
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
ja

nu
ár

a 
20

24
. D

ow
nl

oa
de

d 
on

 4
.1

2.
20

25
 1

9:
55

:4
0.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Inhibition of toxi
aDepartment of Chemistry and Chemical Bio

Canada. E-mail: melacin@mcmaster.ca
bDepartment of Biochemistry and Biom

Hamilton, ON, L8S 4M1, Canada

† Electronic supplementary informa
https://doi.org/10.1039/d3sc06285f

Cite this: Chem. Sci., 2024, 15, 3502

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 24th November 2023
Accepted 12th January 2024

DOI: 10.1039/d3sc06285f

rsc.li/chemical-science

3502 | Chem. Sci., 2024, 15, 3502–3
c metal-alpha synuclein
interactions by human serum albumin†

Karla Martinez Pomier, a Rashik Ahmed,a Jinfeng Huanga

and Giuseppe Melacini *ab

Human serum albumin (HSA), the most abundant protein in plasma and cerebrospinal fluid, not only serves

as a crucial carrier of various exogenous and endogenous ligands but also modulates the aggregation of

amyloidogenic proteins, including alpha synuclein (aSyn), which is associated with Parkinson's disease

and other a-synucleinopathies. HSA decreases aSyn toxicity through the direct binding to monomeric

and oligomeric aSyn species. However, it is possible that HSA also sequesters metal ions that otherwise

promote aggregation. Cu(II) ions, for example, enhance aSyn fibrillization in vitro, while also leading to

neurotoxicity by generating reactive oxygen species (ROS). However, it is currently unclear if and how

HSA affects Cu(II)-binding to aSyn. Using an integrated set of NMR experiments, we show that HSA is

able to chelate Cu(II) ions from aSyn more efficiently than standard chelators such as EDTA, revealing an

unexpected cooperativity between the HSA metal-binding sites. Notably, fatty acid binding to HSA

perturbs this cooperativity, thus interfering with the sequestration of Cu(II) ions from aSyn. We also

observed that glycation of HSA diminished Cu(II)-binding affinity, while largely preserving the degree of

cooperativity between the HSA metal-binding sites. Additionally, our results show that Cu(II)-binding to

HSA stabilizes the interactions of HSA with aSyn primarily at two different regions, i.e. the N-terminus,

Tyr 39 and the majority of the C-terminus. Our study not only unveils the effect of fatty acid binding and

age-related posttranslational modifications, such as glycation, on the neuroprotective mechanisms of

HSA, but also highlights the potential of aSyn as a viable NMR-based sensor to investigate HSA-metal

interactions.
Introduction

Protein aggregates known as Lewy bodies (LB) are the hallmark
of Parkinson's disease (PD).1,2 One of the main components of
LB is alpha-synuclein (aSyn), an intrinsically disordered protein
(IDP) that is predominantly expressed in the brain and self-
associates into toxic aggregates and amyloid brils.3–12 The
primary structure of aSyn spans 140 amino acids and is divided
into three main regions: the N-terminal region (NTR, residues
1–60), which is positively charged and is important for lipid,
chaperone, and lipopolysaccharide11 binding; the mainly
hydrophobic non-amyloid-b component region (NAC, residues
61–95), which is critical for bril development; and, the C-
terminal region (CTR, residues 96–140), which is negatively
charged and can bind various ligands including proteins, small
molecules, and metal ions (Fig. 1a).13–24 Among the latter,
copper ions have garnered attention for their potential to
logy, McMaster University, ON, L8S 4M1,

edical Sciences, McMaster University,

tion (ESI) available. See DOI:

515
generate reactive oxygen species (ROS).14,19–22 Physiologically-
relevant N-terminally acetylated aSyn (Ac-aSyn) interacts with
Cu(II) ions with medium affinity (∼mM) at the His 50 site14,25 and
binds weakly (mM) and non-specically most metal ions at the
acidic DPDNEA segment in the CTR14,24,26 (Fig. 1a). The His 50
site has been linked to aSyn brillization through the familial
PD mutation H50Q and is also a potential target for physio-
logical amyloid inhibitors such as the small molecule heme.27

Although considered predominantly intracellular, aSyn is
also located extracellularly in cerebrospinal uid (CSF) and
blood plasma.28 Extracellular aSyn leads to cell-to-cell trans-
mission of synucleinopathies via a prion-like mechanism.29,30

