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Gold nanoclusters Au,5AcCys; g normalize
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This study focuses on the modulatory effects of gold nanoclusters with 25 gold atoms and 18 acetyl
cysteines (AupsAcCysig) in human microglia, human iPSC-derived neurons and SH-SY5Y differentiated
human neuronal cells. The combination of chemical, biological, and computational methods shows the
well-retained viability of these human cells treated with Au,sAcCys;g, interactions between Au,sAcCysig
and transcription factor TFEB (computational approach), interactions between TFEB and HMGB1 (proxi-
mity ligation assay and molecular modeling using AlphaFold), modulation of the abundance and location
of acHMGB1 by Au,sAcCysig (immunocytochemistry), and the reduction of ROS in cells treated with
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AuysAcCys g (CellROX live imaging). These novel findings in human neural cells, particularly neurons,
encourage further studies in experimental animal models of neurological disorders and/or human orga-
noids to exploit the unique structural and photophysical properties of gold nanoclusters and to better
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Introduction

The meteoric rise of nanomaterials for therapeutic purposes in
the last few decades raised important questions at the cellular
and subcellular levels. Gold nanoclusters (AuNCs) can be
atomically precise, giving them molecule-like identities with
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understand their ability to modulate molecular mechanisms in human cells.

highly predictable physicochemical properties."” Biological

applications of AuNCs (e.g. photodynamic therapy and bio-
imaging) benefit from their size and ligand tunability.”>™* Bare
metal clusters are unstable in solution and need protection.
The combination of metal nanoclusters with peptides or pro-
teins brings together the unique optical, electronic, and cata-
Iytic properties of metal nanoclusters with the biological func-
tions of biomolecules. Thiol-containing ligands such as gluta-
thione,” mercaptoundecanoic acid,® and captopril” are used
for specific functionalities and enhance the solubility of
AuNCs in solvents. These ligands allow for precise control over
the size, shape, and surface chemistry of AuNCs, facilitating
their use in catalysis,® sensing,” and drug delivery.’® Cysteine
ligands notably stabilize AuNCs and facilitate interactions with
cells. N-Acetyl-cysteine is water-soluble, endogenous and non-
toxic at low concentrations. Au,; nanoclusters have been
thoroughly characterized using high-resolution mass spec-
trometry. Their size strikes a balance, being small enough for
bioactivity and avoiding the disruption of cellular proteins, yet
large enough to avoid toxicity due to their excessive surface
area, as seen in smaller nanoclusters."™"? Au,sAcCys;s (Au,s:
25 gold atoms; AcCys: N-acetyl-cysteine) has a long lifetime
and optical properties attractive for photosensitization.>"*™
Its early discovery, easy preparation, high stability, and exci-

This journal is © The Royal Society of Chemistry 2025
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tation in the ultraviolet-visible and near infrared regions
(tunable photoluminescence and large Stokes shift) make it
advantageous for biomedical applications.'®

In the dynamic cellular environment, rapidly shifting oxi-
dative states under physiological and pathological conditions
can significantly affect Au,sAcCys;g interactions. The brain
maintains tight control of oxidative processes due to the sensi-
tivity of neural cells and high energy demands.'” Dysregulation
and/or excessive stress associated with hypoxia or inflammation
are hallmarks of many neurological disorders'®' and would
affect the impact of Au,sAcCys;g in cells. We have previously
shown that human astrocytes respond to AuNCs in a size- and
ligand-dependent manner at the level of organelles. The
present work focuses on microglia and neurons, which are par-
ticularly sensitive to reactive oxygen species (ROS) and redox
imbalance. Activated microglia release ROS and soluble factors
such as high mobility group box 1 (HMGB1), a multifaceted
protein with emerging binding partners and functions under
physiological and pathological conditions.>**!

We hypothesize that Au,sAcCys;s can modulate cellular
ROS under hypoxic and normoxic conditions. Au,sAcCys;g
could also modulate the localization of redox-responsive pro-
teins such as HMGB1 and TFEB, as well as their protein-protein
interactions, resulting in changes in lysosomal cathepsin B
activity. The results show reduced ROS abundance and mainten-
ance of low nuclear acetylated HMGB1 (acHMGB1) abundance
both in human microglia and human iPSC-derived neurons.
Collectively, the data suggest context-dependent biological
effects of Au,sAcCys; g as related to its nano-bio interactome.

