescent band with maximum emission
around 530 nm is observed for the labelled Ap* peptides (Fig. 1A and
1B). The addition of HSA resulted in an increase in the fluorescence
intensity, reaching approximately a 3-fold enhancement for AB42* and a
1.5-fold enhancement for AB40* at high HSA concentrations, without a
significant spectral shift. In both peptides, the fluorescence intensity at
530 nm exhibited a concentration-dependent response to HSA, charac-
teristic of supramolecular association (Fig. 1C and D).

Principal component analysis (PCA) [30] of the series of emission
spectra indicates in each case only two contributing fluorescent species.
Global analysis (GA) [30] with the 1:1 stoichiometry model, Eq. (SI.1),
fitted the entire sets of spectra satisfactorily, yielding the binding con-
stants K = (7.4 + 2.2) 10* M~! for Ap42* and K = (3.7 + 1.7) 10* M !
for Ap40*, and the pure spectra of the free peptides and their corre-
sponding complexes with HSA (green and blue thicker lines, respec-
tively, in Fig. 1A and B). The pure spectra of the complexes demonstrate
the intensity enhancement upon association, enabling the calculation of
the luminescence ratio, g, between the complex and the free guest.
Values of ¢* at 530 nm were determined as 3.1 + 0.1 for AB42* and 1.54
+ 0.02 for AB40*. The normalized pure spectra of the free peptides and
the complexes overlap, corroborating the absence of spectral shift upon
complexation. This outcome indicates that the fluorophore does not
interfere with the complexation of the peptides.

It should be noted that the intensity values presented in Fig. 1C and D
correspond to multiple measurement series with different AB* concen-
trations, some of them higher than the critical aggregation concentra-
tion (cac) of the peptides [28,29] (see Table SI.1). The relatively high
data dispersion, likely due to strong peptide adsorption peptides to
various surfaces and oligomer formation, especially in samples with low
serum albumin concentrations, highlights the challenge of obtaining
reproducible intensity values. This variability contributes to the high
uncertainty in the derived affinity constants.

Fluorescence anisotropy spectra of monomeric Ap42* and Ap40*
with different concentrations of HSA show systematic variations typical
of association equilibria (Fig. SI.3). Although the observed changes in
the anisotropy are very small, the results are consistent with the binding
constants obtained from the emission spectra and indicate again that the
fluorophore attached to the peptides does not interact with a binding site
in the HSA, therefore not interfering with the association of the Ap*
peptides (see Supplementary Information for further details).

The interaction of monomeric Af} peptides with HSA was also studied
using time-resolved fluorescence titrations. Fluorescence intensity de-
cays of monomeric Ap42* and AP40* at varying HSA concentrations
were recorded at 530 nm. The total fluorescence intensity for each HSA
concentration was also derived from the integral of these fluorescence
decays. Fig. 1 shows these integrated intensities along with the steady-
state fluorescence intensities for both labelled amyloids, showing good
agreement despite the strong data dispersion. The binding constants,
obtained by fitting eq. (SI.1) to these integrated intensities, are consis-
tent with those derived from the steady state measurements, within their
high uncertainty.

Fluorescence decays were first individually fitted with a biexpo-
nential model (eq. SI.2), revealing two lifetimes, both dependent on HSA
concentration (see SI). The longer lifetime (~4 ns), which accounts for
over 90 % of the fluorescence intensity, increased slightly but system-
atically with HSA concentration, suggesting that it represents an average
of two closely spaced lifetimes corresponding to free amyloid and its
HSA complex. The shorter lifetime (1-2 ns) showed less systematic
variation and likely represents contributions from multiple species,



D. Cora et al

Ap42

Fluorescence Intensity / a.u.

® FI. Intensity at 530 nm
—— Fit of FI. Intensity
95% Confidence Band
Integrated decays at 530 nm

0+ ; . . :
500 525 550 575 600 625 650 675 700
Wavelength / nm
C .

. . . |
= 34 ° = o0 L .
= -:'j“ - . .
: o ° g
[} ‘ . :
£ ,] . !
w o
o o
: c
w )
: o
m 1]
: o
: <)
: =
. o

————— Fit of the integrated decays
” 1L. T 154 T 0
g 3 -» " [ ) 4‘.—.—.’% §
FpR ey -
o -1 «

50 100
[HSA]/ 10 mol dm™

Fluorescence Intensity / a.u.