Additionally, once in the extracellular space, aSyn is exposed to
CSF and plasma components that can perturb its structure and
its later entry to cells, triggering not only oligomer and amyloid
formation but also the progressive spreading of Lewy body
diseases and neuroinammation.29 Furthermore, extracellular
aSyn binds endogenous chaperones, such as human serum
albumin (HSA),31,32 the most abundant protein in blood plasma
(∼640 mM) and CSF (∼3 mM) and a potent amyloid inhibitor of
several IDPs, including aSyn10,33–36 and the Ab peptide associ-
ated with Alzheimer's disease (AD).32,37–45
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Cu(II) binding properties of HSA, and monomeric alpha synuclein. (a) Monomeric alpha synuclein is comprised of three distinct regions:
a positively charged N-terminal region spanning residues 1–60 (red), the non-amyloid-b component (NAC) region spanning residues 61–95
(grey), and the negatively charged C-terminal region spanning residues 96–140 (light purple). Cu(II), represented by light purple spheres, binds N-
terminal acetylated aSyn (Ac-aSyn) at two different anchoring sites: the low affinity, non-specific metal binding site at the acidic DPDNEA
segment, and the high affinity site at His-50. (b) Crystal structure of oleic acid bound HSA (PDB code: 1GNI). Oleic acid is shown as red spheres.
High affinity fatty-acid binding sites are highlighted with a red circle (FA 2, FA 4 and FA 5), whereas low affinity sites are labelled in black. Cu(II)
binding to HSA involves the ATCUN (amino terminal copper and nickel) binding site or N-terminal binding site (NTS). Cu(II) can also bind to the
multi-metal binding site (MBS), but under physiological conditions, the MBS site is mostly occupied by Zn(II). This structure was generated by
merging the HSA crystal structure (PDB code: 1GNI) and the crystal structure of NTS model peptide DAKH complexed with Cu(II) ions (CCDC-
809109) (c) HSA binds aSyn monomers at the N- and C-termini through hydrophobic and electrostatic interactions, respectively. (d) The binding
at the C-terminus is compromised upon FA binding to HSA. (e) The role that glycation of HSA plays in HSA-aSyn interactions is unknown. (c–e)
The role of Cu(II) ions in the aSyn-HSA complex is also unknown.
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HSA inhibits aSyn toxicity through several mechanisms. One of
the mechanisms involves the direct binding of HSA to oligomeric
aSyn species through hydrophobic interactions, which remodel
oligomers into off-pathway chimeric assemblies with decreased
cellular toxicity.46 HSA can also disrupt the interaction of toxic aSyn
oligomers with membranes, thus inhibiting the insertion of aSyn
oligomeric species into lipid bilayers and the consequent loss of
membrane integrity. Furthermore, at plasma concentrations, HSA
inhibits aSyn's early aggregation by binding aSyn monomer's N-
and C-terminal sites (Fig. 1c, top), although the latter interaction is
weakened by long-chain fatty acid binding to HSA.46

Besides these amyloid inhibition mechanisms, HSA is an
endogenous chelator of several metal ions, that are related to
neurogenerative disorders, including PD and AD.47–50 Cu(II) and
Zn(II) ions are essential in brain neurobiology and their
homeostasis has been found to be altered in several neurode-
generative diseases.14,51–57 HSA prevents Cu(II)-induced Ab
aggregation by rapidly removing the ions stoichiometrically
from the peptide.58 Previous reports also indicate that aer
chelating Zn(II) and Cu(II) ions,42 HSA conserves its binding to
Ab monomers and oligomers.
© 2024 The Author(s). Published by the Royal Society of Chemistry
At physiological concentrations, Cu(II) enhances aSyn bril-
lization14 and Cu(II) dys-homeostasis leads to neurotoxicity not
only by promoting aSyn aggregation but also by generating
ROS.22 HSA can bind up to four equivalents of Cu(II);59 two sites
bind the ion specically i.e. the N-terminal site (NTS, Kd ∼ pM;
Fig. 1b) and the multi-metal binding site (MBS, Kd ∼10 nM;
Fig. 1b). A third site, site B, with an unknown location is pre-
dicted to also bind Cu(II) ions but with reduced affinity (∼mM)
compared to the NTS and MBS.60

While sequestration of Cu(II) ions from aSyn by HSA provides
an effective neuroprotective mechanism, it is not yet clear
whether and how HSA can bind Cu(II) ions originally bound to
aSyn. It is also unknown whether the binding of monomeric
aSyn with HSA is affected in the presence of metal ions (Fig. 1c).
Additionally, previous reports of Cu(II) transfer from amyloi-
dogenic proteins to HSA, did not take into account post-
translational modications of HSA such as glycation, or the
effect of physiological ligands such as long chain fatty acids
(Fig. 1d and e). Here, we ll these gaps by using an integrated
set of NMR experiments.
Chem. Sci., 2024, 15, 3502–3515 | 3503
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We show that HSA is able to sequester Cu(II) ions from Ac-
aSyn more efficiently than standard chelators such as EDTA,
revealing what is to our knowledge unprecedented evidence of
cooperativity between HSA's Cu(II) binding sites. Our data
suggests that fatty acid binding to HSA perturbs the coopera-
tivity between its metal binding sites, therefore interfering with
the chelation of Cu(II) ions from aSyn. Glycated HSA showed
diminished binding affinity to Cu(II) compared to non-modied
HSA, but the cooperativity between the Cu(II)-binding sites was
largely conserved. Additionally, we found that while fatty acid-
bound HSA interacts with acetylated aSyn similarly to non-
acetylated aSyn,46 glycated HSA abolishes binding at aSyn's C-
terminus but not at the N-terminus. Furthermore, Cu(II)-
bound HSA enhances binding to aSyn at both the N- and C-
terminal regions. Our ndings also highlight the potential of
aSyn-NMR as a viable sensor to investigate the interactions of
metal ions with HSA.

Results and discussion
HSA sequesters Cu(II) ions from both Ac-aSyn metal binding
sites and is a more potent chelator than EDTA

