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Abstract: Neurodegenerative disorders, including Alzheimer’s disease (AD) and Parkinson’s dis-
ease (PD), represent debilitating conditions with complex, poorly understood pathologies. Epich-
aperomes, pathologic protein assemblies nucleated on key chaperones, have emerged as critical
players in the molecular dysfunction underlying these disorders. In this study, we introduce the
synthesis and characterization of clickable epichaperome probes, PU-TCO, positive control, and PU-
NTCO, negative control. Through comprehensive in vitro assays and cell-based investigations, we
establish the specificity of the PU-TCO probe for epichaperomes. Furthermore, we demonstrate the
efficacy of PU-TCO in detecting epichaperomes in brain tissue with a cellular resolution, underscor-
ing its potential as a valuable tool for dissecting single-cell responses in neurodegenerative diseases.
This clickable probe is therefore poised to address a critical need in the field, offering unprecedented
precision and versatility in studying epichaperomes and opening avenues for novel insights into
their role in disease pathology.
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1. Introduction

Neurodegenerative conditions, including Alzheimer’s disease (AD), Parkinson’s dis-
ease (PD), and related central nervous system (CNS) disorders, represent complex, cur-
rently untreatable neurodegenerative disorders [1,2]. Various stressors, including age,
gender-related changes, proteotoxic insults, and genetic and environmental factors, col-
lectively damage vulnerable cells and brain circuitry over decades [3-5]. However, the
mechanisms underlying selective vulnerability from cells to networks in these disorders
remain poorly understood, hampering both disease understanding and therapeutic de-
velopment. Consequently, there is an urgent need for innovative tools and technologies
for unravelling the molecular and cellular intricacies underlying the early stages of neu-
rodegeneration.

Epichaperomes, intricate long-lived assemblies nucleating on key chaperone proteins
such as heat shock protein 90 (HSP90) and heat shock cognate 70 (HSC70) [6], play a piv-
otal role in the decline in brain functions observed in various CNS disorders, including
AD [7,8], PD [9], and traumatic brain injury [10]. By forming scaffolding platforms, epich-
aperomes sequester and reshape the interaction of proteins crucial for neuronal function,
thus contributing to cognitive decline [4,6,8,11]. Notably, the functional reversal of dis-
ease-related phenotypes by epichaperome disruptors underscores their critical role in reg-
ulating functions underlying disease pathology, suggesting a novel therapeutic approach
[7-9,12]. In mouse studies, epichaperome formation precedes pathological manifestations,
suggesting their potential as early indicators of neurodegeneration [8,13-15].

Distinguished from chaperones, HSP90 and HSC70 within epichaperomes exhibit a
‘conformational mutation’, as their structure is altered by pathological post-translational
modifications (PTMs) [6,16,17]. These PTMs enhance HSP90’s interactions with other
chaperones and co-chaperones, creating a microenvironment conducive to the assembly
of epichaperomes. Consequently, epichaperomes can be described as ‘assembly mutants’
due to chaperones’ prolonged interactions with other proteins, differing from the dynamic
assemblies seen in normal, physiological chaperones. Exploiting these differences, drug
candidates targeting epichaperomes have been developed, such as PU-H71 (zelavespib,
Phase 1-2 in cancer) [18,19] and PU-AD (icapamespib, Phase 2 in AD) [8,20,21], which
target epichaperomes by binding to HSP90, and LSI-137 and YKS5 (late preclinical stage),
which disrupt epichaperomes by binding to another epichaperome component, HSC70
[22].

The unique role of epichaperomes as both pharmacologically actionable and non-
invasively imageable targets in AD and related disorders has driven a critical need for the
development of probes and protocols for detecting, quantifying, and studying epichap-
eromes across diverse biological contexts, such as in cells, tissues, and whole organisms.
In our pursuit of understanding epichaperome biology, our team has developed a range
of chemical tools and methodologies. These include a radiolabeled [>4I]-PU-AD probe for
epichaperome detection by positron emission tomography (PET) in mice and humans
[20,23], a size-based native Western blot method for epichaperome detection in cell or tis-
sue homogenates [8,24], and a chemoproteomics method termed epichaperomics or dys-
functional Protein—Protein Interactome (dfPPI), which identifies proteins and functions
impacted by epichaperomes, allowing for the delineation of processes affected by epich-
aperome formation in disease [8,11]. However, while these tools have significantly con-
tributed to our understanding of epichaperomes in disease biology, they often lack the
requisite sensitivity, cellular resolution, and versatility necessary for addressing funda-
mental questions pertaining to epichaperome dynamics and composition.
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For visualizing epichaperomes at the cellular level, a fluorescein isothiocyanate
(FITC)-labeled epichaperome probe, PU-FITC, was developed [25]. Designed for the flow
cytometry-based detection and quantification of epichaperomes, PU-FITC has been suc-
cessfully used in analyzing plasma and bone marrow samples [19,26]. However, using
FITC with brain biospecimens presents challenges. FITC-labeled probes may nonspecifi-
cally bind to various components within brain tissue, resulting in background fluores-
cence and a reduced signal-to-noise ratio [27], thereby complicating the interpretation of
the results. Furthermore, autofluorescence in brain tissue can interfere with the detection
of fluorescence signals from FITC-labeled probes, particularly in high-sensitivity imaging
applications [28,29]. Additionally, directly conjugated small-molecule probes may have
limited cell and tissue permeability and target accessibility due to their bulkiness.

To address these challenges, we here embark on developing a clickable epichap-
erome probe with a reactive moiety suitable for bioorthogonal chemical ligation with a
fluorescent reporter. This design enables delivery to live cells, tissues, or animals, followed
by in situ attachment of the fluorescent tag via click chemistry [30]. A diverse range of
commercially available fluorophores, including red, far-red, and near-infrared dyes [31],
can serve as the fluorescent reporter. Through this design, these probes offer superior tis-
sue penetration and enhanced sensitivity, crucial for detecting epichaperomes within
complex biological environments. In this report, we present the synthesis and characteri-
zation of the epichaperome click probe, along with a relevant negative control. We demon-
strate target selectivity in cells and brain tissue and provide proof-of-principle for their
use in detecting and imaging epichaperomes in neurodegenerative disorders, at the sin-
gle-cell level, in murine brain specimens.

2. Methods
2.1. Cell Lines and Culture Conditions

The human cell lines MDA-MB-468 (HTB-132, RRID: CVCL_0419) and ASPC1 (CRL-
1682, RRID: CVCL_0152) and the colon fibroblasts CCD-18 (CRL-1459, RRID: CVCL_2379)
were obtained from American Type Culture Collection (ATCC) (Manassas, VA, USA) and
cultured according to the provider’s recommended conditions. Authentication was per-
formed using short tandem repeat profiling, and the cells were regularly tested for myco-
plasma contamination.

2.2. Mouse Models

MB83 transgenic mice carrying the human A53T mutation in the SNCA gene, con-
trolled by the mouse prion promoter (M83 line, B6,C3-Tg(Prnp-SNCA*A53T)83Vle/],
RRID:IMSR_JAX:004479) [32,33], were acquired from The Jackson Laboratory, Farming-
ton, CT, USA. M83 mice are a transgenic mouse model used in research on synucleinopa-
thy, such as PD and Lewy Body dementia, specifically focusing on the pathological mech-
anisms associated with a-synuclein aggregation. The M83 homozygous mice with two
copies of the transgene exhibit several notable deficits starting around 10 months of age
[34,35]. Initially, they display hyperactivity, followed by severe motor impairments char-
acterized by wobbling, posturing, decreased locomotor activity, and stiffness of the tail.
Ultimately, they progress to an inability to right themselves, leading to end-stage disease
within 14-21 days of onset [36]. This phenotype is variable, however, in terms of pene-
trance. Recent work has shown that homozygous M83 mice have behavioral flexibility
deficits with high penetrance that can be detected after 9 months of age and can be cor-
rected by manipulations that decrease epichaperomes [35]. Neuropathologically, the af-
fected mice display S129 phosphorylation of a-synuclein in various brain regions, accom-
panied by ubiquitin and phosphorylated neurofilament-H accumulation [37,38]. The ac-
cumulation of aggregated and insoluble S129 phosphorylated a-synuclein in these mice
follows a similar accumulation as that observed in humans with synucleinopathy. Reac-
tive gliosis and mitochondrial alterations are also evident in various brain regions, along
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with synaptic dysfunction in the hippocampus, which may contribute to cognitive deficits
[39,40]. These mice were bred on a C57BL/C3H background to produce transgenic homo-
zygous and wildtype littermates. The mice were maintained in ventilated plexiglass cages
and provided with food (Harlan) and water ad libitum. The rooms were maintained at a
controlled temperature (22-25 °C) and humidity (40-60%), following a light/dark cycle
from 7 am to 7 pm. All mice in all studies were observed for clinical signs at least once
daily.