Experimental
Gold nanocluster synthesis

Au,sAcCys;g and AcCys;g were provided by Dr Rodolphe
Antoine from the Institut Lumiére Matiére, University of Lyon,
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France. The synthesis and characterization were described by
Fakhouri et al.’> A summary of their structures is provided in
Fig. 1.

In silico modeling and analyses

The protein structures for HMGB1 (pdb: 2YRQ) and TFEB
(pdb: AF_AFA0A024RCY3F1) were taken from the Protein Data
Bank.”” Interactions between TFEB and Au,sAcCys;s OrF
HMGB1 were predicted using AlphaFold.>*** The calculation
of solvent accessible surface area (SASA) and molecular electro-
static potential (MEP) was performed in Jmol,>® whereas the
analysis of TFEB—{Cyso} contact interactions was carried out in
Chimerax.”®

The density functional theory-optimized structure of
Au,5AcCys, s was taken from our previous study.® To calculate
the interaction energy, we performed single point calculations
using the Perdew-Burke-Ernzerhof functional®”*® within
Gaussian software. The split valence polarization (SVP) atomic
orbital (AO) basis set>® was used for gold and sulphur, and the
3-21G AO basis set’>*! was used for all other atoms. For gold
atoms, a relativistic effective core potential (19-e” RECP) was
employed.**

Solvent-Accessible Surface Area (SASA) represents the
portion of a molecule that is available for contact with solvent
(as opposed to the part that is buried inside). It is a key factor
in understanding molecular interactions and behavior in bio-
logical environments. SASA is calculated by “rolling” a spheri-
cal probe (representing a solvent molecule) over the surface of
the molecule we are investigating. The radius of this probe is
usually set to the radius of a water molecule (~1.4 A). The
resulting surface area represents the part of the molecule that
could interact with solvent molecules.

Au,;AcCys,g
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+ H
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Fig. 1 Structure of the gold nanocluster Au,sAcCys;g and atomic representation with a colour scheme (left). The icosahedral gold core and S—Au—
S—Au-S staple motifs are highlighted, whereas acetyl cysteine (AcCys) ligands are presented as sticks.> Au = gold, S = sulfur, C = carbon, O =
oxygen, N = nitrogen, and H = hydrogen. (Right) The solvent-accessible surface area (SASA) colored by molecular electrostatic potentials (MEPs)
indicates the interacting surface of the nanocluster with the potential for electrostatic interactions.
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Cell line culture

The human microglia (HMC3) and human neuroblastoma
(SH-SY5Y) cell lines were originally obtained from the American
Type Culture Collection. HMC3 cells were kept in Dulbecco’s
Modified Eagle’s Medium (DMEM, Thermo Fisher Scientific)
with 5% (v/v) fetal bovine serum (FBS, Wisent) and 1% (v/v) peni-
cillin-streptomycin (Thermo Fisher Scientific). SH-SY5Y cells
were maintained in F12/DMEM (Thermo Fisher Scientific) sup-
plemented with 10% FBS and 1% penicillin-streptomycin. The
cells were kept at 37 °C with 5% CO, and 95% relative humidity.

iPSC culture

Human iPSCs were generated from the lymphocytes of con-
senting individuals. The iPSC line SBP012 was reprogrammed
as described previously.*® iPSCs were cultured on a Matrigel
(Corning) coated plate with mTeSR1 medium (STEMCELL
Technologies) in a 100% humidity incubator at 37 °C and 5%
CO,.