To probe at residue resolution metal – Ac-aSyn interactions and
metal chelation by HSA we relied on Band-Selective Optimized
Flip Angle Short Transient (SO-FAST) Heteronuclear Multiple
Quantum Coherence (HMQC) experiments, which allow the
recording of 2D NMR spectra for 15N-labeled Ac-aSyn with high
sensitivity and resolution.61 The normalized sfHMQC intensity
proles of 60 mM Ac-aSyn in the presence of equimolar
concentrations of Cu(II) indicate two major regions of signal
losses centered at His-50 and Asp-121 (Fig. 2a and S1a†), as
expected based on the binding of paramagnetic Cu(II) ions at
both sites (Fig. 1a).14,62,63 When unlabeled fatty-acid free HSA
(rHSA) was titrated into the equimolar solution of Ac-aSyn and
Cu(II) ions, we observed a progressive recovery of intensities at
both His-50 and Asp-121 sites (Fig. 2b–e), indicating that rHSA
removes Cu(II) from Ac-aSyn. Notably, rHSA sequesters Cu(II)
more readily away from the C-terminal binding site Asp-121
compared to the His-50 site (Fig. 2b, c, and m). This result is
in agreement with previous reports for non-acetylated aSyn62

and can be explained by the higher affinity of the His-50 site for
Cu(II) ions (∼mM) compared to the C-terminal site (∼mM). In
addition, we detected essentially a full Ac-aSyn signal recovery
when rHSA reached half the concentration of Ac-aSyn and Cu(II)
ions (60 mM; Fig. 2d and k), indicating that a complete
sequestration of Cu(II) ions away from Ac-aSyn does not require
equimolar rHSA concentrations. This result can be explained by
rHSA's ability to coordinate two Cu(II) ions at two different
binding sites (e.g. NTS and MBS; Fig. 1b), although we cannot
rule out potential contributions from site B at this stage. In
contrast, the sequestration of Cu(II) ions using the chemical
chelator EDTA, which can only coordinate a single Cu(II) ion,
required equimolar EDTA concentrations (Fig. 2f–j, l, and m).

To assess whether the higher affinity of Cu(II) for HSA (nM–

pM) vs. Ac-aSyn (mM–mM) is the driving force of HSA chelation
we conducted a control experiment with the paramagnetic ion
Mn(II). HSA binds Mn(II) with lower affinity than Cu(II), in the
3504 | Chem. Sci., 2024, 15, 3502–3515
sub mM range,64–66 so it is possible that HSA might not chelate
paramagnetic Mn(II) ions from Ac-aSyn with the same efficacy.
As expected, at equimolar concentrations of Ac-aSyn : Mn(II) :
rHSA, albumin was not able to completely recover the loss of aS
intensities caused by Mn(II) (S1c, d & S2†), hinting to its inability
to fully sequester Mn(II) ions away from Ac-aSyn.

Interestingly, besides the different Cu(II) sequestration stoi-
chiometries, the comparison of the sfHMQC intensity proles
acquired for the rHSA and EDTA titrations (Fig. 2m) reveals
another major difference between these two chelators. rHSA
exhibits a clearly sigmoidal pattern which is largely lost for
EDTA (Fig. 2m). Such differential cannot be explained simply by
the different Cu(II)-binding stoichiometries of rHSA and EDTA,
as scaling the rHSA concentrations does not recapitulate the
EDTA intensity proles (Fig. S3a–d†). Even aer adjusting the
concentration of HSA by a factor of two or three to take into
consideration the distinct HSA and EDTA Cu(II)-binding stoi-
chiometries, albumin is still more efficient in chelating Cu(II)
ions than EDTA. This is observed for both Ac-aSyn binding sites,
His-50 and Asp-121 (Fig. S3a–d†). Furthermore, the sigmoidal
intensity pattern observed for rHSA (Fig. 2m) cannot be ratio-
nalized by the non-linear dependence of sfHMQC intensity
losses upon binding of Cu(II) to Ac-aSyn (Fig. S3e†). Such non-
linearity is sufficient to account only for the non-linear inten-
sity prole observed in the titration of EDTA (Fig. 2m). If the I/Io
ratios observed upon chelation of Cu(II) ions by EDTA are
plotted vs. the corresponding I/Io ratios measured upon addi-
tion of the remaining Cu(II) ions bound to Ac-aSyn aer EDTA
addition, a linear relationship is observed for both Ac-aSyn
Cu(II) binding sites (Fig. 2n and S3f†). Such a linear relationship
indicates that the EDTA added at each step of the titration is
quantitatively saturated with bound Cu(II) sequestered away
from Ac-aSyn. However, for rHSA, we did not observe a linear
correlation (Fig. 2n and S3f†), conrming that the sigmoidal Ac-
aSyn intensity prole observed for the rHSA titration (Fig. 2m)
does not simply reect the non-linear dependence of sfHMQC
intensities on the concentration of residual non-sequestered
Cu(II). Overall, our data rule out Cu(II)-binding stoichiometries
or non-linear sfHMQC intensity dependencies on [Cu(II)] as
possible explanations of the sigmoidal shape observed for the
intensity recovery of Cu(II)-bound Ac-aSyn upon rHSA titration
(Fig. 2m), suggesting that such sigmoidal pattern genuinely
reects positive cooperativity between the Cu(II)-binding sites of
rHSA. To our knowledge, this represents an unanticipated
account of cooperativity between the Cu(II) binding sites of HSA
and highlights that Ac-aSyn can serve as an excellent indirect
reporter of Cu(II)–rHSA interactions.