2.3. Reagents

All commercial chemicals and solvents were of reagent grade and used without fur-
ther purification. PU-H71, PU-TCO, and PU-NTCO were synthesized following published
protocols [22,41] and the procedures described below. Column chromatography, analyti-
cal thin layer chromatography (TLC) on 250 uM silica gel F254 plates, preparative TLC on
1000 uM silica gel F254 plates, and flash chromatography using a CombiFlash®Rf instru-
ment (Teledyne ISCO, Inc., Chicago, IL, USA) were performed during the synthesis. The
identity and purity of each intermediate and the final product were determined by mass
spectrometry (MS), High-Performance Liquid Chromatography (HPLC), TLC, and Nu-
clear Magnetic Resonance (NMR) analysis. Low-resolution mass spectra were acquired
using a Waters Acquity Ultra Performance LC equipped with electrospray ionization and
an SQ detector (Waters Corporation, Milford, CT, USA). 'H/C NMR spectra were ob-
tained on a Bruker 600 MHz instrument (Bruker, Billerica, MA, USA), where chemical
shifts were denoted in d values in ppm relative to TMS as the internal standard. For '"H
data, details included the chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q
= quartet, br = broad, m = multiplet), coupling constant (Hz), and integration. Similarly,
13C chemical shifts were reported in d values in ppm relative to TMS as the internal stand-
ard. The purity of the target compounds exceeded 95%, as determined by Liquid Chro-
matography/Mass Spectrometry on a Waters Acquity Ultra-Performance Liquid Chroma-
tography (UPLC) system equipped with a Photodiode Array, a MicroMass Single Quad-
rupole, and Evaporative Light Scattering detectors, using a reversed-phase column (Ac-
quity UPLC BEH C18 column, 2.1 mm x 100 mm, 1.7 um) eluted with water/acetonitrile
gradients containing 0.1% trifluoroacetic acid (TFA). Stock solutions of all chemical probes
were prepared in molecular biology grade dimethyl sulfoxide (DMSO) (Sigma Aldrich, St.
Louis, MO, USA) at 1000x concentrations.

2.3.1. Synthesis of PU-TCO (4)

PU-TCO (4) was synthesized as reported previously [22]. Briefly, the coupling reac-
tion of the free aliphatic amine of 1 and 4-(tertbutoxycarbonylamino)butyric acid with di-
cyclohexylcarbodiimide (DCC), followed by the removal of the boc-group, provided in-
termediate 3. The final product 4 with the TCO click handle was synthesized in a single
step by the conjugation of 3 with the commercially available activated ester of TCO. 'H
NMR (600 MHz, CDCls/CDsOD): d 8.25 (s, 1H), 7.38 (s, 1H), 7.05 (s, 1H), 6.05 (s, 2H), 5.60—
5.44 (m, 2H), 4.30 (dd, ] =10.2, 5.7 Hz, 1H), 4.25 (t, ] = 6.8 Hz, 2H), 3.25-3.15 (m, 4H), 2.36-
2.25 (m, 5H), 2.03-1.96 (m, 3H), 1.96-1.81 (m, 5H), 1.77-1.67 (m, 2H), 1.58-1.48 (m, 1H); *C
NMR (150 MHz, CDCls/CDsOD): 173.6, 156.8, 154.3, 152.4, 151.3, 149.9, 149.4, 147.7, 134.9,
132.9, 125.5, 119.6, 119.4, 113.9, 102.6, 94.3, 80.6, 41.1, 41.0, 40.2, 38.6, 35.9, 34.2, 33.7, 32.5,
30.9, 28.9, 25.9; MS (Electrospray lonization, ESI) m/z 708.4 [M + H]*; HPLC: (a) H2O +0.1%
TFA, (b) acetonitrile (ACN) + 0.1% TFA (5 - 95% ACN in 8 min at 0.3 mL/min) Rt = 3.68
min, 99.27%.

2.3.2. Synthesis of 8-((2-Methoxyethyl)thio)-9H-purin-6-amine (6)

To a suspension of 8-mercaptopurine (5; 441 mg, 2.64 mmol) in 1-iodo-2-methoxye-
thane (573 mg, 3.08 mmol), aqueous KOH (1.5 M, 2.2 mL) was added, and the resulting
mixture was stirred at room temperature (rt) for 24 h. The reaction mixture was
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concentrated under reduced pressure and the resulting residue was purified by column
chromatography (CH2Cl:CH3OH; 100:0 to 85:15) to yield 520 mg (87%) of 6. 'TH NMR (600
MHz, DMSO-ds) 0 13.01 (br s, 1H), 8.05 (s, 1H), 7.01 (br s, 2H), 3.62-3.64 (m, 2H), 3.44-3.46
(m, 2H), 3.28 (s, 3H); ®*C NMR (125 MHz, DMSO-ds) d 154.34, 152.64, 152.00, 147.20, 119.74,
71.00, 58.39, 31.10; MS (ESI) m/z 225.9 [M + H]*.

2.3.3. Synthesis of tert-Butyl (3-(6-Amino-8-((2-methoxyethyl)thio)-9H-purin-9-yl)pro-
pyl)carbamate (7)

To a stirred solution of 6 (500 mg, 2.22 mmol) in dimethylformamide (DMF) (5 mL),
3-(boc-amino)propyl bromide (793 mg, 3.33 mmol) and Cs2COs (1080 mg, 3.33 mmol)
were added, and the mixture was stirred at rt for 6 h. The solvent was removed under
reduced pressure, and the resulting residue was purified by preparatory TLC
(CH2C12MeOH:AcOH, 300:2:4) to yield 467 mg (55%) of 7. 'H NMR (600 MHz, CDCls) &
8.26 (s, 1H), 5.86 (br s, 2H), 5.70 (br s, 1H), 4.19 (t, ] = 6.0 Hz, 2H), 3.74 (t, ] = 5.8 Hz, 2H),
3.55 (t, ] = 5.8 Hz, 2H), 3.40 (s, 3H), 3.03 (s, 2H), 1.96 (m, 2H), 1.46 (s, 9H); 3C NMR (125
MHz, CDCls) 8 156.02, 153.44, 152.35, 151.70, 149.57, 119.59, 79.18, 70.72, 58.82, 40.04, 36.79,
31.78, 29.19, 28.44; MS (ESI) m/z 383.2 [M + HJ*.

2.3.4. Synthesis of 9-(3-Aminopropyl)-8-((2-methoxyethyl)thio)-9H-purin-6-amine (8)

To a stirred solution of 7 (450 mg, 0.849 mmol) in dry CH2Cl2 (5 mL), TFA (500 uL)
was added, and the solution was stirred at rt for 3 h. The solvent was removed under
reduced pressure and the residue was purified by the preparatory TLC (CH2Cl=:2MeOH,
10:1) to yield 282 mg (85%) of 8. 'H NMR (600 MHz, CDCl:/CDsOD) d 8.22 (s, 1H), 4.26 (t,
J=6.6 Hz, 2H), 3.74 (t, ] = 5.8 Hz, 2H) [merged in moisture], 3.56 (t, | =5.9 Hz, 2H), 3.41 (s,
3H), 2.95 (t, ] =7.2 Hz, 2H), 2.18-2.23 (m, 2H); ¥*C NMR (125 MHz, CDCl3/CDs0D) 6 152.02,
150.96, 150.58, 146.14, 118.74, 70.23, 58.67, 40.06, 36.33, 31.71, 26.66; MS (ESI) m/z 283.1 [M
+ H]J*

2.3.5. Synthesis of tert-Butyl (4-((3-(6-Amino-8-((2-methoxyethyl)thio)-9H-purin-9-yl)pro-
pyl)amino)-4-oxobutyl) carbamate (9)

A mixture of 8 (250 mg, 0.886 mmol), 4-((tert-butoxycarbonyl)amino)butanoic acid
(272 mg, 1.335 mmol), DCC (365 mg, 1.768 mmol), and a catalytic amount of 4-(Dimethyl-
amino)pyridine (DMAP) (10.6 mg, 0.089 mmol) in CH2ClI2 (5 mL) was stirred at rt over-
night. The reaction mixture was concentrated under reduced pressure and the resulting
residue was purified by preparatory TLC (CH2Cl2MeOH-NHs (7N), 20:1) to give 249 mg
(60%) of 9. TH NMR (600 MHz, CDsOD) d 8.14 (s, 1H), 4.19 (t, ] =7.1 Hz, 2H), 3.75 (t, ] = 6.0
Hz, 2H), 3.56 (t, ] = 6.0 Hz, 2H), 3.39 (s, 3H), 3.22 (t, ] = 6.5 Hz, 2H), 3.09 (t, | = 6.7 Hz, 2H),
2.24 (t,J=7.5Hz, 2H), 2.01 (p, ] =6.7 Hz, 2H), 1.79 (p, | = 7.0 Hz, 2H), 1.44 (s, 9H); 3*C NMR
(125 MHz, CDsOD) d 174.25, 157.12, 154.07, 151.30, 151.18, 149.54, 119.04, 78.53, 70.47,
57.56, 40.50, 39.47, 36.12, 33.03, 31.35, 28.62, 27.37, 25.85; MS (ESI) m/z 468.4 [M + H]*.