International Journal of Biological Macromolecules 301 (2025) 140367

AB40

0

T T T T T A B T T 1
500 525 550 575 600 625 650 675 700
184 Wavelength / nm
D [ J
1.6 o °
[} o
1.4
[ J
1.2
1.0 -1‘0
0 2 T T T
: L]
L °
e (I A8 A
040-.‘3!'—,5 & o R . o .
02]% . °
0 150

100
[HSA]/ 10 mol dm™®

Fig. 1. A & B) Fluorescence emission spectra of monomeric Ap42* (A) and Ap40* (B) in presence of different concentrations of HSA, ranging from 0.5 pM to 160 pM,
approximately (grey thin lines). Pure spectra obtained from GA of free guest (thick continuous line) and complex (thick dashed line) are also displayed. C & D)
Steady-state fluorescence intensity values at 530 nm (dots) and integrated intensity of the fluorescence decays at 530 nm (open triangles) of monomeric Ap42* (C)
and Ap40* (D) as a function of the HSA concentration, along with the corresponding fits, 95 % confidence band and residuals of Eq. (SI.1).

including Ap oligomers and HSA itself (Table SI.2).

To resolve individual species lifetimes more effectively, a global
analysis with a four-exponential model was applied. From this fit the
fluorescence contributions (FC) of each lifetime were calculated (Fig. 2),
allowing assignment of the obtained lifetimes (Table SI.3) as follows:

e 77 (<0.4 ns): A negligible contribution likely arising from artifacts
like scattered light.

e 75 (~2 ns): Contributions from quenched fluorophore conformations
in self-aggregated Ap and HSA autofluorescence.
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o 73(~3.9 ns): Lifetime of monomeric Ap*, decreasing with rising HSA
concentration.

e 74 (~4.2 ns): Lifetime of the AB*-HSA complex, increasing with HSA
concentration.

Fig. 2 shows that 73 and 74 dominate the fluorescence intensity for
both AB42* and AP40*, supporting their assignment to free and com-
plexed peptides, respectively. The binding constants derived from fits of
a 1:1 association to these contributions were consistent with steady-state
measurements, but the strong correlation between lifetimes and
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Fig. 2. Fluorescence contributions (FC) of the four lifetimes (Table SI.3) observed for AB42* (A) and AB40* (B) as a function of HSA concentration. The grey lines

were added as guide for the eye.
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amplitudes limits the precise quantification. However, the dependence
on the HSA concentration of the contributions of 73 and 74 confirms a
binding equilibrium, providing further evidence of AB-HSA association.

The results obtained from various classical fluorescence techniques
clearly demonstrate the interaction between the peptides Ap42* and
Ap40* with HSA, with the interaction being slightly weaker for Ap40*.
However, precise determination of binding constants is challenging with
these techniques, as they depend on absolute fluorescence intensities.
We suggest that significant peptide adsorption to surfaces and interfaces,
combined with their propensity to aggregate, contributes to the high
variability in the data and the resulting lack of reproducibility. These
challenges are mitigated at the significantly lower peptide concentra-
tions employed in single-molecule techniques such as FCS, as discussed
in the following sections.

2.2. FCS titrations of monomeric Af* with HSA

To obtain a more precise determination of the binding constants of
amyloids with serum albumin, FCS titrations were performed. In these
experiments, complexation was monitored through changes in the
diffusion correlation time, tp, which reflects the reduced diffusion co-
efficient of the amyloid peptide when it associated with the HSA. Unlike
techniques reliant on absolute fluorescence intensities, this method is
much less affected by issues such as peptide adsorption or aggregation.

Fluorescence correlation curves of monomeric AB42* and Ap40* at
varying HSA concentrations were recorded (Fig. SI.6) and fitted using
Eq. (SL5). A single diffusion time was obtained for each curve which
changes systematically with HSA concentration as shown in Fig. 3. This
mean diffusion time, tp, described by Eq. (SI.6), represents a weighted
average of the diffusion times of the free amyloid and its complex with
HSA. It reflects a fast-exchange regime, where the peptide transitions
between free and complexed states during its transit through the
observation volume. Fitting Eq. (SI.6) to the experimental values yielded
diffusion correlation times for free peptides and their complexes, along
with the binding constants: K = (4.45 + 0.03) x 10* M~ for Ap42* and
K= (1.8 +0.5) x 10* M ! for Ap40*.