Our results are also relevant in the context of PD and Cu(II)
neurotoxicity, as they show that due to HSA's high affinity for
Cu(II) ions and the positive cooperativity, HSA can effectively
sequester Cu(II) ions, thus avoiding their aberrant interactions
with aSyn. Cu(II) binding to extracellular Ac-aSyn and its
sequestration by HSA is relevant for PD. Cu(II) concentrations
are elevated in the brain of PD patients or during localized
events, such as the synaptic release of large amounts of Cu(II)
ions (∼20 mM), which can exceed CSF concentrations of HSA
(∼3 mM).67,68 Additionally, Cu(II)-aSyn binding can be relevant
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 HSA chelates Cu(II) more efficiently than the standard chelator EDTA. (a–e) Normalized sfHMQC cross-peak intensities (I/Io) as a function
of residue number for 60 mMAc-aSyn in the presence of 60 mMCu(II) (a) and increasing concentrations of rHSA (b–e). (f–j) Same as (a–e) but with
increasing concentrations of EDTA. (k) Overlaid contour plots of the 1H–15N sfHMQC spectra of 60 mM aSyn (black) and 60 mM aSyn in the
presence of 60 mM Cu(II) and 30 mM rHSA (grey). (l) As (k) with rHSA replaced by 30 mM EDTA (lilac). (m) Isolated I/Io profiles for residues His-50
(solid lines) and Asp-121 (dashed lines) plotted against increasing concentrations of rHSA (grey) and EDTA (lilac) respectively. Experimental points
were fitted to a Hill-like model. (n) I/Io profiles for the aSyn-Cu(II) binding site at His-50 upon chelation of Cu(II) ions with increasing concen-
trations of EDTA (lilac) or rHSA (grey) vs. the I/Io observed upon addition of the corresponding amount of remaining aSyn-bound Cu(II), assuming
a binding stoichiometry of 1 : 1 for Cu(II) : EDTA and 2 : 1 for Cu(II) and rHSA. Spectra were acquired at 10 °C in 50 mM HEPES, pH 7.4. Error bars
represent the standard deviation of three neighbouring residues.
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for PD patients for whom serum albumin levels are strikingly
decreased compared to healthy individuals.69,70 On the same
note, albumin levels decrease during aging, which represents
a risk factor for neurodegenerative diseases like PD and AD.71
The binding of long-chain fatty acids to HSA perturbs Cu(II)
sequestration from Ac-aSyn by reducing the cooperativity
between albumin's metal binding sites

The binding of long-chain fatty acids (LCFAs) modulates HSA
interactions with other ligands, including metal ions.72

Albumin contains seven binding sites for LCFAs scattered
among the three domains with FA 2, 4, and 5 showing the
highest affinities (Fig. 1b). Hence, we tested whether the
binding of LCFAs would affect HSA's ability to chelate Cu(II)
ions. The saturation of HSA with LCFAs such as oleic acid leads
to a rotation of domains one and three relative to domain two.
We can use this inter-domain rearrangement to characterize
and assess the number of endogenous LCFAs bound to non-
defatted HSA (fHSA) using 13C-NMR. For this analysis, we
relied on a previously described method called “13C-oleic acid
for the NMR-based assessment of albumin-bound LCFA
concentration” (CONFA).73 CONFA is based on the 1D-NMR
properties of exogenous 13C-oleic acid bound to albumin.74

When HSA is already pre-bound to endogenous LCFAs, what we
denote as fHSA, the addition of 13C-oleic acid drives an allo-
steric interdomain arrangement which results in NMR chemical
shis and intensity changes of albumin-bound 13C-oleic acid.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Specically, pre-bound LCFAs to HSA alter the intensity and/or
frequencies of peaks A-C in the 1D-13C spectra of 13C-oleic acid
(Fig. 3a). The frequency separation between peaks A and B
(DvAB) can be used to estimate the amount of pre-bound LCFAs
to HSA given that DvAB is linearly correlated with the [12C-FA]Tot/
[HSA]Tot ratio (r)

DvAB = a − br (1)

where a = 71.287 and b = 1.869 (R2 = 0.97) as previously esti-
mated.73 Through eqn (1) we can estimate the stoichiometric
ratio (r) for the total LCFAs initially bound to HSA preceding the
addition of 13C oleic acid.

r = (a − DvAB)/b (2)

Characterization of fHSA through CONFA revealed that it is
bound to ∼one-two LCFA molecules per HSA molecule, based
on a peak A–B separation of 68.4 Hz upon the addition of 13C-
oleic acid (Fig. 3a).

To investigate if the binding of LCFAs to HSA affects its
capacity to sequester Cu(II) ions from Ac-aSyn, we repeated the
NMR-monitored titration shown in Fig. 2a–e but with fatty-acid
bound HSA (fHSA). A close inspection of both Ac-aSyn metal
binding sites, His-50 and Asp-121 revealed a decreased
chelating potency of fHSA in comparison to rHSA (Fig. 3f and g).
Furthermore, the sigmoidal character of the I/Io recovery
Chem. Sci., 2024, 15, 3502–3515 | 3505
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Fig. 3 Fatty acid bound HSA displays decreased chelating ability compared to defatted HSA. (a) 1D-13C spectra of 13C-methyl labelled oleic acid
in the presence of FA-freeHSA (black) and fatty acid bound-HSA (pink). Peaks A and B represent the two highest affinity binding sites in HSA, while
peak C represents the third highest affinity site, as previously reported (72). (b–e) Normalized sfHMQC cross-peak intensities (I/Io) as a function of
residue number for 60 mMAc-aSyn in the presence of 60 mMCu(II) and increasing concentrations of fHSA (red). Spectra were acquired at 10 °C in
50 mM HEPES, pH 7.4. (f and g) Isolated I/Io profiles for residues His-50 and Asp-121 plotted against increasing concentrations of fHSA (red), and
rHSA as a reference (grey dashed lines). Experimental points were fitted to a Hill-like model. Error bars represent the standard deviation of three
neighbouring residues.
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observed for rHSA is now largely lost, suggesting that the
cooperativity between the Cu(II) metal binding sites in HSA
decreases upon binding of LCFAs to albumin (Fig. 3f, g and
S4†). In contrast to rHSA, Fig. S4c and d† shows that for fHSA
scaling the concentration largely recapitulates the chelation
prole observed for EDTA. These results are in agreement with
previous reports of LCFAs modulating the interaction of HSA
with Co(II) and Zn(II) ions, which share the MBS with Cu(II).
Binding of fatty acids allosterically inhibits the binding of Co(II)
and Zn(II) ions to the MBS and the not-yet localized site B.75–77