Neuronal differentiation

Neural progenitor cells (NPCs) were induced using a
STEMdiff™ SMADi Neural Induction kit (STEMCELL
Technologies) according to the manufacturer’s embryoid body
(EB) protocol. On day 0, a single-cell suspension of iPSCs was
generated using Gentle Cell Dissociation reagent and 10 000
cells per well were seeded in an ultra-low attachment 96-well
plate (Corning) to form EBs. The cells were cultured in
STEMdiff™ Neural Induction Medium with SMADi and 10 pM
Y-27632. A partial medium change was performed daily from
Day 1 to Day 4 using STEMdiff™ Neural Induction Medium
with SMADi. On Day 5, EBs were collected using a 1 mL wide-
bore serological pipette and a 40 pm strainer. EBs were then
replated in a poly-t-ornithine hydrobromide (PLO) and
laminin-coated 6-well plate (Corning). A full medium change
was performed daily from day 6 to day 11. When the neural
induction efficiency exceeds 75%, neural rosettes were manu-
ally selected on day 12 using the STEMdiff™ Neural Rosette
Selection Reagent and replated onto a PLO/laminin-coated
6-well plate. Daily full medium changes were performed until
the NPCs were ready for the first passage when cultures
reached approximately 80-90% confluency. NPCs were main-
tained in STEMdiff™ Neural Progenitor Medium until ready
for differentiation after two passages using Accutase
(STEMCELL Technologies). For the final differentiation into
forebrain neurons, NPCs were digested with Accutase and
seeded onto PLO/laminin-coated glass coverslips (Mandel
Scientific) with a STEMdiff™ Forebrain Neuron Differentiation
Kit. Daily full medium changes were performed for 6 days
before switching to the STEMAiff’™™ Forebrain Neuron
Maturation Kit. Maturation media were changed twice a week
until the neurons were ready for use.

Cell viability

Cells were seeded at 7000 cells (24 h treatment) or 5000 cells
(72 h treatment) per well in 96-well plates (Sarstedt) and cul-
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tured overnight before treatment. For cell counting, the cells
were incubated after treatment for 15 min with Hoechst 33342
(Millipore-Sigma, 10 pM) and imaged using a fluorescence
microscope (Leica DMI4000B). Cell numbers were counted
using the Cell Counter function in Image] (version 1.53t). For
the MTT assay, the culture media were removed and the cells
were incubated with 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT, 0.5 mg mL™", Millipore-Sigma)
dissolved in culture medium, for 30 min at 37 °C. The MTT
media were removed and the cells were lysed in dimethyl sulf-
oxide (100 pL per well). The released formazan was measured
colorimetrically at 595 nm using a microplate reader (Spark,
Tecan).

Oxidative stress

Cells were seeded onto glass coverslips (12 mm diameter,
Assistent) at 7000 cells per coverslip and cultured for 24 h.
Hypoxic conditions (4 h) were achieved using a BioSpherix
XvivoSystem model X3 Hypoxia Hood with a glovebox.
Nitrogen gas was used to flush oxygen, and the conditions
were set to 37 °C, 5% CO,, and 1.0% O,.

At the end of the treatment, the cells were incubated with
CellROX Deep Red (5 pM, Thermo Fisher Scientific) and
Hoechst 33342 (10 pM) for 30 min at 37 °C, in phenol- and
serum-free DMEM (Thermo Fisher Scientific). The cells were
washed in phenol- and serum-free DMEM before imaging with
a fluorescence microscope. Fluorescence was analyzed in
Image].

Immunocytochemistry in cell lines

Cells were seeded onto glass coverslips at 7000 cells per cover-
slip and incubated for 24 h before treatment. The cells were
washed twice with phosphate-buffered saline (PBS) and treated
under serum-deprived conditions. Following treatment, the
cells were fixed (4% (w/v) with paraformaldehyde, BDH,
10 min) and permeabilized (0.1% Triton X-100 (v/v), Millipore-
Sigma, 10 min). The samples were incubated with primary
antibodies  (rabbit anti-acetylated = HMGB1, 1/1000,
MyBioSource, MBS9404216) overnight in 10% (v/v) goat serum
(Thermo Fisher Scientific). The samples were washed thrice
for 5 min with PBS and then incubated with secondary anti-
bodies (goat anti-rabbit Alexa Fluor 647, 1/500, Thermo Fisher
Scientific) for 1 h at room temperature, along with Hoechst
33342 (10 pM). The cells were washed thrice for 5 min with
PBS and then mounted onto microscope slides using Aqua-
Poly/Mount (Polysciences). Samples were imaged using a fluo-
rescence microscope and fluorescence was analyzed in Image].