2.3.6. Synthesis of 4-Amino-N-(3-(6-amino-8-((2-methoxyethyl)thio)-9H-purin-9-yl)pro-
pyl)butanamide (10)

To a stirred solution of 9 (230 mg, 0.492 mmol) in dry CH2Cl2 (5 mL), TFA (500 uL)
was added. The solution was stirred at rt for 3 h. The solvent was removed under reduced
pressure and the residue was purified by preparatory TLC (CH2Cl=:MeOH, 10:1) to yield
145 mg (80%) of 10. 'H NMR (600 MHz, CDsOD) o 'H NMR (500 MHz, MeOD) & 8.14 (s,
1H), 4.19 (t, ] = 7.2 Hz, 2H), 3.75 (t, ] = 6.1 Hz, 2H), 3.57 (t, ] = 6.0 Hz, 2H), 3.39 (s, 3H), 3.23
(t, ]=6.7 Hz, 2H), 2.92 (t, ] = 7.4 Hz, 2H), 2.36 (t, ] = 7.1 Hz, 2H), 2.02 (p, | = 6.9 Hz, 2H),
1.90 (p, ] =7.2 Hz, 2H); 3C NMR (125 MHz, CDsOD) 6 173.45, 154.08, 151.28, 151.15, 149.54,
119.04, 70.45, 57.56, 40.49, 39.41, 36.23, 32.52, 31.39, 28.59, 24.30; MS (ESI) m/z 368.5 [M +
H]-.
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2.3.7. Synthesis of (E)-Cyclooct-4-en-1-yl (4-((3-(6-amino-8-((2-methoxyethyl)thio)-9H-
purin-9-yl)propyl) amino)-4-oxobutyl)carbamate (PU-NTCO, 11)

A mixture of 10 (15 mg, 0.029 mmol), TCO-NHS ester (9.3 mg, 0.035 mmol), and tri-
ethylamine (9 uL, 0.058 mmol) in DMF (1 mL) was stirred at rt for 3 h in the dark. The
reaction mixture was concentrated under reduced pressure and the resulting residue was
purified by flash chromatography (CH2Cl:MeOH, 20:1) to give 13.7 mg (65%) of com-
pound 11 (PU-NTCO). '"H NMR (600 MHz, CDCls/CDsOD) 6 8.22 (s, 1H), 5.60-5.44 (m,
2H), 4.34-4.27 (m, 1H), 4.15 (t, ] = 6.8 Hz, 2H), 3.75 (t, ] = 6.0 Hz, 2H), 3.53 (t, ] = 6.0 Hz, 2H),
3.41 (s, 3H), 3.22-3.11 (m, 4H), 2.38-2.26 (m, 5H), 2.03-1.80 (m, 8H), 1.77-1.65 (m, 2H),
1.57-1.48 (m, 1H); *C NMR (150 MHz, CDCls/CDsOD) & 173.41, 156.72, 153.53, 151.83,
151.67, 149.94, 134.97, 133.00, 119.28, 80.60, 70.55, 58.91, 53.49, 41.19, 40.35, 38.67, 35.77,
34.31, 33.77, 32.54, 31.81, 30.97, 28.47, 25.90, 0.00.; MS (ESI) m/z 520.3 [M + H]*; HPLC: (a)
H20 +0.1% TFA, (b) ACN +0.1% TFA (5 - 95% ACN in 8 min at 0.3 mL/min) R:=3.14 min,
97.52%.

2.4. Fluorescence Polarization Assay

For the binding studies, fluorescence polarization (FP) assays were conducted fol-
lowing previously reported methods [42]. MDA-MB-468 cancer cell lysates were prepared
in a native buffer containing 20 mM Tris pH 7.4, 20 mM KCl, 5 mM MgClz, and 0.01%
NP40, and the protein concentration was determined using the BCA assay according to
the manufacturer’s instructions (Pierce™ BCA Protein Assay Kit, Thermo Fisher Scientific,
Waltham, MA, USA). Stock solutions of 10 uM PU-FITC, 1 mM PU-H71, 1 mM PU-TCO,
and 1 mM PU-NTCO were prepared in DMSO and diluted with Felts buffer (20 mM
Hepes (K), pH 7.3, 50 mM KCl, 2 mM dithiothreitol (DTT), 5 mM MgClz, 20 mM Na:MoOs,
and 0.01% NP40 with 0.1 mg/mL Bovine Gamma Globulin (BGG). PU-TCO, PU-NTCO,
and PU-H71 were added at various concentrations to the assay buffer containing both 6
nM PU-FITC and the cell lysate (12.5 pig/well) in a final volume of 100 pL in black 96-well
microplates (Corning, #3650, Corning, NY, USA). Test compounds were applied to tripli-
cate wells, with each assay plate comprising background wells (buffer only), tracer con-
trols (free PU-FITC only), and bound controls (PU-FITC in the presence of protein). Fol-
lowing a 24 h incubation period on a shaker at 4 °C, FP values (in mP) were determined
using an Analyst GT instrument (Molecular Devices, Sunnyvale, CA, USA). The fraction
of PU-FITC bound to epichaperomes was correlated with the mP value and plotted against
competitor concentrations. For FITC, excitation was filtered at 485 nm and emission at 530
nm, utilizing a dichroic mirror of 505 nm. The percentage binding was computed using
the following formula: (% Control) = (mPc — mPf)/(mPb — mPf)) x 100, where mPc repre-
sents the recorded mP from compound wells, mPf is the average recorded mP from PU-
FITC-only wells, and mPb denotes the average recorded mP from wells containing both
PU-FITC and lysate. All experimental data underwent analysis using SOFTmax Pro 4.3.1,
and the inhibitor concentration at which 50% of the bound PU-FITC was displaced was
determined by fitting the data via nonlinear regression analysis using Prism 10.0
(GraphPad Software, Boston, MA, USA).

2.5. Native or SDS PAGE Coupled with Immunoblotting

MDA-MB-468 and ASPCI cells were plated in 10 cm plates at 4—6 x 10¢ cells per plate
and treated the next day with 1 or 2 pM PU-TCO for 1 h. The cells were scraped, and the
cell suspension was centrifuged at 1200 rpm for 5 min at 4 °C. The cells were lysed in lysis
buffer containing 20 mM Tris pH 7.4, 20 mM KCl, 5 mM MgCl, and 0.01% NP40 using a
freeze-thaw procedure (repeated three times). The resulting homogenates were centri-
fuged at maximum speed for 10 min at 4 °C, and the supernatant was carefully transferred
to a pre-cooled tube. The protein concentrations in the lysates were determined using the
BCA kit (Pierce, #23225) according to the manufacturer’s instructions. Protein was loaded
onto a 4-10% native gradient gel, resolved at 4 °C for 2-3 h, and then transferred onto



Biomedicines 2024, 12, 1252

7 of 22

nitrocellulose membranes in Tris-Glycine-Methanol transfer buffer at 4 °C overnight. The
membranes were immunoblotted using primary antibodies against HSP90a (Abcam,
Cambridge, UK; ab2928, RRID:AB_303423, 1:6000), HOP (Enzo Biochem, Farmingdale,
NY, USA; SRA-1500, RRID:AB_10618972, 1:2000), and CDC37 (Cell Signaling, Danvers,
MA, USA; 4793, RRID:AB_10695539, 1:3000), followed by incubation with appropriate
horseradish peroxidase (HRP)-conjugated secondary antibodies purchased from South-
ernBiotech, Birmingham, AL, USA —goat anti-rabbit Ig, human ads-HRP (4010-05, Lot#
A4211-ZH10E, 1:5000), and goat anti-mouse IgG, human ads-HRP (1030-05, Lot# D1922-
X922, 1:5000)). The same lysates were analyzed by Western blotting. The cell lysates were
denatured in the presence of sodium dodecyl sulfate (SDS) at 85 °C. A total of 10 to 15 ug
of the total protein was resolved on SDS-PAGE and then transferred to nitrocellulose
membranes, blocked for 1 h in 5% milk in Tris-buffered saline (TBS), and incubated over-
night with the primary antibodies mentioned above, followed by a horseradish peroxi-
dase (HRP)-conjugated secondary antibody (see above). 3-actin (A1978, Sigma-Aldrich,
RRID: AB_476692, 1:3000) was used to control for protein loading.

2.6. Epichaperome Imaging in Cells in the Culture

For microscopy, the cells were seeded onto four-well glass plates (Cellvis, #C4-1.5H-
N; Mountain View, CA, USA) and cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 5% FBS (Thermo Fisher Scientific, A3840001) at 37 °C in a
5% CO2 environment. MDA-MB-468 cells were seeded at a density of 2.5 x 10* per well,
ASPC1 cells were seeded at 10 x 10”4 per well, and CCD-18 cells were seeded at 5 x 10
per well 48 h prior to the experiment to achieve 60-70% confluency on the day of the ex-
periment. To detect epichaperomes, cells were treated with 1 uM PU-TCO or 1 uM PU-
NTCO for 1 h at 37 °C. Following a rinse in DMEM and Phosphate Buffered Saline (PBS),
the samples were fixed with 4% paraformaldehyde (PFA, Thermo Fisher Scientific,
043368.9M) at rt for 15 min and then permeabilized using 0.2% Triton X-100 (MP Biomed-
icals, #194854; Santa Ana, CA, USA) in PBS for 15 min at rt. A click reaction was performed
using 700 nM Cy5 Tetrazine (Click Chemistry Tools, #1189-1, Scottsdale, AZ, USA) in PBS
for 12 min at rt. The cells were rinsed twice with PBS following the click reaction. Subse-
quently, the cells were blocked with 1% Bovine Serum Albumin (BSA)/PBS for 30 min at
rt and then incubated for 1h at rt with an HSP90a (Abcam, ab2928, RRID:AB_303423,
1:500) primary antibody (prepared in blocking buffer). After three washes using PBS, the
Alexa Fluor 488 conjugated secondary antibody (Thermo Fisher Scientific, A-11008,
RRID:AB_143165, 1:500) was added to the chambers for a 3 h incubation at rt. The cells
were then rinsed three times with PBS. Finally, the cells were stained with 200 nM Hoechst
33342 (Thermo Fisher Scientific, 62249) in PBS for 5 min to visualize the nuclei. Images of
the stained cells were captured using the Zeiss LSM880 microscope with Zeiss plan-apo-
chromat 20x/NA 0.8 objectives (Zeiss Inc., Oberkochen, Germany).