Our data suggest that the reduced cooperativity between the
HSA metal binding sites may also contribute to the shedding of
metal ions upon binding of LCFAs, a phenomenon relevant to
the detection of myocardial ischemia.77
HSA glycation impairs Cu(II) sequestration from Ac-aSyn by
reducing the affinity of albumin's metal binding sites, while
largely preserving positive cooperativity

Non-enzymatic glycation is a spontaneous post-translational
modication of albumin. Due to its high concentration in
plasma and CSF, HSA accounts for ∼80% of all glycated
proteins in the body.78 While HSA is glycated in 1–10% of
healthy individuals, during aging or diabetes where the level of
blood glucose and other reducing sugars increases, this
percentage can increase two-three fold.78–81 HSA modications
by physiologically relevant glycating agents such as glucose and
methyl glyoxal lead to changes in the structure and ligand
binding capabilities of the chaperone.79,82–85 Hence, we
hypothesized that albumin glycation may also affect the
sequestration of Cu(II) ions away from Ac-aSyn and/or the
cooperativity displayed by the metal binding sites of albumin.
3506 | Chem. Sci., 2024, 15, 3502–3515
To test our hypothesis, we used an in vitro model of methyl-
glyoxal (MGO) glycated HSA (GlyHSA).86

Incubation of HSA with MGO causes the MW of HSA to
increase as shown by MALDI-TOF mass spectrometry (MS;
Fig. 4a and b), in agreement with previous reports on MGO-
induced HSA glycation.78,86 The mass-shi observed by MS
(Fig. 4a and b) reects the formation of advanced MGO-induced
glycation end products (AGEs), which involve primarily arginine
and lysine residues (Fig. 4c). Overall, our MS data (Fig. 4a and b)
indicate that MGO-incubation produced a mass shi on HSA of
585 Da which can be explained by the reaction of MGO (72 g
mol−1) with approximately 10–11 arginine and/or lysine resi-
dues, considering the elimination of water upon the reaction of
these amino acids with MGO. This estimate is in full agreement
with previous reports indicating an average molecular weight
increase of 53.9 Da per reacted MGO (Fig. 4c).86

Increasing concentrations of GlyHSA were titrated into Cu(II)-
bound Ac-aSyn and the titration was monitored through sfHMQC
NMR experiments (Fig. 4d–g), similar to rHSA and fHSA. Our data
show that the sequestration of Cu(II) from Ac-aSyn was impaired
(Fig. 4j and k), as the I/Io recovery curves for both His-50 and Asp-
121 are consistently shied to higher albumin concentrations
(Fig. 4h and i). Interestingly, the sigmoidal shape of the curves was
largely preserved, suggesting that, although the affinity of GlyHSA
for Cu(II) ions decreases, the cooperativity between the metal HSA
binding sites for Cu(II) is still largely preserved (Fig. 4h, i and S4†).
Similar to the non-glycated rHSA, Fig. S4† shows that even aer
rescaling the GlyHSA concentration we cannot recapitulate the
chelation prole of EDTA. Interestingly, this is in stark contrast to
fHSA, where the binding of ∼one-two LCFAs affects the coopera-
tivity between the metal binding sites of HSA. Previously it was
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 MGO-glycated HSA displays decreased Cu(II) chelating ability compared to unmodified HSA. (a) MALDI-TOF MS of rHSA. (b) MALDI-TOF
spectra of MGO-glycated HSA (GlyHSA). (c) 27 glycation sites on MGO-glycated HSA based on a previous report.85 (d–g) Normalized sfHMQC
cross-peak intensities (I/Io) as a function of residue number for 60 mM Ac-aSyn in the presence of 60 mMCu(II) and increasing concentrations Gly
rHSA (yellow). (h–i) Isolated I/Io profiles for residues His-50 and Asp-121 plotted against increasing concentrations of Gly rHSA (yellow), and rHSA
as a reference (gray dashed lines). Experimental points were fitted to a Hill-like model. Error bars represent the standard deviation of three
neighboring residues. (j) Overlaid contour plots of the 1H–15N sfHMQC spectra of 60 mM aSyn (black) vs. Ac-aSyn in the presence of 60 mMCu(II)
and 15 mM rHSA (grey). (k) as (j) but using 15 mM of Gly rHSA. Spectra were acquired at 10 °C in 50 mM HEPES, pH 7.4.
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shown that MGO-glycated albumin exhibits a reduced coordina-
tion of Cu(II), which can be attributed to the glycation of the NTS.87

In our case, this could explain the shi of the curves to the right
(Fig. 4h and i), which corresponds to a decreased Cu(II) affinity. In
contrast, the binding of LCFAs leads to an allosteric effect onHSA,
as discussed above, that disrupts the cooperativity between its
metal binding sites. However, these experiments don't address
how glycation and LCFAs affect the binding of HSA to Ac-aSyn. To
this end, we acquired spectra of Ac-aSyn in the presence of
different rHSA, fHSA and GlyHSA concentrations (Fig. 5).
LCFA-binding and glycation silence the interactions between
albumin and the CTR of Ac-aSyn

At physiological relevant plasma concentrations, HSA binds
aSyn at both the N- and C-termini.46 The interaction at the C-
termini is primarily electrostatically driven and is weakened
by the binding of fatty acids to HSA. However, the results
pertain to non-acetylated aSyn, while aN-terminally acety-
lated aSyn (Ac-aSyn) is the relevant physiological form88 and
© 2024 The Author(s). Published by the Royal Society of Chemistry
the one used for all our experiments here. Hence, we tested
how aSyn's N-terminal acetylation, as well as glycation and
fatty acid-binding to HSA, affect the interaction between both
proteins.