The translational diffusion coefficients (D) and hydrodynamic radii
(Rp) were also determined for the monomeric AB* peptides and their
complexes (Egs. (SI.7) and (SI.8)). Additionally, the shape index (v),
which provides information about the shape of the diffusing particle, (v
=1/3 for homogeneous spheres, v = 1/2 for random coils, v = 1 for rigid
rods), was calculated (detailed analysis given in the Supplementary In-
formation). All results are shown in Table 2.

The limiting diffusion coefficient for the monomeric labelled peptide
AB42* was significantly higher than that reported in our previous
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Table 2

Diffusional properties of the free and the complexed amyloids at 25 °C, calcu-
lated from the results of the fit of Eq. (S1.6) to the mean diffusion correlation
times shown in Fig. 3.

Species D/ 10 0 m?s! Ry / A v

Ap42* 1.7 £ 0.1 14+1 0.40 + 0.01
AB42*:HSA 0.81 + 0.05 30+2 0.367 + 0.009
Ap40* 1.4+0.1 17 £1 0.42 £+ 0.01
Ap40*:HSA 1.19 + 0.08 21+1 0.332 + 0.009

aggregation studies [28,29], suggesting that HSA promotes disaggre-
gation of residual small oligomers, yielding coefficients more repre-
sentative of monomeric peptides. However, for AB40*, the diffusion
coefficient was lower than the one reported [31], what is attributed to
the stronger tendency of this peptide to form small metastable oligo-
mers, even at concentrations below its cac [29]. These results will be
discussed in more detail below.

The shape indices (v) of the free peptides exceeds significantly the
value of 1/3 expected for homogeneous spheres, indicating a less
compact structure trending toward random coil conformations. These
values are consistent with those reported by Danielsson et al. [31] (v =
0.44) for a series with increasing molar mass of amyloid peptides.

For the Ap42*-HSA complex, the diffusion coefficient matched
perfectly the one reported by Kusova et al. for HSA under similar con-
ditions (D = (0.78 + 0.04) x 107 ° m? s~1) [32]. The hydrodynamic
radius also coincides with the one calculated for native folded proteins
from the number of residues of the polypeptide chain N (Ry = (4.75 +
1.11 ;\)N(o.z%o.oz) =@B0+1) A [33]. The shape index suggests a slight
variation from a homogeneous sphere toward a less compact confor-
mation. In contrast, the diffusion coefficient for the AB40*-HSA complex
was unexpectedly high, likely reflecting the weaker binding constant of
ApB40* to HSA and its propensity to form small oligomers.

2.3. Association of monomeric Ap* with HSA

The binding constants determined by the various techniques are
consistent, but those derived from absolute fluorescence intensity
measurements show significant uncertainties. These uncertainties may
arise from aggregation and adsorption artifacts, which are undetectable
by fluorescence intensity alone and can distort the results, leading to
highly dispersive data.

We report the binding constants derived from FCS (Table 3), as it
provides the most reliable measurement for this system. FCS is partic-
ularly well-suited for monitoring aggregation processes and association
events in solution, distinguishing between monomeric and aggregated
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Fig. 3. Mean diffusion correlation times of monomeric AB42* (A) and AB40* (B) at HSA concentrations from 0.5 pM to 200 pM, with fits of Eq. (SL.6), 95 %
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Table 3
Binding and dissociation equilibrium constants for the association of monomeric
AP42 and AP40 with HSA.

Species K/10*M! Kp/107°M
Ap42 4.45 £ 0.03 22.5 + 0.2
AB40 1.8+ 0.5 55 + 14

species. This capability allows for accurate quantification of binding
interactions, without interference from concentration variations of the
labelled peptide that affect bulk fluorescence techniques.

The binding constants for the peptides with HSA deviate from pre-
viously reported values, positioning them between the extremes docu-
mented in the literature (Table 1). Nevertheless, the results confirm a
strong interaction with a 1:1 association stoichiometry [22].

When comparing the affinity constants of the two peptides, the value
for AB42 is approximately twice that of Ap40. This difference can be
attributed to the binding dynamics of the association process, which is
related to the equilibrium constant as described by eq. (2). Although no
direct dynamic information could be derived from the FCS experiments,
previous studies on supramolecular association dynamics suggest that
the magnitude of the affinity constant is mainly determined by the
dissociation rate constant, which depends on the specific interactions
between the host and the guest [34]. For AB42, these interactions are
likely stronger due to its higher hydrophobicity, resulting in a lower
dissociation rate constant. Assuming similar association rate constants
for both peptides with HSA, the equilibrium constant would therefore be
higher for Ap42.