Immunocytochemistry for iPSCs

iPSC-differentiated neurons were washed twice with PBS and
fixed for 1 h with 5% (w/v) sucrose and 3.7% (w/v) formal-
dehyde in PBS at room temperature. Following fixation,
neurons were permeabilized using the same buffer with 0.2%
(v/v) Triton X-100 (2 min). The neurons were rinsed twice in
PBS and incubated for 10 min in 50 mM NH4CI in PBS for
10 min, washed twice with PBS before blocking with 10% (v/v)

This journal is © The Royal Society of Chemistry 2025
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donkey serum (DS) in PBS for 20 min, and immunolabelled
with primary antibodies diluted in 5% DS and 0.05% Triton
X-100 in PBS overnight at 4 °C. The neurons were washed
thrice with PBS for 5 min at room temperature and then incu-
bated with secondary antibodies conjugated to Alexa 647 or
Alexa 488 diluted in 5% DS and 0.05% Triton X-100 in PBS for
1 h. Neurons were washed thrice in PBS for 5 min. Hoechst
33342 (10 uM) was used to label nuclei for 10 min. Then the
neurons were washed thrice with PBS and once in double dis-
tilled water, and were mounted with ProLong™ Diamond
Antifade Mountant (Thermo Fisher Scientific). Images were
acquired with a 63X lens on an SP8 confocal microscope (Leica
Microsystems) and analyzed with Image].

Proximity ligation assay

Cells were seeded onto glass coverslips for immunocytochem-
istry experiments. Following treatment, the cells were fixed
(4% paraformaldehyde, 10 min) and permeabilized (0.1%
Triton X-100, 10 min). The samples were blocked in Duolink
blocking solution and incubated with primary antibodies over-
night (rabbit anti-TFEB, 1/500, Sigma-Aldrich, SAB4503154;
mouse anti-HMGB1, 1/500, Abcam, ab190377). The proximity
ligation assay was then performed following the manufac-
turer’s instructions for Duolink (Millipore-Sigma). In brief, the
samples were washed twice in buffer A (5 minand then incu-
bated with Plus and Minus probes for 1 h at 37 °C. The cells
were washed twice and then incubated with ligase (30 min,
37 °C). The cells were washed again twice and then incubated
with polymerase for signal amplification (100 min, 37 °C). For
actin labelling, the cells were incubated with Alexa Fluor 488
Phalloidin (1/400, 20 min, Thermo Fisher Scientific). The
samples were mounted onto glass slides with Duolink in situ
mounting medium with DAPI and imaged using a fluo-
rescence microscope.

Statistics

Statistical significance was calculated using one-way ANOVA
followed by Dunnett’s test. When the homogeneity of variance
or sample size is not met, Welch’s ANOVA followed by the
Games-Howell test was performed. Experiments were per-
formed independently at least three times. p-Values smaller
than 0.05 were considered statistically significant.

Results
Structure and properties of Au,;AcCys;g

Au,sAcCys;g exhibits unique structural properties that influ-
ence its behavior and functionality. The core consists of gold
atoms arranged in an icosahedral Au,; kernel with a central Au
atom, protected by six Au,(SR); staple motifs.>*** The ligands
can significantly influence the AuNC properties. Both ligands
and the nanocluster size play crucial roles in determining
their activity and biodistribution in vivo. The choice of acetyl-
cysteine (AcCys) as a protecting ligand for AuNCs was primarily
for its biocompatibility and endogenous antioxidant pro-

This journal is © The Royal Society of Chemistry 2025
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perties.’® AcCys at concentrations used in this study does not
interfere with cellular functions, and its flexibility is influ-
enced by H-bond networks. AcCys provides greater flexibility
for AuNCs compared to larger ligands like glutathione,® owing
to fewer H-bonds and allowing for structural flexibility and per-
formance. The overall size of the nanocluster is approximately
2 nm, with a solvent-accessible surface area of 2331 A?
making it small enough for cellular uptake and interaction
with biomolecules (Fig. 1).

Biological evaluation in human neural cells: viability and
modulation of ROS

We first assessed the viability of human microglia and
neurons in response to Au,sAcCysig. These neural cell types
play critical roles in the central nervous system under physio-
logical and pathological conditions. Microglia are sensitive to
foreign materials as they constantly survey the brain. Their
response to nanostructures and other compounds sets the
stage for therapeutic applications, as they directly and
indirectly influence other neural cells. Neurons do not have
the same ability as microglia to proliferate, and their loss is
critical to brain health. We examined the potential toxicity of
Au,sAcCys,g by establishing time- and concentration-depen-
dent effects on cell viability (cell count) after 24 h and 72 h
(Fig. 2 and Fig. S17). The results showed that Au,sAcCys,g was
well tolerated at the concentration used throughout this manu-
script (1 pM) in both cell types.