2.7. Epichaperome Detection in Brain Tissue Sections

For the detection of epichaperomes in the brain, mice were administered a lethal
overdose of ketamine (100 mg/kg) and xylazine (20 mg/kg) in 0.9% sterile saline for anes-
thesia. The unconscious and non-responsive animals were transcardially perfused with
ice-cold 1x PBS [35]. Following the brain removal, they were quickly frozen on dry ice and
stored at —80 °C until their use. Both male and female mice were used for method devel-
opment and specificity validation. The frozen brains were sectioned sagittally into 20 um
slices. All probes, in SuperBlock Blocking Buffer (Thermo Fisher Scientific #37515), were
added to the brain slices for 1 h at rt as follows: PU-NTCO (control chemical inert probe)
at 1 uM and PU-TCO (epichaperome probe) at three different concentrations (0.1, 0.5, and
1 pM). For competitive binding, the slices were first treated for 1 h with 1 uM PU-H71
prior to the PU-TCO addition. The tissue sections were then washed twice with PBS for
15-30 s and then fixed with 4% PFA in PBS for 30 min at rt. After fixation, the slices were
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washed twice with PBS for 15-30 s and then permeabilized using 0.02% Triton-X100 in
PBS for 15 min. Subsequently, the slices were washed twice with PBS for 15-30 s and in-
cubated with the fluorescent reporter (Cy5 Tetrazine, 700 nM diluted in SuperBlock Block-
ing Buffer) for 15 min at rt. After another round of washing with PBS, the slices were
blocked using SuperBlock Blocking Buffer containing 0.3% Triton-X100 for 1 h at rt. Fol-
lowing blocking, the sections were incubated overnight at rt with the primary NeuN an-
tibody (Anti-NeuN [1B7], Abcam, ab104224, RRID: AB_10711040) diluted at 1:500 in Su-
perBlock Blocking Buffer containing 0.1% Triton-X100. After washing twice with PBS for
15-30 s, the slices were incubated for 3 h at rt with the secondary antibody Alexa Fluor
488 Plus (Thermo Fisher Scientific, #A32723) diluted 1:400 with SuperBlock Blocking
Buffer containing 0.1% Triton-X100. Nuclear staining was performed for 15 min at rt using
Hoechst (ThermoFischer Scientific, #62249, 1:1000 dilution in PBS). Following PBS wash-
ing, the sections were mounted with Glycerol/PBS. The slides were then imaged on a Pan-
noramic Scanner (3DHistech, Budapest, Hungary) under a 20x/0.8NA objective. High-res-
olution images of the tissue sections were taken on a Zeiss LSM880 microscope with Airy-
Scan using the oil-immersion Zeiss plan-apochromat 63x/NA 1.4 objective.

3. Results
3.1. Synthesis and Characterization of Epichaperome Click Probes

For the synthesis and characterization of the epichaperome click probes, we utilized
PU-H71 (zelavespib) and PU-AD (icapamespib) as our starting points (Figure 1a). These
small molecules have demonstrated specificity and activity against epichaperomes in var-
ious cellular, tissue, and organismal contexts, in both murine and human models [6,20,43].
They exhibit a unique property of becoming kinetically trapped within epichaperome-
bound HSP90 while rapidly dissociating from physiologic HSP90 forms found in normal
tissues [44]. This property enables discrimination between pathologic and physiologic
HSP90 conformers, making them ideal candidates for designing clickable epichaperome
probes for imaging.
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Figure 1. The epichaperome click probe design and principles of epichaperome detection in biolog-
ical samples. (a) Chemical structures of the epichaperome drug candidates (left) and the designed
probe, PU-TCO (right). PU-TCO incorporates the pharmacophore of the drug candidates and fea-
tures a linker attached at N9, along with a trans—cyclooctene (TCO) moiety for in situ probe labeling.
A negative control probe, PU-NTCO, containing a chemically similar but epichaperome-inactive
moiety, is also depicted. (b) The schematic illustrates the concept of epichaperome illumination in
biological samples. The probe should effectively permeate into cells and, once inside, interact spe-
cifically with epichaperomes by binding to a core component, HSP90, without interfering with the
abundant HSP90 pools involved in physiologic chaperone folding functions. Upon in situ reaction
with a fluorescent dye carrying a tetrazine functionality —the click step —the probe becomes fluo-
rescent and can be detected by various methods. The schematic demonstrates the specific use of cy5-
tetrazine as the fluorescent reporter.

In our approach, we focused on functionalizing the N9 position of these small mole-
cules based on our prior experience and existing literature [45,46]. We anticipated that
incorporating an approximately 8-10 atom spacer between N9 and the click handle would
retain target affinity and specificity. While numerous chemistries exist for chemical liga-
tion, the inverse electron-demand Diels—Alder iIEDDA) cycloaddition click reaction be-
tween trans—cyclooctene (TCO) and tetrazine [47] was selected for our purposes. This re-
action offers high selectivity and fast kinetics, proceeds under mild conditions, and is
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catalyst-free, making it ideal for both in vitro and in vivo applications [48]. With these
considerations in mind, we focused on synthesizing a probe that incorporates the PU-
AD/PU-H71 pharmacophore, featuring a linker attached at N9 and containing a TCO moi-
ety for in situ probe labeling with a fluorescence dye (PU-TCO, Figure 1a). Additionally,
we designed a negative control probe containing a chemically similar but epichaperome-
inactive moiety (PU-NTCO, Figure 1a).

The process of illuminating epichaperomes with the PU-TCO probe involves several
steps. First, upon entering the cell, the probe should bind preferentially to a core epichap-
erome component, HSP90, avoiding binding to the abundant HSP90 pools involved in
physiological chaperone folding functions. Once bound to its target, the epichaperome
probe undergoes an in situ reaction with a fluorescent dye containing a tetrazine function-
ality, known as the click step. This reaction converts the probe into a fluorescent entity,
which can then be detected using various methods (Figure 1b).

We synthesized the epichaperome probe following the synthetic route described in
Figure 2. Key intermediates were synthesized as previously described [49-51]. Initially, 3-
(boc-amino)-1-propanol was dehydratively coupled with 8-((6-iodobenzo[d][1,3]dioxol-5-
yl)thio)-9H-purin-6-amine in the presence of PPhs and DEAD, yielding a boc-protected
intermediate. Boc-deprotection with TFA followed, and the resulting free aliphatic amine
was then coupled with 4-(tertbutoxycarbonylamino)butyric acid. The subsequent removal
of the boc-group provided an intermediate, which was conjugated with the commercially
available activated ester of TCO, as depicted in Figure 2, to yield PU-TCO. For the synthe-
sis of the control probe (PU-NTCO), a similar route was followed, with a modified phar-
macophore incorporating a 2-(methoxyethyl)thio group instead of (6-iodobenzo[d][1,3]di-
oxol-5-yl)thio) at the C-8 position of the adenine ring, as shown in Figure 2. The identity
of each compound was confirmed by MS and NMR, and the final products were deter-
mined to be > 98% pure, as assessed by HPLC (Supplementary Figures 51-54).
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Figure 2. Synthetic scheme for the synthesis of the PU-TCO epichaperome probe and the PU-NTCO
control probe. Compound numbering, see Methods, Sections 2.3.1 through 2.3.7. Abbreviations:
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DCC, dicyclohexylcarbodiimide; DCM, dichloromethane; DMAP, 4-dimethylaminopyridine; DMF,
dimethylformamide; rt, room temperature; NEt3, triethylamine; TFA, trifluoroacetic acid.

3.2. Specificity of the Probes for Epichaperomes

To evaluate the specificity of the probes for epichaperomes, we first considered that
while PU-H71 and PU-AD are highly cell- and tissue-permeable molecules, the addition
of a click handle might impact their binding to epichaperomes and the cell uptake. There-
fore, our initial step was to assess the probe’s retention of target binding and specificity in
vitro, in cell homogenates, and in cellulo, in live cells, using our established assay pipeline
(Figure 3a,b) [8,20,22].

We utilized a fluorescence polarization (FP) assay to measure the equilibrium com-
petitive binding of the probe to epichaperomes in cell homogenates obtained from an
epichaperome-positive cell line (MDA-MB-468 breast cancer cells) (Figure 3a) [8,20]. The
assay involved mixing protein extracts with the PU-FITC epichaperome probe and com-
pounds to be tested, followed by reading the FP signal at equilibrium. Both PU-TCO and
the negative control probe PU-NTCO were evaluated, with relevant positive and negative
controls (PU-FITC only or homogenate only) included in each assay. PU-TCO exhibited a
half-maximal effective concentration —ECso—value close to that of PU-H71, suggesting
that the linker did not significantly alter the probe’s target binding. Conversely, PU-NTCO
showed no measurable activity even at the highest tested concentration of 10 uM, sup-
porting its use as a negative control.