The sfHMQC intensity losses observed for Ac-aSyn in the
presence of rHSA and fHSA (Fig. 5a–d) revealed that aSyn's N-
terminal acetylation has a negligible effect on the previously
described patterns of interactions between albumin and aSyn,46

with long-chain fatty acids preserving their ability to partially
silence the interactions with the C-terminal region (Fig. 5g and
h). Moreover, for GlyHSA we found that albumin's binding to
the C-terminus of Ac-aSyn is completely abolished, with the
intensity of all C-terminal residues unaffected upon the addi-
tion of GlyHSA (Fig. 5e, f and i). A viable explanation for this
observation is that glycation affects positively charged arginine
and lysine HSA residues, reducing their charge and hindering
their ability to bind the negatively charged C-terminal region of
Ac-aSyn. However, we still don't know how metals such as Cu(II)
affect the binding of albumin to Ac-aSyn.
Chem. Sci., 2024, 15, 3502–3515 | 3507
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Fig. 5 Binding of long chain fatty acids and glycation decrease binding
of HSA to Ac-aSyn. (a–f) Normalized sfHMQC cross-peak intensities (I/
Io) as a function of residue number for the backbone amide groups of
60 mM Ac-aSyn in the presence of 200 mM (a) and 800 mM rHSA (b),
200 mM (c) and 800 mM fHSA (d), 200 mM (e) and 800 mMGlyHSA (f). (g–
i) Cartoon representation of HSA interactions with Ac-aSyn in the
absence of modifications (g), in the presence of fatty acids (h) and after
glycation (i). Spectra were acquired at 10 °C in 50 mM HEPES, pH 7.4.
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Cu(II) and Zn(II)-binding to HSA results in pervasively
enhanced interactions of albumin with monomeric Ac-aSyn

To probe how HSA binding of metal ions, such as Cu(II), affects
HSA's interactions with Ac-aSyn, we acquired sfHMQC spectra
of 15N-labeled Ac-aSyn in the presence of plasma-like
Fig. 6 Metal binding to HSA enhances interactions between HSA and mo
mM aSyn (black) and in the presence of 800 mM of rHSA (grey, a), 800 mM
(pink, d), 800 mM Cu(II)-GlyHSA (yellow, e). (f–i) Normalized sfHMQC
backbone amide groups of 60 mM aSyn in the presence of 800 mM Cu(II)
GlyHSA (i), each compared to the corresponding profiles observed in th
HEPES, pH 7.4.

3508 | Chem. Sci., 2024, 15, 3502–3515
concentrations of unlabeled rHSA complexed with Cu(II) ions
(∼0.8 mM). To our surprise, we found that Cu(II)-binding to HSA
causes more pronounced sfHMQC intensity losses in the aSyn
C-terminal region (Fig. 6a, b, and f). Additionally, we also
observed enhanced intensity losses in the NTR region centered
at Tyr39 (Fig. 6f), which together with the interaction at the N-
terminus, has been reported as a canonical chaperone-aSyn
binding site.89 To test whether this signal reduction was simply
due to an inter-molecular paramagnetic effect of HSA-bound
Cu(II) ions, we repeated these experiments with Zn(II) ions,
which are diamagnetic and serve as a positive control. In
addition, Zn(II) and Cu(II) ions, share the MBS and possibly site
B in HSA66 and His 50 and Asp 121 in Ac-aSyn90 (Fig. 1a and b).

Similar to Cu(II), complexation of HSA with Zn(II) ions makes
the albumin-induced sfHMQC intensity losses in Ac-aSyn more
pronounced (Fig. 6c and g), ruling out that the sfHMQC inten-
sity changes observed for Cu(II)-bound HSA (Fig. 6f) are due
primarily to inter-molecular paramagnetic relaxation enhance-
ments. Furthermore, we did not observe any signicant chem-
ical shi difference between Ac-aSyn in the presence of
unbound-HSA or Zn(II)-bound HSA (Fig, S5a, b and d†),
excluding the possibility of Zn(II) ions being released by rHSA to
bind aSyn. Taken together, these results indicate that when
rHSA is complexed with metal ions, its canonical interactions
with the Ac-aSyn CTR are enhanced and additional HSA-contact
sites are observed in Ac-aSyn's NTR (Fig. 6f and g). These
conclusions are in overall agreement with a previous report
indicating that the binding of Zn(II) ions to HSA enhances the
chaperone binding to aSyn.91 However, previously it was found
nomeric aSyn. (a–e) Overlay of the 2D-15N–1H sfHMQC spectra of 60
Cu(II)-rHSA (blue, b), 800 mM Zn(II)-rHSA (green, c), 800 mM Cu(II)-fHSA
cross-peak intensities (I/Io) as a function of residue number for the
-HSA (f), 800 mM Zn(II)-rHSA (g), 800 mM Cu(II)-fHSA (h), 800 mM Cu(II)-
e absence of added metals. Spectra were acquired at 10 °C in 50 mM