Cellular redox is a fast-changing state that participates in
cellular signalling. Altered redox as a result of changing energy
expenditure or production influences the functionality of
redox-sensitive proteins and pathways. A cellular response to
Au,sAcCys, g under conditions of oxidative stress was simulated
chemically using the GSH inhibitor buthionine sulfoximine
(BSO), as well as physically using a hypoxic chamber (Fig. 3).
Depletion of antioxidant defences with BSO causes an increase
in ROS, as detected with the fluorescent probe CellROX.
Neuronal cells were more sensitive to hypoxia with GSH
depletion, and Au,sAcCys;g brought down ROS to near-control
levels. This suggests a protective effect of Au,5AcCys;g against
excessive cellular ROS.

Modulation of HMGB1 localization

Microglial and neuronal cells are affected by pro-inflamma-
gens such as lipopolysaccharides (LPSs), which activate a
cascade of intracellular pathways culminating in the release of
soluble factors such as HMGB1. HMGB1 is mostly concen-
trated in the nucleus, where it serves as a DNA-associated
protein facilitating transcription. Inflammation and ROS
induce post-translational modifications (e.g. acetylation) that
relocate HMGBL1 to the cytosol and extracellular space as a sig-
nalling protein, thus affecting neuron-neuron and neuron-
glia interactions. Pharmacological manipulation using histone
deacetylase inhibitors (ACY-1215, SAHA) increased the cellular
level of acHMGB1 (Fig. 4 and 5). The concept is illustrated in
Fig. 4a. We show the morphology of human microglia and
neuron-like cells (differentiated SH-SY5Y), and the abundance
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Fig. 2 AuysAcCys g does not affect the viability of human microglia and differentiated SH-SY5Y neuronal cells after 24 h and 72 h. Fluorescence
micrographs of (A) microglial and (C) differentiated neuronal cells treated with Au,sAcCys;g for 24 h. Nuclei are labelled with Hoechst 33342 (blue).
Average cell viability determined by cell nuclei counting normalized to the vehicle control + SEM for (B) microglial and (D) differentiated neuronal

cells. Scale bars = 40 pm.

of acHMGB1 under hypoxic and normoxic conditions (Fig. 4b
and d). Au,sAcCys,; itself maintains cytoplasmic acHMGB1 to
a low, barely detectable level both in differentiated SH-SY5Y
(Fig. 4d) and human neurons, comparable to untreated con-
trols (Fig. 5). Au,sAcCys,s does not significantly change the
subcellular distribution of acHMGB1, as the effect of histone
deacetylase inhibitors is very strong. Considering that HMGB1
translocates from the nucleus to the cytosol under cellular
stress, we next investigated if cytosolic HMGB1 will associate
with another stress-responsive transcription factor: TFEB.

Interaction with transcription factors TFEB and HMGB1

HMGBI1 is a co-factor of numerous transcription factors. Its
association with lysosomal compartments for cellular release
suggests a potential interaction with the key lysosomal regula-
tor TFEB.?” Little is known about TFEB and HMGB1 inter-

1096 | Nanoscale, 2025, 17,1092-1104

actions. We aimed to investigate the sites and characteristics
of their interactions and compare them with the putative inter-
actions of TFEB and Au,sAcCys;g. We employed AlphaFold
(v.2.0), which uses an end-to-end deep neural network to
predict protein structures from sequences, including protein
complexes.’® It has achieved unprecedented accuracy, signifi-
cantly outperforming other methods in the latest Critical
Assessment of Protein Structure Prediction (CASP14) round.>?
Fig. 6a presents the interaction sites for HMGB1 and
Au,sAcCys,g at the surface of TFEB, whereas Fig. S21 shows
details that include TFEB amino acids interacting with
HMGB1 versus {Cyso}. Prediction of the TFEB and HMGB1
complex was done using their primary sequences, and
AlphaFold provided their three-dimensional complex model,
together with the predicted local distance difference test
(pLDDT). The pLDDT is a per-residue confidence measure for

This journal is © The Royal Society of Chemistry 2025
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oxidative stress per cell, as the fold change of the untreated control + SEM for (C) microglial and (D) differentiated neuronal cells. The results are
shown from at least 3 independent experiments, with at least 200 cells analyzed per treatment. Scale bars = 10 pm. ***p < 0.001.