When PU-H71 and PU-AD enter cells, they become entrapped within the epichap-
erome assemblies, prompting the disassembly of epichaperomes into individual compo-
nents [8,44]. Consequently, when MDA-MB-468 cells (high in epichaperome) were treated
with PU-TCO for 1 h, stabilized epichaperome assemblies were observed on native gels
during immunoblotting with antibodies against epichaperome component proteins such
as HSP90, CDC37, and HSP-organizing protein (HOP) [8,41]. In contrast, PU-TCO showed
a minimal effect in ASPC1 cells, which have chaperone levels akin to MDA-MB-468 cells
but have minimal epichaperome levels [22] (Figure 3b). This underscores the productive
engagement of PU-TCO with the epichaperome in cells, affirming its on-target activity.

b
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Figure 3. Evaluation of effective epichaperome binding by the designed probes in vitro, in cell ho-
mogenates, and in cellulo, in live cells. (a) A fluorescence polarization (FP) assay was used to meas-
ure the equilibrium competitive binding of the click probes to epichaperomes in cell homogenates
obtained from an epichaperome-positive cell line (MDA-MB-468 breast cancer cells). Data are pre-
sented as the mean + s.em., n = 3. PU-H71, positive control. (b) Detection of epichaperome
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components (chaperones and co-chaperones HSP90, HOP, and CDC37) through native-PAGE (left),
followed by immunoblotting in cells treated in duplicate with DMSO (vehicle control) or PU-TCO
(1 and 2 uM) for 1 h. Blue brackets indicate the approximate position of epichaperome-incorporated
chaperones. Western blotting analysis (right, SDS-PAGE) was used to evaluate the total levels of
these proteins. 3-Actin serves as the protein loading control. Gel images are representative of two
independent experiments, with each condition performed at two concentrations of the agent.

To test the probes’ capability to specifically detect epichaperomes in cells, we utilized
confocal microscopy. Both epichaperome-high (MDA-MB-468) and epichaperome-
low/negative (ASPC1) cells, with comparable levels of HSP90 and other chaperones [22],
were employed. Cells cultured in chamber slides were exposed to the PU-TCO clickable
probe for 1 h. Subsequently, the cells underwent fixation, permeabilization, and a click
reaction with a cy5 derivative as the fluorescent reporter. Control experiments and block-
ing assays were conducted to ensure the probes’ specificity, accurately discriminating
epichaperomes from other cellular components. For instance, PU-NTCO served as a neg-
ative control, featuring a clickable derivative that hinders epichaperome binding. Addi-
tionally, a blocking experiment involved pre-treating cells with PU-H71 before incubation
with the clickable probe, further confirming the probe’s specificity for epichaperome bind-
ing (Figure 4a—c).

We observed that the fluorescence signal corresponded with the presence of the tar-
get—notably, the signal intensity in MDA-MB-468 cells was significantly higher than in
ASPC1 cells (Figure 4b,c). The signal was competed off with PU-H71, and it was absent
when the control probe was used instead of PU-TCO (Figure 4b,c).
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Figure 4. Evaluation of effective and selective epichaperome binding by PU-TCO in cellulo, in live
cells. (a) Overview of the experimental design showing several control experiments designed to test
probe specificity. Epichaperome-high (MDA-MB-468) and epichaperome-low (ASPC1) cancer cell
lines were stained with the cy5 fluorescence reporter following the addition of PU-TCO (1 uM), PU-
NTCO (1 uM, control epichaperome-inert probe), or PU-TCO after the pretreatment of the cells for
1 h with PU-H71 (1 uM) (competition). (b) Graph depicting the median, dotted line, and quartiles,
dashed lines; n =50 cells from 3 replicate experiments; one-way ANOVA with Sidak’s post-hoc. Each
data point represents the mean fluorescence intensity recorded per cell. (c) Representative micro-
graphs from three individual experiments, per panel (b). Images were captured using an LSM880
confocal microscope (Zeiss) with the 20x/0.8NA objective. Scale bars represent 50 pm.

We next performed immunofluorescence with an HSP90 antibody. The HSP90 anti-
body detects all cellular pools of HSP90, whether involved in folding functions or incor-
porated into epichaperome platforms. Conversely, the PU-TCO probe should detect
HSP90 only when part of epichaperomes, independent of the cellular concentration of
HSPI0 (Figure 5a). As expected, staining with an HSP90 antibody, which detects all cellu-
lar HSP90 pools, revealed an equal staining intensity and a similar HSP90 concentration
in both MDA-MB-468 and ASPC1 cells (Figure 5b,c, HSP90 antibody, green). In contrast,
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the intensity of PU-TCO staining reflected the presence of HSP90 in epichaperomes and
not the total HSP90 pools (Figure 5b,c, PU-TCO epichaperome probe, red). Lastly, CCD-
18Co, a non-transformed human fibroblast cell line lacking epichaperomes [22], exhibited
the HSP90 signal with the HSP90 antibody but no signal upon PU-TCO probing (Figure
5b,c).
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Figure 5. Side-by-side evaluation of selective epichaperome binding by PU-TCO in cellulo com-
pared to immunoblotting with an HSP90 antibody. (a) Schematic illustrating the biochemical and
functional distinction between chaperones and epichaperomes. The HSP90 antibody detects all cel-
lular pools of HSP90, whether involved in folding functions or incorporated into epichaperome plat-
forms. Conversely, the PU-TCO probe should detect HSP90 only when part of epichaperomes, in-
dependent of the cellular concentration of HSP90. Epichaperome-high (MDA-MB-468) cancer cells,
epichaperome-low (ASPC1) cancer cell lines and CCD-18Co, non-transformed colon fibroblasts, in
culture, were stained with the cy5 fluorescence reporter following the addition of PU-TCO (1 uM),
and with an Alexa488-labeled HSP90 antibody. (b) Representative micrographs from three individ-
ual experiments, per panel (a), are shown. Images were captured using an LSM880 confocal micro-
scope (Zeiss) with the 20x/0.8NA objective. Scale bars represent 50 um. (c) The data per panel (a) are
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presented as the mean + s.e.m., n = 3, one-way ANOVA with Dunnetts’s post-hoc. Each data point
represents the average of the mean fluorescence intensity recorded per cell from each experiment.

These diverse lines of evidence collectively support on-target binding and the speci-
ficity of PU-TCO for epichaperomes, both in vitro and in cells.

3.3. Epichaperome Detection in Murine Brain Tissue

To provide proof-of-principle on the use of PU-TCO to detect cells impacted by
epichaperome formation, the M83 homozygous alpha-synuclein mice (expressing the hu-
man A53T mutation) were selected [52], as their neurodegenerative phenotype is con-
sistent with epichaperome formation. In these mice, a genetic decrease in the epichap-
erome component HOP rescues disease-related phenotypes, suggestive of epichaperome-
driven toxicity [35].

For this study, we selected M83 homozygous mice (Figure 6a) as well as wild-type
(WT) mice (Figure 6b) at 13 months of age. The mice were perfused with PBS before brain
harvesting, and their brains were frozen for sectioning. This method is particularly useful
for preserving the tissue’s native structure and, importantly, the integrity of the epichap-
erome assemblies, which is crucial for immunofluorescence studies. By perfusing the an-
imal with PBS before sectioning, blood is removed from the vasculature, reducing back-
ground fluorescence and improving the clarity of the immunofluorescent signals. Addi-
tionally, freezing the tissue allows for precise and consistent sectioning, enabling thin
slices for microscopic analysis [53,54].

To assess the probe’s ability to specifically detect epichaperomes in brain tissue, we
generated several 20 yum slices, which were then incubated with PU-TCO (0.1, 0.5, and 1
uM). After fixation (4% PFA) and permeabilization (0.02% Triton X-100), the cy5 fluores-
cent reporter was attached via click chemistry. Negative controls included PU-NTCO and
blocking by pre-treating slices with PU-H71 before incubation with the clickable probe. In
addition, the slices were counterstained with Hoechst to visualize individual brain cells.
Antibody staining against NeuN (Neuronal Nuclei), a well-established marker for mature
neurons in the CNS, was also performed to distinguish neurons from glia [55].

Through confocal microscopy, we observed that the PU-cy5 fluorescence signal was
proportional to the concentration of the added probe. Specifically, the signal intensity in
tissues stained with 1 uM PU-TCO was notably higher than that with 0.5 pM PU-TCO,
and this signal was higher than that observed with 0.1 uM PU-TCO. The signal was com-
peted off with PU-H71, and it was absent when the control probe PU-NTCO was used
instead of PU-TCO. Similarly, no signal was detected in the WT mice, consistent with the
reported absence of epichaperomes in normal brain tissue [8,20,22]. These observations
collectively affirm the specificity of the signal detected in the brain, indicating its associa-
tion with epichaperomes.
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Figure 6. Evaluation of selective epichaperome detection by PU-TCO in post-mortem murine brains.
(a,b) Frozen brains harvested from male M83 homozygous mice (a) and wild-type mice (b) at 13
months of age were sectioned (20 pm) for staining. Sagittal slices were incubated with PU-TCO (0.1,
0.5, and 1 uM), and then the cy5 fluorescent reporter was attached via click chemistry. Negative
controls included PU-NTCO and blocking by pre-treating slices with PU-H71 (1 uM, 1 h) before
incubation with the PU-TCO clickable probe. Epichaperomes, orange; Hoechst (blue), for visualiza-
tion, and staining of cell nuclei. The slides were scanned on a Pannoramic Scanner (3DHistech) using
a 20x/0.8NA objective. Scale bars represent 2 mm.

3.4. Single-Cell-Level Epichaperome Illumination in the Brain

We then employed high-resolution microscopy to explore the epichaperome probe’s
capability to detect and characterize the presence and intensity of epichaperomes in spe-
cific brain cells. The ventral striatum, identifiable on the analyzed slices by the presence
of its components (the olfactory tubercle (OT) and nucleus accumbens, along with the
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islands of Calleja), was chosen for the analysis (Figure 7a) [56]. In rodents, besides the OT,
no other structure contains the islands of Calleja [57].