Using the binding constants from Table 3 and considering the typical
HSA concentration in the plasma of healthy humans (450-680 pM) [35],
approximately 96 % of Ap42 and 92 % of AB40 are estimated to be
bound to HSA. While this calculation does not account for the potential
influence of other plasma components that might interact with or
compete for amyloids, these high binding ratios highlight the strong
affinity of HSA for amyloid peptides and reinforce its role as an effective
amyloid carrier in PE therapy. This result can be extended to natural
solutions such as blood serum or cerebrospinal fluid, although quanti-
tative variations in binding constants may occur due to competitive
interactions in these complex biological environments.

2.4. The role of Hsa in the disaggregation process of Af peptides

Fluorescence intensity correlation curves of aggregated Ap42 and
AB40 samples with varying HSA concentrations were collected. In these
samples, the total amyloid concentration was maintained well above the
cac of the peptide, corresponding to aggregation degrees around 60 %
for Ap42 and 10 % for AB40 [28,29]. This total Ap concentration, with a
small amount of the labelled AB*, was kept constant to ensure the same

251

IS
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degree of aggregation in all samples, while the HSA concentration was
varied (details in Supplementary Information).

The FCS curves (Fig. SI.7) were analysed using a Maximum Entropy
Method (MEM)-based data-fitting algorithm to obtain continuous
diffusion time distributions (eq. (SI.11)). The resulting distributions are
presented in Fig. 4, with the diffusion times at the distribution maxima
and their corresponding probabilities listed in Table 4.

In the presence of small amounts of HSA (continuous blue curve in
Fig. 4A and B), both peptides show two distinct maxima in the diffusion-
time distributions: a shorter diffusion-time peak at 120-140 ps and a
peak at longer times around 1000 ps. The shorter diffusion-time peak
matches perfectly the diffusion time of the monomer observed in Fig. 3
at the lowest HSA concentration. For AB40, this peak is broader and
slightly shifted toward longer diffusion times compared to Ap42, sug-
gesting the formation of small oligomers, such as dimers or trimers, as
indicated by its lower-than-expected diffusion coefficient (Table 2). The
longer diffusion-time peak corresponds to peptide oligomers, consistent
with previous aggregation studies [28,29].

The addition of HSA systematically altered these distributions
(dashed and dotted curves in Fig. 4). The shorter diffusion-time peak
shifts toward slightly higher diffusion times, reflecting the complexation
of monomers with HSA. Simultaneously, the amplitude of the longer
diffusion-time peaks decreases, indicating a reduction in the population
of Ap aggregates due to the disaggregation facilitated by HSA. These
changes demonstrate the inhibitory role of HSA in AP aggregation
[20,21] and support the reversibility of the oligomerization process,
corroborating previous findings for AB40 [29].

For AB42 (Fig. 4A), the distribution associated with oligomers clearly
decreases in amplitude as the HSA concentration increases, providing
strong evidence of aggregate disassembly. Additionally, this distribution
becomes broader and shifts toward shorter diffusion times, suggesting a
reduction in aggregate size and an increase in polydispersity due to the
HSA interactions. While these observations support the disaggregating
effect of HSA, further data would be needed to confirm the hypothesis of
size reduction and increased polydispersity. However, no changes were
observed in the aggregate distributions that would indicate oligomer
complexation by HSA, which would manifest as an increase in diffusion
time. This observation strongly supports the interpretation that HSA
promotes disaggregation rather than forming stable complexes with Ap
oligomers.

In contrast, for AB40 (Fig. 4B), oligomers are observed only at the
lowest HSA concentration, and are present at significantly lower am-
plitudes compared to the monomer, consistent with the low degree of
aggregation in these samples.