© 2024 The Author(s). Published by the Royal Society of Chemistry
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that Zn(II)-bound HSA elicits an increased interaction with aSyn
only at the N-terminal and NAC region, while the interactions
with the C-terminal region are silenced,91 most likely because
Fig. 7 Mechanism of Cu(II) transfer from Ac-aSyn to HSA and the
implications of glycation and fatty acid binding to HSA. (a) Ac-aSyn
binds Cu(II) at two different sites the His-50 and Asp-121. Upon addi-
tion of de-fatted HSA (rHSA), Cu(II) ions are chelated away from Ac-
aSyn in a cooperative manner to the NTS and MBS in HSA, indicated by
a black double headed arrow close to HSA. However, we cannot rule
out potential contributions from site B in HSA. At the same time,
binding of Cu(II) ions to HSA increases the affinity of the chaperone for
Ac-aSyn at the NTR and CTR. (b) Upon binding of LCFAs to HSA, the
cooperativity between the NTS and MBS of HSA is compromised,
which results in a decreased chelating ability of HSA. Additionally,
unlike rHSA, Cu(II) binding to fHSA does not significantly enhance the
chaperone binding to Ac-aSyn. (c) Glycation of HSA decreases the
binding of Cu(II) ions (shaded blue spheres) but does not appreciably
disrupt the cooperativity between the NTS and MBS sites of HSA.
Addition of metal ions to GlyHSA does not significantly increase its
binding to Ac-aSyn.

© 2024 The Author(s). Published by the Royal Society of Chemistry
the previous experiments were conducted under different
conditions, i.e. different salt concentrations, non-acetylated
aSyn,91 37 °C, and with different aSynZn(II)-HSA ratios, which
can account for the differences observed compared to our
results. In addition, upon binding long-chain fatty acids or
glycation, the pervasive interactions of metal-bound HSA are
partially silenced (Fig. 6d, e, h and i), in line with what is
observed in the absence of HSA-bound metals (Fig. 6h and i).

Conclusions

Our results paint a clear picture of the transfer of Cu(II) from Ac-
aSyn to HSA. Such transfer is relevant at CSF physiological
conditions where HSA is responsible for avoiding aberrant
interactions of toxic metal ions, such as copper, with aSyn and
other disease-related IDPs. We found that the sequestration of
Cu(II) ions from Ac-aSyn by HSA follows a cooperative chelation
mechanism, most likely involving its two primary Cu(II) binding
sites, NTS andMBS (Fig. 7a). Upon binding of LCFAs to HSA, the
cooperative nature of Cu(II) chelation is decreased. This leads to
an overall reduced transfer of Cu(II) ions from Ac-aSyn to fHSA
compared to de-fatted HSA (Fig. 7b). Our work also considered
posttranslational modications of HSA, such as glycation.
Addition of the glycating agent MGO decreases the binding
affinity of Cu(II) for HSA. However, unlike LCFA-binding, gly-
cation does not appreciably perturb the cooperativity between
the NTS and MBS (Fig. 7b).

We also investigated the interactions of monomeric Ac-aSyn
with HSA in the presence of metal ions, fatty acids, and glyca-
tion. To our surprise, when the chaperone is bound to Cu(II) and
Zn(II) ions, it displays increased binding at the NTR, and CTR of
Ac-aSyn (Fig. 7a). These metal-enhanced interactions are
weakened or largely silenced when HSA is bound to fatty acids
or glycated, respectively (Fig. 7b and c). Furthermore, the
previously reported interactions of non-acetylated aSyn with
HSA in the presence or absence of fatty acids are conserved even
when aSyn is acetylated. Overall, our study not only emphasizes
the importance of fatty acid binding and age-related post-
translational modications such as glycation for the neuro-
protective mechanisms of HSA, but also highlights the potential
of aSyn as a viable NMR-based sensor to investigate HSA-metal
ions interactions. The concepts presented here are also relevant
to understand the mechanism of action of albumin as
a biotherapeutic92–94 for neurodegeneration.

Experimental section
Alpha synuclein expression and purication

Escherichia coli BL21 (DE3) cells and the pT7-7 plasmid were
used to express aSyn, as previously described.46 N-terminally
acetylated (Ac) aSyn was obtained through the co-
transformation of E. coli with pT7-7 and a second plasmid
(pACYC) encoding for the Schizosaccharomyzes pombe NatB
acetyltransferase complex.95 The two plasmids exhibit distinc-
tive antibiotic resistance, specically for ampicillin and chlor-
amphenicol, to select double-transformed E. coli colonies. Briey,
as before,46 bacteria were grown at 37 °C with 50 mg mL−1 of
Chem. Sci., 2024, 15, 3502–3515 | 3509
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ampicillin and 25 mg mL−1 chloramphenicol in 15N-ammonium
chloride-enriched M9 minimal media. Upon ∼0.6–0.8 OD600, 100
mM of isopropyl b-D-1-thiogalactopyranoside (IPTG) was used to
overexpress alpha-synuclein at 37 °C for 4 h. The cells were pelleted
at 10 000 g for 10 min and stored at −80 °C until purication. For
the purication of Ac-aSyn, the cell pellets were dissolved in lysis
buffer (10 mM Tris–HCl pH 8, 1 mM EDTA, 1 mM AEBSF protease
inhibitor) and lysed by three cycles of freeze-thawing followed by
sonication. Aer sonication, the cell lysate was boiled for 20 min
and separated by centrifugation at 19 500 g for 1 h. Aerwards, the
supernatant was treated with streptomycin sulphate to a nal
concentration of 10 mg mL−1. The mixture was stirred for 20 min
at 4 °C and the precipitate was removed by centrifugation at 19
500 g for 10 min. Subsequently, 360 mg mL−1 of ammonium
sulphate was used to precipitate the protein. The solution was
mixed for 1 h at 4 °C and centrifuged at 9500 g for 15 min. The
protein precipitate (pellet) was resuspended in 25 mM Tris–HCl,
pH 7.7 (Buffer A), and loaded onto a size exclusion chromatog-
raphy (SEC) (HiLoad 16/60 Superdex 200 increase gel ltration
column, GE Healthcare) equilibrated with buffer A. Next, the
fractions containing monomeric alpha-synuclein were injected
onto an anion exchange column (HiTrap Q Sepharose high
performance, GE Healthcare) and eluted with a 0–600 mM NaCl
(Buffer B) step gradient. At ∼50% NaCl the fractions containing
puried alpha-synuclein were further loaded onto a SEC (HiLoad
16/60 Superdex 200 increase gel ltration column, GE Healthcare)
equilibrated with double-distilled H2O to extract monomeric Ac-
aSyn and discard any oligomers formed during the purication.
The fractions with monomeric alpha-synuclein were lyophilized
and stored at−20 °C. Protein concentration was determined by UV
absorbance at 280 nm and E = 5600 M−1 cm−1 using a NanoDrop
Onec (Thermo Fisher).