The striatum is mainly inhabited by medium spiny neurons, also known as spiny
projection neurons, characterized by their large dendrites predominantly covered with
dendritic spines [58]. A recent single-nucleus RNA-seq study conducted specifically on
the striatum of M83 mice also identified medium spiny neurons as the most prevalent
neuronal population, alongside cholinergic interneurons, immature neurons, and neural
progenitor cells [59]. Moreover, the M83 striatum harbors various glial cell types, includ-
ing oligodendrocytes, oligodendrocyte precursor cells, astrocytes, microglia, endothelial
cells, and pericytes [59], underscoring its cellular heterogeneity.
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Figure 7. Evaluation of single-cell-level epichaperome illumination by PU-TCO in post-mortem mu-
rine brains. (a) Left side: Representative brain slice of male M83 homozygous mice (13 months of
age) stained with Hoechst (blue) to detect individual brain cells and with an antibody against NeuN
(Neuronal Nuclei, green) to discriminate neurons from glia. The approximate location of the ventral
striatum is shown. Right side: Images for the anatomical location of brain areas closest to those used
for epichaperome detection were obtained from the Allen Institute for Brain Science, Mouse, P56.
Ventral striatum is highlighted in purple. Arrows point to the location of the nucleus accumbens
and the olfactory tubercule. (b) Slices stained with PU-TCO (1 uM) and clicked to cy5, as shown in
Figure 6, were re-imaged using a high-resolution microscope (Airyscan, Zeiss) to detect
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epichaperomes in individual cells. The micrograph shows the brain region encompassing the ven-
tral striatum. The approximate location of its two subregions, the olfactory tubercle (OT), and the
nucleus accumbens, as well as small clusters of neurons located within the ventral striatum of the
brain, the Islands of Calleja, specifically found within the OT, are also shown. (c) Cell clusters, cho-
sen from regions illustrated in panel (b), show the individual cells susceptible to epichaperome for-
mation. The PU-TCO probe indicates that both neurons and glia are affected by epichaperomes
(red). Blue represents Hoechst staining, while green represents NeuN.

Macroscopic and microscopic examination of the region revealed selective vulnera-
bility to epichaperome formation, with certain subregions and cells exhibiting more pro-
nounced staining than others (Figure 7b). For instance, the staining intensity for epichap-
eromes in the molecular layer of the OT, also known as Layer 1, was generally higher
compared to that of Layer 2 (the “dense” cell layer) and Layer 3 (the “multiform” cell
layer) [56]. Intriguingly, some of the highly intense cells lacked NeuN staining, indicating
their identity as glial cells. The presence of both neurons and glial cells, positive or nega-
tive for epichaperomes, was evident when we zoomed in on specific regions (Figure 7c).
While we cannot ascertain the identity of the glial cells without staining for cell-specific
markers, their morphology suggests the likelihood of being astrocytes and microglia [60].
Further studies with a cell-type-specific marker will be needed to rigorously identify the
identity of the cells. Nonetheless, this study marks the first documented instance of brain
cells, other than neurons, exhibiting vulnerability to epichaperome formation.

In summary, the successful detection of the cell-specific vulnerability to epichap-
erome formation using the click probe highlights its potential as a valuable tool for dis-
secting the intricate cellular responses underlying neurodegenerative diseases.

4. Discussion

The development of the clickable epichaperome probe represents a significant ad-
vancement in our ability to study the molecular mechanisms underlying neurodegenera-
tive diseases, particularly those involving epichaperome formation. These probes are
poised to increase our ability to not only detect and quantify epichaperomes but also gain
insights into their dynamic behavior, composition, and influence on intricate cellular pro-
cesses. The need for such innovation is rooted in the limitations of current research tools
and methodologies. While radiolabeled probes and chemoproteomics have provided val-
uable insights into epichaperomes [8,18,22,41,43,44], they often lack the precision, cellular
resolution, and versatility required to address fundamental questions about these bio-
molecular structures. Clickable probes, however, offer a groundbreaking solution to this
challenge. They will enable precise in vitro and in vivo imaging of epichaperomes in spe-
cific brain regions, capitalizing on the specificity of fluorescent probes and their compati-
bility with immunostaining techniques.

One of the key findings of this study is the successful demonstration of PU-TCO’s
specificity for epichaperomes both in vitro and in cells, in both human and murine sam-
ples. Through fluorescence polarization assays and confocal microscopy, we showed that
PU-TCO selectively binds to epichaperomes in cell homogenates, cultured cells, and brain
tissue, with minimal off-target effects. This specificity is crucial for accurately identifying
and characterizing epichaperome formation in biological samples, laying the foundation
for further investigations into the role of epichaperomes in disease pathology.

Furthermore, our results provide compelling evidence for the feasibility of using PU-
TCO to detect epichaperomes in brain tissue with cellular resolution. By employing high-
resolution microscopy techniques, we were able to visualize and characterize epichap-
erome formation in specific brain regions, including the ventral striatum, as well as in
specific brain cells, encompassing both neurons and glia. This marks a significant ad-
vancement in our ability to study epichaperome biology in complex biological environ-
ments and holds promise for future studies investigating the role of epichaperomes in
neurodegenerative disorders. Importantly, the versatility of this click probe allows for



Biomedicines 2024, 12, 1252

19 of 22

multiplexing with antibodies against specific disease markers, offering the opportunity to
investigate intricate mechanistic details.

Importantly, our study also sheds light on the cellular heterogeneity of epichaperome
formation in the brain. We observed differential staining patterns in various brain cell
populations, with some cells exhibiting higher epichaperome formation and accumulation
than others. Notably, we identified glial cells, in addition to neurons, exhibiting vulnera-
bility to epichaperome formation, marking the first documented instance of such obser-
vations. This highlights the complexity of epichaperome biology in the brain and under-
scores the importance of further research elucidating the role of different cell types in
epichaperome-mediated neurodegeneration.

5. Conclusions

The development and validation of the PU-TCO clickable epichaperome probe rep-
resent a significant step forward in our understanding of epichaperome biology and its
implications for neurodegenerative diseases. The specificity, sensitivity, and versatility of
the probe make it a valuable tool for studying epichaperomes in various contexts, encom-
passing both cellular and tissue levels, across murine and human systems. Further studies
utilizing this probe in preclinical and clinical settings are warranted to fully realize its
potential for diagnosing and treating neurodegenerative disorders.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/biomedicines12061252/s1. Figure S1: shows the structural
characterization of PU-TCO by nuclear magnetic resonance (NMR). Figure S2: shows the liquid
chromatography-mass spectrometry (LC-MS) chromatogram of PU-TCO. Figure S3: shows the
structural characterization of PU-NTCO by NMR. Figure S4: shows LC-MS chromatogram of PU-
NTCO. Figure S5: shows uncropped gels associated with Figure 3b and the molecular weight
marker standards that were used for determining the approximate size of the proteins (Precision
Plus Protein Marker) or protein assemblies (NativeMark Unstained Protein Standard) run on the
electrophoresis gel.

Author Contributions: Conceptualization, G.C., S.B., AM.R.M. and C.S.D.; Formal analysis, S.B.,
CSD., AR, MJ.A, AMRM, O.A, PEF. and G.C; Funding acquisition, G.C., O.A., P.EF. and
S.D.G.; Investigation, S.B., C.5.D.,, AM.RM,, AS, A A,KP, ER, ET. and P.P.; Methodology, S.B.,
AMRM. and C.S.D.; Resources, S.S., A.A,, TR, C.P. and M.AM.P.; Supervision, M.A.M.P. and
G.C.; Writing—original draft, S.B., C.5.D. and G.C. All authors have read and agreed to the pub-
lished version of the manuscript.

Funding: This work was supported by the National Institutes of Health (NIH) (RF1 AG071805, U01
AG032969, R01 CA172546, P01 CA186866, R0O1 AG072599, R56 AG061869, R01 AG067598, R0O1
AGO074004, R56 AG072599, RF1 AG077103, P01 AG14449, P30 CA08748). S.S. would like to
acknowledge the funding support from BrightFocus Foundation (Award ID: A2022020F). We
acknowledge Dr. Katia Manova-Todorova for her advice during the method optimization and the
Molecular Cytology Core facility of Memorial Sloan Kettering Cancer Center for providing micros-

copy support.

Institutional Review Board Statement: All animal studies were conducted in compliance with the
Canadian Council of Animal Care at the University of Western Ontario (protocol numbers 2020-162,
2020-163), with the Memorial Sloan Kettering Cancer Center’s guidelines, and under Institutional
Animal Care and Use Committee approved protocol #05-11-024.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
supplementary material, further inquiries can be directed to the corresponding author.

Conlflicts of Interest: The Memorial Sloan Kettering Cancer Center holds the intellectual rights to
PU-H71.G.C, S.S,, C.S.D., and A.R. are inventors of intellectual property filings related to the epich-
aperome portfolio.



Biomedicines 2024, 12, 1252 20 of 22

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Serrano-Pozo, A.; Frosch, M.P.; Masliah, E.; Hyman, B.T. Neuropathological alterations in Alzheimer disease. Cold Spring Harb.
Perspect. Med. 2011, 1, a006189. https://doi.org/10.1101/cshperspect.a006189.

Tan, S.H.; Karri, V,; Tay, NNW.R,; Chang, KH.; Ah, H.Y,; Ng, P.Q.; Ho, H.S,; Keh, HW.; Candasamy, M. Emerging pathways to
neurodegeneration: Dissecting the critical molecular mechanisms in Alzheimer’s disease, Parkinson’s disease. Biomed. Pharma-
cother. 2019, 111, 765-777.

Edwards, G.A., III; Gamez, N.; Escobedo, G., Jr.; Calderon, O.; Moreno-Gonzalez, I. Modifiable Risk Factors for Alzheimer’s
Disease. Front. Aging Neurosci. 2019, 11, 146. https://doi.org/10.3389/fnagi.2019.00146.