Notably, for Ap42, the shift in monomer diffusion time upon
complexation does not correspond to that observed in the titrations of
monomeric samples (Fig. 3A) and remains far from the expected upper
limit for the complex. This behaviour can be explained by the
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Fig. 4. Diffusion-time distributions obtained from MEM-FCS analysis (eq. (SI.11)) of the correlation curves for aggregated solutions of AB42 (A) and Ap40 (B) with
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Table 4

International Journal of Biological Macromolecules 301 (2025) 140367

Diffusion times at the maxima and amplitudes of the MEM distributions obtained for the aggregated samples of Ap42 and Ap40 with different concentrations of HSA,
corresponding to monomer-complex and oligomer diffusion. The ratio of the amplitudes between monomer-complex and oligomers is given to facilitate comparison.

Ap42 Ap40
Amplitude at (HSA / 107° mol dm—3) Amplitude at (HSA / 107° mol dm~3)
tp / ps 0.278 73.4 101 tp / ps 2.09 74.1 99.5 156
Mon-Complex 126-158 0.23 0.032 0.037 0.035 135-218 0.062 0.043 0.043 0.025
Oligomers 725-1230 0.040 0.015 0.017 0.0047 774 0.0005 - - -
Ratio (M-C/0) 5.7 2.2 2.2 130 - - -

competition between monomer complexation with HSA, which in-
creases diffusion time, and disaggregation, which raises the concentra-
tion of monomers with shorter diffusion times. The distributions
observed at shorter diffusion times likely represent weighted averages of
the diffusion times for the monomer and the complex, proportional to
their respective concentrations in the sample.

Instead, the diffusion time observed for the complex between Ap40
and HSA in this analysis is consistent with the expected value, in contrast
to the diffusion time obtained during the titration experiment (Fig. 3B).
This discrepancy is likely due to partial aggregation of the AB40 sample
during titration, where the presence of metastable aggregates may have
influenced the diffusion times observed in the titration. As the complex
with HSA forms, the system likely undergoes an equilibrium shift,
leading to the dissociation of these aggregates and the formation of
monomers. Complexation and monomerization exert opposite effects on
the mean diffusion time. This interpretation is consistent with previous
findings in the literature [36] and aggregation studies conducted in our
group [29], which demonstrate that Ap40 tends to form metastable
aggregates at low concentrations, supporting the hypothesis that ag-
gregation influences the diffusion results.

AB* Lt Kasg AB*agg -0
D —
_
® Self-aggregation ®
HSA
Monomerization H
K HSA Kisa:age H HSA
O

®
HSA:AB* -1,

Fig. 5. Illustration of the proposed model for the association process of
monomeric amyloid peptides with HSA and its role in the disaggregation pro-
cess. The fluorophore, attached at the N-terminus, is half as fluorescent in the
oligomers compared to the monomers, while its brightness increases upon
complexation with HSA. The lifetimes assigned to the different fluorescent
species are also indicated. Representations were taken from the PDB structures
of Ap42 (1IYT) and HSA (1A06).

Based on the above discussion, a qualitative model for HSA’s role in
amyloid disaggregation is illustrated in Fig. 5, with lifetimes assigned to
the different species. Our results suggest that the binding constant for
HSA’s association with monomeric Ap peptides is significantly higher
than its binding constant with Ap aggregates Kusa:agg (K > Knsa:agg), aS
no direct interaction with aggregated peptides was observed. This in-
dicates that HSA functions as a monomer stabilizer, inhibiting aggre-
gation or promoting monomer formation from preformed aggregates via
an equilibrium shift. This mechanism contrasts with the ‘Monomer-
Competitor’ model proposed by Milojevic et al. [24], which suggests
that HSA binds only to aggregates to inhibit fibrillization. Additionally,
for this hypothesis to hold, K must be comparable to the aggregation
binding constant (K ~ Kg).

These results align with the therapeutic mechanism proposed by the
AMBAR project, where HSA facilitates Ap clearance by promoting
disaggregation rather than directly binding to existing aggregates. Since
aggregates cannot cross the blood-brain barrier (BBB) but the mono-
meric AP can, the amyloid capture by HSA in the BBB surroundings
would induce an equilibrium shift in the cerebrospinal fluid (CSF),
leading to the dissolution of the aggregates in the patient’s brain.