structural predictions, scaled from 0 to 100. Higher scores and side chains, whereas a score above 70 indicates accurate
indicate higher confidence and better prediction accuracy. A backbone prediction with some side chain errors. The pLDDT
pLDDT above 90 signifies high accuracy for both backbone score can vary across a protein, indicating regions of differing
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of human microglia and differentiated SH-SY5Y neuronal cells treated with lipopolysaccharide (LPS, 10 ng mL™%), Au,sAcCys;g (1 pM), ACY-1215
(5 pM), and SAHA (5 uM), alone or in combination for 24 h. AcHMGBL (red) was fluorescently labelled by immunocytochemistry. Nuclei (blue) were
labeled with Hoechst 33342. Nuclei and cells are outlined with white dotted lines. Scale bars = 20 pm. Shown are the average level of nuclear and
cytoplasmic acHMGBL1 per cell + SEM, in (C) microglial and (D) differentiated neuronal cells, relative to the untreated control (Ctrl), from at least
three independent experiments. *p < 0.05; **p < 0.01; and ***p < 0.001.
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acHMGB1
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y il -

Fig. 5 Representative fluorescence micrographs of acetylated HMGB1 (acHMGB1, red) in human neurons derived from iPSCs treated with
AuysAcCys;g (1 pM), ACY-1215 (ACY, 5 pM), and vorinostat (SAHA, 5 pM), alone or in combination for 24 h. Neurons were labeled with the neuronal
marker TUJ1 (green) and nuclei (blue) were labeled with Hoechst 33342. Cells were fluorescently labeled by immunocytochemistry and imaged

using a confocal microscope. Scale bars = 25 pm.

prediction reliability and identifying which parts of the struc-
ture are likely accurate. Comparison of the pLDDT plots in
Fig. S2at shows that interacting regions of TFEB and HMGB1
are dark and light blue (pLDDT > 90 and 90 > pLLDT > 70,
respectively), indicating high accuracy for the backbone, and

This journal is © The Royal Society of Chemistry 2025

slightly less for side chains. On the other hand, the interaction
of TFEB and Au,sAcCys,;g was modelled using a sequence of 9
Cys residues due to the need for a flexible model of TFEB, and
because only surface ligands of Au,sNCs can interact with
TFEB. AlphaFold effectively models the flexibility of TFEB and
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Fig. 6 (A) AlphaFold-modeled structure and interaction between TFEB
and {Cys9}, with the position of HMGB1, and TFEB amino acids interacting
with HMGBL1 highlighted in blue. TFEB (red) is represented by its second-
ary structures, {Cys9} is represented as balls and sticks (carbon = green,
sulfur = magenta, oxygen = red, nitrogen = blue, and hydrogen = white).
(B) Fluorescence micrographs at different magnifications (top row at 40X,
middle row at 63X, and bottom row as zoomed in panels from 63X) of
TFEB—-HMGBL interactions (red, arrows) in human microglia treated with
Au25AcCys18 (1 uM, 24 h), as detected by the proximity ligation assay.
Torin-1 (250 nM, 24 h) served as a positive control. Nuclei (blue) were
labeled with Hoechst 33342, and actin (green) was labeled with Alexa
Fluor 488 Phalloidin. (C) Box plots of cytosolic TFEB—HMGBLI interactions
per cell, as the fold change of the control (set to 1) from at least 55 cells
per condition, and three independent experiments. ***p < 0.001.
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the {Cyso} ligand, which is crucial for their strong interaction.
The model shows the flexibility of TFEB, consistent with its
varying NMR structures and shapes {Cyso} for optimal inter-
actions. We also tested a {Cys,g} model which forms a hairpin
and interacts with TFEB similarly to {Cyse}. Other docking
tools might be less reliable as they use a fixed TFEB structure
(which is very flexible in solution), leading to results that
heavily depend on the initial TFEB configuration and are
unsuitable for large molecules like Au,sAcCys;g. On the other
hand, the accuracy of AlphaFold2 can be improved by includ-
ing the training data and code.*® Fig. S2bt shows the 3D struc-
ture of the TFEB and {Cyso} complex. Comparing the positions
of HMGB1 and {Cys,} with TFEB (Fig. 6a), and the interacting
amino acids (Fig. S2c and df) it is apparent that they occupy
different parts of TFEB, with different amino acids involved.