Ginsberg, S.D.; Joshi, S.; Sharma, S.; Guzman, G.; Wang, T.; Arancio, O.; Chiosis, G. The penalty of stress—Epichaperomes
negatively reshaping the brain in neurodegenerative disorders. J.  Neurochem. 2021, 159, 958-979.
https://doi.org/10.1111/jnc.15525.

Guo, J.; Huang, X,; Dou, L.; Yan, M,; Shen, T.; Tang, W.; Li, ]. Aging and aging-related diseases: From molecular mechanisms to
interventions and treatments. Signal Transduct. Target. Ther. 2022, 7, 391. https://doi.org/10.1038/s41392-022-01251-0.

Chiosis, G.; Digwal, C.S.; Trepel, ].B.; Neckers, L. Structural and functional complexity of HSP90 in cellular homeostasis and
disease. Nat. Rev. Mol. Cell Biol. 2023, 24, 797-815. https://doi.org/10.1038/s41580-023-00640-9.

Rickner, H.D; Jiang, L.; Hong, R.; O'neill, N.K.; Mojica, C.A ; Snyder, B.J.; Zhang, L.; Shaw, D.; Medalla, M.; Wolozin, B.; et al.
Single cell transcriptomic profiling of a neuron-astrocyte assembloid tauopathy model. Nat. Commun. 2022, 13, 6275.
https://doi.org/10.1038/s41467-022-34005-1.

Inda, M.C;; Joshi, S.; Wang, T.; Bolaender, A.; Gandu, S.; Koren, ], III; Che, A.Y.; Taldone, T.; Yan, P.; Sun, W.; et al. The epich-
aperome is a mediator of toxic hippocampal stress and leads to protein connectivity-based dysfunction. Nat. Commun. 2020, 11,
319. https://doi.org/10.1038/s41467-019-14082-5.

Kishinevsky, S.; Wang, T.; Rodina, A.; Chung, S.Y.; Xu, C.; Philip, J.; Taldone, T.; Joshi, S.; Alpaugh, M.L.; Bolaender, A_; et al.
HSP90-incorporating chaperome networks as biosensor for disease-related pathways in patient-specific midbrain dopamine
neurons. Nat. Commun. 2018, 9, 4345. https://doi.org/10.1038/s41467-018-06486-6.

Svirsky, S.E.; Li, Y.; Henchir, J.; Rodina, A.; Carlson, S.W.; Chiosis, G.; Dixon, C.E. Experimental traumatic brain injury increases
epichaperome formation. Neurobiol. Dis. 2023, 188, 106331. https://doi.org/10.1016/j.nbd.2023.106331.

Ginsberg, S.D.; Neubert, T.A.; Sharma, S.; Digwal, C.S.; Yan, P.; Timbus, C.; Wang, T.; Chiosis, G. Disease-specific interactome
alterations via epichaperomics: The case for Alzheimer's disease. FEBS ] 2022, 289, 2047-2066.
https://doi.org/10.1111/febs.16031.

Ginsberg, S.D.; Sharma, S.; Norton, L.; Chiosis, G. Targeting stressor-induced dysfunctions in protein—protein interaction net-
works via epichaperomes. Trends Pharmacol. Sci. 2023, 44, 20-33. https://doi.org/10.1016/j.tips.2022.10.006.

Maeda, J.; Zhang, M.R.; Okauchi, T.; Ji, B.; Ono, M.; Hattori, S.; Kumata, K.; Iwata, N.; Saido, T.C.; Trojanowski, ].Q.; et al. In vivo
positron emission tomographic imaging of glial responses to amyloid-beta and tau pathologies in mouse models of Alzheimer’s
disease and related disorders. J. Neurosci. 2011, 31, 4720-4730.

Maruyama, M.; Shimada, H.; Suhara, T.; Shinotoh, H.; Ji, B.; Maeda, J.; Zhang, M.-R.; Trojanowski, ].Q.; Lee, V.M.-Y.; Ono, M,;
et al. Imaging of tau pathology in a tauopathy mouse model and in Alzheimer patients compared to normal controls. Neuron
2013, 79, 1094-1108. https://doi.org/10.1016/j.neuron.2013.07.037.

Yoshiyama, Y.; Higuchi, M.; Zhang, B.; Huang, S.-M.; Iwata, N.; Saido, T.C.; Maeda, J.; Suhara, T.; Trojanowski, ].Q.; Lee, V.M.-
Y. Synapse loss and microglial activation precede tangles in a P301S tauopathy mouse model. Neuron 2007, 53, 337-351.
https://doi.org/10.1016/j.neuron.2007.01.010.

McNutt, S.W.; Roychowdhury, T.; Pasala, C.; Nguyen, H.T.; Thornton, D.T.; Sharma, S.; Botticelli, L.; Digwal, C.S.; Joshi, S.; Yang,
N.; et al. Phosphorylation-Driven Epichaperome Assembly: A Critical Regulator of Cellular Adaptability and Proliferation. Res.
Sq. 2024. Available online: https://www.researchsquare.com/article/rs-4114038/v1 (accessed on 5 May 2024).

Yan, P.; Patel, H.J.; Sharma, S.; Corben, A.; Wang, T.; Panchal, P.; Yang, C.; Sun, W.; Araujo, T.L.; Rodina, A.; et al. Molecular
Stressors Engender Protein Connectivity Dysfunction through Aberrant N-Glycosylation of a Chaperone. Cell Rep. 2020, 31,
107840. https://doi.org/10.1016/j.celrep.2020.107840.

Jhaveri, K.L.; dos Anjos, C.H.; Taldone, T.; Wang, R.; Comen, E.; Fornier, M.; Bromberg, ].F.; Ma, W; Patil, S.; Rodina, A.; et al.
Measuring Tumor Epichaperome Expression Using ['2]] PU-H71 Positron Emission Tomography as a Biomarker of Response
for PU-H71 Plus Nab-Paclitaxel in HER2-Negative Metastatic Breast Cancer. JCO Precis. Oncol. 2020, 4, 1414-1424.
https://doi.org/10.1200/p0.20.00273.

Sugita, M.; Wilkes, D.C.; Bareja, R.; Eng, KW_; Nataraj, S.; Jimenez-Flores, R.A.; Yan, L.; De Leon, ].P.; Croyle, J.A.; Kaner, J.; et
al. Targeting the epichaperome as an effective precision medicine approach in a novel PML-SYK fusion acute myeloid leukemia.
NPJ Precis. Oncol. 2021, 5, 44. https://doi.org/10.1038/s41698-021-00183-2.

Bolaender, A.; Zatorska, D.; He, H.; Joshi, S.; Sharma, S.; Digwal, C.S.; Patel, H.].; Sun, W.; Imber, B.S.; Ochiana, S.O.; et al.
Chemical tools for epichaperome-mediated interactome dysfunctions of the central nervous system. Nat. Commun. 2021, 12,
4669. https://doi.org/10.1038/s41467-021-24821-2.

Silverman, M.H.; Duggan, S.; Bardelli, G.; Sadler, B.; Key, C.; Medlock, M.; Reynolds, L.; Wallner, B. Safety, Tolerability and Phar-
macokinetics of Icapamespib, a Selective Epichaperome Inhibitor, in Healthy Adults. ]. Prev. Alzheimer’s Dis. 2022, 9, 635-645.
https://doi.org/10.14283/jpad.2022.71.



Biomedicines 2024, 12, 1252 21 of 22

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Rodina, A; Xu, C.; Digwal, C.S.; Joshi, S.; Patel, Y.; Santhaseela, A.R.; Bay, S.; Merugu, S.; Alam, A_; Yan, P.; et al. Systems-level
analyses of protein-protein interaction network dysfunctions via epichaperomics identify cancer-specific mechanisms of stress
adaptation. Nat. Commun. 2023, 14, 3742. https://doi.org/10.1038/s41467-023-39241-7.

Sharma, S.; Kalidindi, T.; Joshi, S.; Digwal, C.S.; Panchal, P.; Burnazi, E.; Lee, S.G; Pillarsetty, N.; Chiosis, G. Synthesis of 1%I-
labeled epichaperome probes and assessment in visualizing pathologic protein-protein interaction networks in tumor bearing
mice. STAR Protoc. 2022, 3, 101318. https://doi.org/10.1016/j.xpro.2022.101318.

Roychowdhury, T.; Santhaseela, A.R.; Sharma, S.; Panchal, P.; Rodina, A.; Chiosis, G. Use of Native-PAGE for the Identification
of Epichaperomes in Cell Lines. Methods Mol. Biol. 2023, 2693, 175-191.

Merugu, S.; Sharma, S.; Kaner, J.; Digwal, C.; Sugita, M.; Joshi, S.; Taldone, T.; Guzman, M.L.; Chiosis, G. Chemical probes and
methods for single-cell detection and quantification of epichaperomes in hematologic malignancies. Methods Enzymol. 2020, 639,
289-311.

Carter, B.Z.; Mak, P.Y.Y.; Muftuoglu, M.; Tao, W.; Ke, B.; Pei, J.; Bedoy, A.D.; Ostermann, L.B.; Nishida, Y.; Isgandarova, S.; et
al. Epichaperome inhibition targets TP53-mutant AML and AML stem/progenitor cells. Blood 2023, 142, 1056-1070.
https://doi.org/10.1182/blood.2022019047.