In contrast to previous studies summarized in Table 1, the FCS
technique used in this work allows us to clearly distinguish the inter-
action between monomeric Ap and HSA from aggregation effects while
providing direct evidence of HSA’s ability to disaggregate oligomers and
small aggregates — recognized as the primary neurotoxic species in AD
[371, highlighting the therapeutic relevance of plasma exchange treat-
ment. While Kuo et al. [22] aligns with our findings on monomer-HSA
interactions, other studies, such as those by Rézga et al. [23], Milo-
jevic et al. [24], Costa et al. [25], Stanyon et al. [26], and Algamal et al.
[19,27], primarily focus on conditions with high Af concentrations that
promote aggregate and fibrillar formation, obscuring monomer-specific
interactions. Additionally, various of these studies rely on ThT fluores-
cence, which selectively detects fibrils or highly aggregated species
[38], but fails to capture clinically relevant oligomers.

Our study provides direct evidence of HSA’s capacity for disaggre-
gation, resolves inconsistencies, addresses gaps in the literature
regarding the interaction between monomeric Ap and HSA, and pro-
poses a mechanistic role for HSA in plasma exchange treatment.

3. Conclusions

This study advances the understanding of human serum albumin
interactions with amyloid-beta peptides, determining the binding af-
finity of the monomers and elucidating its role in promoting Ap disag-
gregation. These findings hold significant implications for Alzheimer’s
disease research and therapy. The key conclusions are as follows:

1. Binding affinity: HSA binds to Ap42 and AB40 with affinities of
4.45 x 10*M ! and 1.8 x 10*M ™}, respectively, with a 1:1 stoichi-
ometry. The higher affinity for Ap42 aligns with its higher hydro-
phobicity and stronger propensity for aggregation.

. Reversibility of Aggregation: Af oligomers are in dynamic equi-
librium with monomers, demonstrating the reversible nature of the
oligomerization.

N
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3. Therapeutic mechanism: HSA facilitates the disaggregation of
preformed AP aggregates, driven by an equilibrium shift. This
property highlights its efficacy in plasma exchange treatments aimed
at mitigating the Af burden in the brain.

4. Experimental insight: Single-molecule techniques, such as fluo-
rescence correlation spectroscopy, effectively addressed challenges
in reproducibility caused by Ap adsorption and aggregation. These
approaches enabled precise quantification of binding constants and
resolved inconsistencies reported in previous studies.

The determined HSA binding affinities and disaggregation effi-
ciencies provide a promising foundation for optimising the efficacy of
plasma exchange therapy in amyloid clearance. However, significant
challenges remain in translating these findings into in vivo systems,
particularly due to potential interference from other plasma components
that could affect Ap-HSA interactions. Additionally, while fluorescent
labelling at the N-terminus of the peptide was carefully chosen to
minimise artifacts, confirming these results using label-free techniques
would strengthen the conclusions and eliminate any residual un-
certainties associated with the labelling process.

4. Materials and methods
4.1. Materials

Human serum albumin (HSA) was purchased from Merck & Co., Inc.
while HiLyte™ Fluor 488 labelled Ap42 and Ap40 (AB42* and Ap40*)
were purchased from Anaspec Inc. In both peptides the fluorophore is
attached to the terminal nitrogen, so no interference from the marker in
aggregation or interaction with HSA is expected [39]. Phosphate-
buffered saline (PBS, pH 7.4, 12 mM phosphates, 150 mM NaCl, 3 mM
KCl and ionic strength of 0.18 M) was used for the preparation of all
samples to maintain physiological pH and salt concentration. All
aqueous solutions were prepared using Milli-Q water.

4.2. Sample preparation

4.2.1. Ap Monomerization

To perform the titration experiments with the Ap samples, estab-
lished disaggregation protocols were followed. Initially, the peptides
were dissolved in hexafluoroisopropanol (HFIP) at a concentration of
approximately 1 mg/mL. This organic solvent dissolves and monomer-
izes the peptides. Subsequently, the peptides were incubated for 1 h with
occasional mixing and then shaken for about 20 min. The resulting so-
lution was divided into several vials and evaporated using a stream of
nitrogen. These vials were then placed in a desiccator, and vacuum was
applied for 3 h or more to remove the remaining HFIP. The resulting
dried aliquots of monomeric Ap* peptides were stored at —20 °C
[40,41].

4.2.2. Samples of monomeric Af with HSA

Stock solutions of AB* peptides were prepared by reconstituting the
dried aliquots obtained in the monomerization process with PBS to
achieve the target amyloid concentration and adding a certain volume of
a solution of HSA to prevent amyloid adsorption and aggregation. To
avoid adsorption-related artifacts, the stock solutions were gently mixed
and transferred to new vials. After 20 min, the stock solution was ali-
quoted into several vials. Then, certain volumes of PBS or a solution of
HSA were added to each vial to achieve the desired concentrations of
both the HSA and the corresponding AB* peptide. See the sample
preparation schematic in the Supplementary Information (Fig. SI.1). The
AB* concentration was maintained constant across all samples. Any
deviations were corrected afterwards in the fluorescence intensity.