NMR sample preparation

Monomeric Ac-aSyn was prepared by dissolving the lyophilized
powder in 50 mM HEPES pH 7.4 with 5% D2O for NMR exper-
iments. Fresh samples were instantaneously analyzed to avoid
Ac-aSyn aggregation.

Preparation of other stock solutions

Lyophilized fatty acid and globulin-free human serum albumin
(rHSA; Sigma-Aldrich A3782) and globulin-free human serum
albumin (fHSA; Sigma-Aldrich A8763) were dissolved in 50 mM
HEPES pH 7.4 or PBS pH 7.4 buffers. Copper(II) chloride (99.9%
tracemetals basis) was purchased from Sigma (CAS number: 7447-
39-4). A stock solution of 0.1 Mwas prepared using ltered double-
distilled H2O treated with Chelex 100 resin (Bio-Rad 1422822).

Preparation and characterization of glycated human serum
albumin

Glycation of commercially available fatty acid and globulin-free
HSA (rHSA) was conducted as previously described86 by incu-
bating 40 mg mL−1 of HSA in 1 × PBS with 10 mM of methyl
glyoxal (Sigma-Aldrich CAS:78-98-8) at 37 °C for 48 h. The product
of this incubation (Gly-HSA) was dialyzed against 1 × PBS to
remove the excess of methyl glyoxal. GlyHSA was lyophilized and
3510 | Chem. Sci., 2024, 15, 3502–3515
stored at−20 °C. Control non-glycated HSAwas treated identically
to GlyHSA (i.e., incubation at 37 °C for 48 h) except that no methyl
glyoxal was present in the reaction buffer. The glycation stage of
GlyHSA was analyzed byMALDI TOF-MS as described previously.81
Solution NMR experiments

All NMR spectra were acquired on a Bruker 700 Advance or NEO
spectrometer equipped with a TCI cryoprobe. The spectra were
analyzed with TopSpin 4.0.7 and NMRFAM Sparky.

1H–15N HSQC and SO-FAST HMQC intensity analysis to
monitor Cu(II) and HSA binding to Ac-aSyn. HSA and Cu(II)
binding to Ac-aSyn was studied by losses in 1H–15N HSQC or SO-
FAST HMQC intensities upon the addition of HSA and Cu(II)
compared to a sample of Ac-aSyn alone. 1H–15N HSQC spectra
were recorded at 283 K, with a recycle delay of 1.0 s, 16 scans,
and 4 K (t2) and 300 (t1) complex points and spectral widths of
14.05 ppm (1H) and 31.82 ppm (15N). For SO-FAST HMQC
experiments the temperature was also 283 K with a recycle delay
of 0.5 s, 64 scans, and 2 K (t2) and 300 (t1) complex points for
spectral widths of 16.22 ppm (1H) and 35 ppm (15N). Spectra
were obtained for Ac-aSyn with and without rHSA, fHSA or Gly-
HSA in the presence or absence of Cu(II) ions.

Characterization of fatty acid bound HSA (fHSA) through
CONFA. To estimate the amount of long-chain fatty acids (LCFAs)
bound to commercially available HSA, we used 13C-methyl-labeled
oleic acid for the NMR-based assessment of albumin-bound LCFA
concentration (CONFA)73 approach. Lyophilized, commercially
available fatty acid bound (globulin free) human serum albumin
(fHSA; Sigma-Aldrich A8763) was dissolved in NMR buffer (50 mM
Sodium phosphate, 50 mM NaCl, pH 7.4, 99% deuterium oxide)
as previously described.73 fHSA concentration was checked using
UV absorbance at 280 nm and E = 35 700 M−1 cm−1 using
a NanoDrop Onec (Thermo Fisher). 12C-oleic acid was obtained
from Sigma-Aldrich (O1008, $99% pure based on TLC and GC,
CAS: 112-80-1), while 13C oleic acid was purchased from Cam-
bridge Isotope Laboratories (CLM2492, 98% chemical purity and
99% isotopic enrichment). 12C and 13C oleic acid 100 mM stocks
were prepared in 100% d6-dimethyl sulfoxide (DMSO) from
Cambridge Isotope Laboratories. CONFA samples were prepared
as previously described.73 Briey, fatty acid stock solutions were
preheated at 50 °C for 5 min and added to a 0.5 mM fHSA solu-
tion, which was preincubated at 37 °C in advance for 30 min. The
mixture of fHSA and fatty acids was incubated at 37 °C for two
more hours before acquiring 1D 13C NMR spectra. The 1D-13C
spectra were recorded at 298 K with 1H decoupling and a spectral
width of 41 666.66 Hz and 65k points. The recycle delay was 1 s,
and the number of scans was 4 K, preceded by 32 dummy scans.
Data availability
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