The biological association between HMGB1 and TFEB was
detected in neural cells using a proximity ligation assay
(Fig. 6). Most interactions occur in the nucleus, whereas an
increased association in the cytosol is associated with auto-
phagy, as shown in cells treated with the mTOR inhibitor
Torin-1 (Fig. 6b and c). Au,s;AcCys;g maintained a level of
HMGB1-TFEB association comparable to that of the control
condition. An overview of interaction sites between HMGB1
and TFEB is given (Fig. S2a and ct). Additionally, the {Cyso}
model for Au,;AcCys;g and TFEB interaction sites is shown
(Fig. S2b and dt).

Discussion

This study addresses the impact and mechanism of atomically
defined AuNCs in human neural cells. The rationale for such
investigations is a paucity of data for Au,sAcCys;g in brain cells
and a need for a better understanding of intracellular events in
human microglia and neurons. So far, Au,sAcCys;g has not
been tested in human neurons derived from iPSCs. This is a
close model of human neurons useful for drug and nano-
structure screening.*>*!

It is well established that many stressors, including cerebral
hypoxia, lead to hyperactivation of microglia, astrocytes, and
deleterious effects in neurons.*”™*® Considering that AuNCs
are promising nanotools for imaging and eventual therapeutic
intervention, it is a prerequisite to improve our understanding
of their deleterious and beneficial effects. Our results show
that Au,sAcCys;g exerts distinct modulatory effects in human
microglia, neuron-like cells, and neurons. A decrease in the
abundance of ROS under hypoxic and normoxic conditions,
maintenance of HMGB1-TFEB association at control levels
and low toxicity in human neural cells are novel findings
reported herein. Further studies at the level of protein—-protein
interactions are warranted, particularly in disease models.

Neurological disorders have consistently challenged thera-
peutic modalities for several reasons; brain accessibility is
limited by the size and properties of compounds, and the deli-
cate balance between neural cells does not accommodate
drastic manipulations without significant side effects and

This journal is © The Royal Society of Chemistry 2025
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sequelae. Yet, the demand for better diagnostic solutions and
brain drugs continues to grow globally. Nanotechnological
approaches to the brain offer several advantages. AuNCs in
this study are atomically defined and can be as small as a few
nanometers, with tunable surface properties. These features
can facilitate blood-brain barrier entry and discourage
unwanted immune reactivity. Microglia are often the first
responders in the brain; by consuming and interacting with
AuNCs, they can directly or indirectly influence other neural
cells.>**”*® AUNCs seem to have a range of effects relevant to
neurological disorders, particularly when functionalized with
AcCys, which is key to antioxidant defenses. By altering ROS
levels, Au,sAcCys,s modulates hypoxia-driven pathways, which
would otherwise exacerbate microenvironmental damage in
brain cancer and stroke.**>! Microglial hyperactivation is also
a source of excessive ROS, and when unopposed due to ineffec-
tive endogenous antioxidant molecules or enzymatic function,
it results in impaired cellular functions. Our studies show
remarkable effects of Au,5AcCys;g in normalizing ROS concen-
trations under normoxic and hypoxic conditions.

We investigated if the AuNCs could have subtle effects on
protein—protein interactions, particularly with redox-respon-
sive transcription factors TFEB and HMGB1. The AuNC inter-
actome is only beginning to be studied. Interaction partners
can be partially surmised based on subcellular localization.
We investigated lysosomal proteins because HMGB1 is
trafficked through lysosomal compartments upon its acetyl-
ation and extranuclear release.’>> Its alarmin function is
enhanced by pro-inflammagens, making it a pharmacological
target.>>>* Although Au,s;AcCys;s does not directly affect
HMGB1 acetylation (e.g. by modulating acetylases or deacety-
lases), it attenuates the effect of deacetylase inhibitors in
neuron-like cells. This might indicate that Au,sAcCys;g exerts
mainly cytosolic effects, as pan- (vorinostat, SAHA) and cytoso-
lic (ACY-1215) histone deacetylase inhibitors had similar
results. In addition, ROS can increase extranuclear HMGB1
and TFEB activation through the lysosomal sensor TRPML1.>
Thus, AuNC-mediated normalization of ROS could also nor-
malize HMGB1 localization and benefit inflammatory
resolution.