We found that adding a minimal amount of HSA (5 to 10 pM) to the
Ap* stock solutions significantly improved the reproducibility in
experimental conditions, particularly in steady-state and time-resolved
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fluorescence experiments at higher Af concentrations where aggrega-
tion cannot be directly monitored.

The nominal amyloid concentrations used in each titration experi-
ment are listed in Table SI.1. For Ap40*, the concentration was main-
tained below its critical aggregation concentration (cac) of 0.5 + 0.3 pM,
as previously determined by our group [29]. In contrast, the concen-
tration of Ap42* exceeded its cac of 90 + 33 nM [28] in some experi-
ments, suggesting that partial aggregation may have occurred. It is
important to note that the values in Table SI.1 represent nominal Ap*
concentrations, whereas the reported cac values reflect true amyloid
concentrations in solution, which are estimated to be at least an order of
magnitude lower for Ap42 due to its strong adsorption to surfaces [28].

4.2.3. . Samples of aggregated Af with HSA

Solutions of partially aggregated AP peptides were prepared also
using the dried aliquots obtained during the monomerization process.
First, the labelled monomer solution was prepared, with a specific vol-
ume of HSA solution added. This A* solution was then used to recon-
stitute dried aliquots of unlabelled Ap peptides, achieving a
concentration above the cac, where aggregates form in equilibrium with
the monomers. See the sample preparation schematic in the Supple-
mentary Information (Fig. SI.2).

FCS titration experiments with HSA were performed with a constant
total Ap concentration while varying the HSA concentration. The nom-
inal concentrations used in these experiments are given in the Sup-
porting Information.

4.3. Experimental techniques

Steady-state fluorescence and fluorescence anisotropy spectra were
recorded using an Edinburgh Instruments SF5 spectrofluorometer, with
an excitation wavelength of 485 nm to match that of the FCS experi-
ments. These experiments were conducted at room temperature around
22 °C.

Time-resolved fluorescence experiments were performed on an
Edinburgh Instruments F900 spectrofluorometer employing time-
correlated single photon counting. Samples were excited with a 470
nm picosecond diode laser, and intensity decays were recorded at 530
nm. Slit widths were adjusted to optimize the fluorescence signal. An
adequate time interval was selected as the stop condition for the mea-
surements in order obtain absolute intensities, which are proportional to
the concentrations of the different species. The measuring temperature
was also around 22 °C.

FCS measurements were performed using a custom-built FCS setup as
described previously [28,29]. Details of the setup are provided in the
Supporting Information. Rhodamine 123 was used to calibrate the
sample volume, using a diffusion coefficient of (4.7 + 0.3) x 10719 m?
s~!at 25 °C, based on a thorough revision of the literature [42-46]. The
FCS samples were maintained at (22.0 + 0.5) °C, but all diffusion co-
efficients are reported at 25 °C after correction for temperature and
viscosity effects, using the Stokes-Einstein equation (see Supporting
Information).

4.4. Data analysis

Both commercial and custom-made programs were employed to
analyze the titration experiments using Principal Components Analysis
(PCA) and nonlinear Global Analysis (GA) [47]. PCA determines the
minimal number of components necessary to explain the dataset and
aids in selecting an appropriate theoretical model for GA. GA performs a
nonlinear fitting across the full experimental dataset using shared fit-
parameters across data series to reduce parameter-correlation.

The measured properties — fluorescence intensity, anisotropy, life-
times contributions and mean diffusion time — were modeled as func-
tions of HSA concentration using a 1:1 association model, as described in
the Supporting information. From these fits, the binding equilibrium
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constant of the AB-HSA interaction was determined, along with the
corresponding properties of the free peptides and their complexes with
HSA.

The uncertainties reported for the fitted parameters correspond to
the estimated statistical standard deviations of the measured quantities.
For global fits of series of fluorescence data with a high number of de-
grees of freedom, corrections were applied to account for the non-
independence of the data, avoiding the underestimation of the param-
eter uncertainties.
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