TFEB participates in the regulation of lysosomal function
and biogenesis as well as cellular adaptation under stress.>®
Effects of Au,;AcCys;g on lysosomes were investigated through
TFEB activation, cathepsin activity, and TFEB interactions.
TFEB-HMGBI interactions detected by the proximity ligation
assay indicate that most interactions are nuclear, as both pro-
teins are transcription regulators abundant in the
nucleus.?””*”*® Cytosolic interactions increased upon mTOR
inhibition with Torin-1, indicating that TFEB and HMGB1
interaction could participate in autophagy.”® TFEB and
HMGBI coincide in their interaction with autophagic flux reg-
ulator Beclin-1, thus contributing to the same protein com-
plexes and pathways.®®®' TFEB acetylation at several lysine
residues is also a determinant of its dimerization and tran-
scriptional activity, sometimes with opposing effects.’”*>
TFEB and HMGB1 can undergo several types of post-transla-
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tional modifications (PTMs), including phosphorylation and
oxidation.?”**%*%3 such modifications under oxidative stress
could alter their interaction affinity for other redox-responsive
proteins, and variable adaptability could make neurons par-
ticularly vulnerable. Under oxidative stress, TFEB can be oxi-
dized and prone to dimerization. AcHMGB1 has a limited
ability to interact with AuNCs,* suggesting that PTMs contrib-
ute to altered protein-protein interactions. It remains to be
examined how phosphorylated HMGB1 and TFEB differ in
their interaction, and how other PTMs influence their inter-
action in models of neurological disorders.

The models of TFEB-HMGB1 and TFEB-Au,sAcCys;g inter-
actions were studied using AlphaFold as implemented in
Chimerax. Thus, the flexibility of all interacting partners was
considered. The results clearly show that critical sites for the
TFEB-HMGBI interaction are TFEB residues Y75 to Q86 and
S209 to K219, whereas a distinct set of TFEB residues (K237 to
K274) is involved in interactions with the {Cysy} model of
Au,sAcCys;g. Interactions involve both charged and hydro-
phobic amino acids, which form ion-ion and hydrophobic
connections between TFEB and HMGB1, or the {Cyso} model.
Advantages of AlphaFold2 predictions include the possibility
to accurately model multiunit protein—protein complexes from
their primary sequences without the need for resolved crystal
structures, whereas the pLDDT metric offers a quantitative
assessment of the models. As only the protein parts of the
Protein Data Bank structures were used as the AlphaFold2
training set, this method cannot model small molecules, DNA
or post-translational modifications, and it struggles to predict
the impact of point mutations.

In summary, results from our studies suggest that
AuysAcCys;g (i) is only toxic at high concentrations in human
neurons and glia; (ii) reduces oxidative stress under hypoxic
and normoxic conditions and (iii) maintains HMGB1-TFEB
association in human neural cells at the control level. These
novel findings provide a first step in future connectome
investigations in human neural cells exposed to or treated with
AuNCs. They also point towards studies on how AuNCs could
affect other transcription factor complexes under physiological
and pathological conditions in cell models, particularly
human organoids.

Conclusions

The motivation for this study stems from seminal discoveries
highlighting the unique properties of AuNCs using several
complementary experimental techniques and computational
methods.>®*®® Au,;AcCys;s is particularly interesting because
it does not seem harmful to human cells within the concen-
tration range and models proposed. They were tested for
bioimaging,">®°®® and our recent studies explain the unique-
ness of Au,s with 16 ligands, supporting the notion that this
type of nanocluster is a “captain of the big ship”.®® We provide
new insight into some biological effects in neural cells and
show that Au,;AcCys,g could interact with the transcription
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factor TFEB (computational model), modulate HMGB1 localiz-
ation without markedly increasing its abundance, and normal-
ize excessive levels of ROS under hypoxic and normoxic con-
ditions. Considering that so far Au,sAcCys;s has not been
tested in human neurons derived from iPSCs, we aim to stimu-
late further preclinical investigations on AuNCs in human
brain models (e.g. organoids). As our studies are limited to
HMGB1-TFEB association in the presence of Au,sAcCys;g, this
is a first step in future connectome investigations in human
neural cells exposed to or treated with AuNCs. Further investi-
gations on the likely modulatory effects of different protein-
protein associations are warranted.
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