Seah, D.; Cheng, Z.; Vendrell, M. Fluorescent Probes for Imaging in Humans: Where Are We Now? ACS Nano 2023, 17, 19478-
19490.

Wang, S.; Ren, X.; Wang, J.; Peng, Q.; Niu, X,; Song, C.; Li, C; Jiang, C.; Zang, W.; Zille, M.; et al. Blocking autofluorescence in
brain tissues affected by ischemic stroke, hemorrhagic stroke, or traumatic brain injury. Front. Immunol. 2023, 14, 1168292.
https://doi.org/10.3389/fimmu.2023.1168292.

Zhang, H.; Tan, C.; Shi, X,; Xu, J. Impacts of autofluorescence on fluorescence based techniques to study microglia. BMC Neuro-
sci. 2022, 23, 21. https://doi.org/10.1186/s12868-022-00703-1.

Manoharan, A.; Jayan, J.; Rangarajan, T.M.; Bose, K.; Benny, F.; Ipe, R.S.; Kumar, S.; Kukreti, N.; Abdelgawad, M.A.; Ghoneim,
M.M,; et al. “Click Chemistry”: An Emerging Tool for Developing a New Class of Structural Motifs against Various Neuro-
degenerative Disorders. ACS Omega 2023, 8, 44437-44457. https://doi.org/10.1021/acsomega.3c04960.

Grimm, J.B.; Muthusamy, A.K,; Liang, Y.; Brown, T.A.; Lemon, W.C,; Patel, R;; Lu, R.; Macklin, J.J.; Keller, P.J.; Ji, N.; et al. A
general method to fine-tune fluorophores for live-cell and in vivo imaging. Nat. Methods 2017, 14, 987-994.
https://doi.org/10.1038/nmeth.4403.

Giasson, B.I; Duda, J.E.; Quinn, S.M.; Zhang, B.; Trojanowski, ].Q.; Lee, V.M. Neuronal a-synucleinopathy with severe move-
ment disorder in mice expressing A53T human a-synuclein. Neuron 2002, 34, 521-533.

Luk, K.C,; Kehm, V.M.; Zhang, B.; O’Brien, P.; Trojanowski, ].Q.; Lee, V.M.Y. Intracerebral inoculation of pathological a-synu-
clein initiates a rapidly progressive neurodegenerative a-synucleinopathy in mice. J. Exp. Med. 2012, 209, 975-986.
https://doi.org/10.1084/jem.20112457.

Paumier, K.L.; Rizzo, S.J.S.; Berger, Z.; Chen, Y.; Gonzales, C.; Kaftan, E.; Li, L.; Lotarski, S.; Monaghan, M.; Shen, W.; et al.
Behavioral characterization of A53T mice reveals early and late stage deficits related to Parkinson’s disease. PLoS ONE 2013, 8,
€70274. https://doi.org/10.1371/journal.pone.0070274.

Lackie, R.E.; de Miranda, A.S.; Lim, M.P.; Novikov, V.; Madrer, N.; Karunatilleke, N.C.; Rutledge, B.S.; Tullo, S.; Brickenden, A.;
Maitland, M.E.R; et al. Stress-inducible phosphoprotein 1 (HOP/STI1/STIP1) regulates the accumulation and toxicity of a-synu-
clein in vivo. Acta Neuropathol. 2022, 144, 881-910.

Unger, E.L.; Eve, D.J.; Perez, X.A.; Reichenbach, D.K,; Xu, Y.; Lee, M.K.; Andrews, A.M. Locomotor hyperactivity and alterations
in dopamine neurotransmission are associated with overexpression of A53T mutant human a-synuclein in mice. Neurobiol. Dis.
2005, 21, 431-443. https://doi.org/10.1016/j.nbd.2005.08.005.

Mondal, R.; Campoy, A.T.; Liang, C.; Mukherjee, J. [*F]FDG PET/CT Studies in Transgenic Hualpha-Syn (A53T) Parkinson’s
Disease Mouse Model of a-Synucleinopathy. Front. Neurosci. 2021, 15, 676257.

Ordonez, D.G.; Lee, M.K,; Feany, M.B. a-synuclein Induces Mitochondrial Dysfunction through Spectrin and the Actin Cyto-
skeleton. Neuron 2018, 97, 108-124.e6. https://doi.org/10.1016/j.neuron.2017.11.036.

Koch, J.C.; Bitow, F.; Haack, J.; D'Hedouville, Z.; Zhang, J.-N.; Tonges, L.; Michel, U.; A Oliveira, L.M.; Jovin, T.M.; Liman, J.; et
al. Alpha-Synuclein affects neurite morphology, autophagy, vesicle transport and axonal degeneration in CNS neurons. Cell
Death Dis. 2015, 6, e1811. https://doi.org/10.1038/cddis.2015.169.

Wang, Q.].; Chen, A.D.; Chen, H.C,; Wang, D.X,; Cai, Y.T.; Yin, J.; Jing, Y.H.; Gao, L.P. Noncanonical Roles of halpha-syn (A53T)
in the Pathogenesis of Parkinson’s Disease: Synaptic Pathology and Neuronal Aging. Neural Plast. 2020, 2020, 6283754.

Rodina, A.; Wang, T.; Yan, P.; Gomes, E.D.; Dunphy, M.P.S,; Pillarsetty, N.; Koren, J.; Gerecitano, J.F.; Taldone, T.; Zong, H.; et
al. The epichaperome is an integrated chaperome network that facilitates tumour survival. Nature 2016, 538, 397-401.
https://doi.org/10.1038/nature19807.

Joshi, S.; Gomes, E.D.; Wang, T.; Corben, A.; Taldone, T.; Gandu, S.; Xu, C.; Sharma, S.; Buddaseth, S.; Yan, P.; et al. Pharmaco-
logically controlling protein-protein interactions through epichaperomes for therapeutic vulnerability in cancer. Commun. Biol.
2021, 4, 1333. https://doi.org/10.1038/s42003-021-02842-3.

Pillarsetty, N.; Jhaveri, K.; Taldone, T.; Caldas-Lopes, E.; Punzalan, B.; Joshi, S.; Bolaender, A.; Uddin, M.M.; Rodina, A.; Yan, P.;
et al. Paradigms for Precision Medicine in Epichaperome Cancer Therapy. Cancer Cell 2019, 36, 559-573.e7.
https://doi.org/10.1016/j.ccell.2019.09.007.



Biomedicines 2024, 12, 1252 22 of 22

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Sharma, S.; Joshi, S.; Kalidindi, T.; Digwal, C.S.; Panchal, P.; Lee, S.-G.; Zanzonico, P.; Pillarsetty, N.; Chiosis, G. Unraveling the
Mechanism of Epichaperome Modulation by Zelavespib: Biochemical Insights on Target Occupancy and Extended Residence
Time at the Site of Action. Biomedicines 2023, 11, 2599. https://doi.org/10.3390/biomedicines11102599.

Shrestha, L.; Patel, H.J.; Chiosis, G. Chemical Tools to Investigate Mechanisms Associated with HSP90 and HSP70 in Disease.
Cell Chem. Biol. 2016, 23, 158-172. https://doi.org/10.1016/j.chembiol.2015.12.006.

Digwal, C.S.; Sharma, S.; Santhaseela, A.R.; Ginsberg, S.D.; Chiosis, G. Epichaperomes as a Gateway to Understanding, Diag-
nosing, and Treating Disease Through Rebalancing Protein-Protein Interaction Networks. In Protein Homeostasis in Drug Dis-
covery: A Chemical Biology Perspective; Wiley: New York, NY, USA, 2022; pp. 1-26.

Oliveira, B.L.; Guo, Z.; Bernardes, G.J.L. Inverse electron demand Diels-Alder reactions in chemical biology. Chem. Soc. Rev.
2017, 46, 4895-4950. https://doi.org/10.1039/c7cs00184c.

Haiber, L.M.; Kufleitner, M.; Wittmann, V. Application of the Inverse-Electron-Demand Diels-Alder Reaction for Metabolic
Glycoengineering. Front. Chem. 2021, 9, 654932. https://doi.org/10.3389/fchem.2021.654932.

Taldone, T.; Patel, P.D.; Patel, M.; Patel, H.J.; Evans, C.E.; Rodina, A.; Ochiana, S.; Shah, S.K.; Uddin, M.; Gewirth, D.; et al.
Experimental and Structural Testing Module to Analyze Paralogue-Specificity and Affinity in the Hsp90 Inhibitors Series. J.
Med. Chem. 2013, 56, 6803—6818. https://doi.org/10.1021/jm400619b.

Taldone, T.; Zatorska, D.; Kang, Y.; Chiosis, G. A facile and efficient synthesis of d6-labeled PU-H71, a purine-scaffold Hsp90
inhibitor. J. Label. Compd. Radiopharm. 2010, 53, 47—49.

Taldone, T.; Zatorska, D.; Patel, P.D.; Zong, H.; Rodina, A.; Ahn, ].H.; Moulick, K.; Guzman, M.L.; Chiosis, G. Design, synthesis,
and  evaluation of small molecule Hsp90  probes. Bioorg.  Med. Chem. 2011, 19,  2603-2614.
https://doi.org/10.1016/j.bmc.2011.03.013.

Lee, M.K,; Stirling, W.; Xu, Y.; Xu, X;; Qui, D.; Mandir, A.S.; Dawson, T.M.; Copeland, N.G.; Jenkins, N.A.; Price, D.L. Human
a-synuclein-harboring familial Parkinson’s disease-linked Ala-53 — Thr mutation causes neurodegenerative disease with a-
synuclein aggregation in transgenic mice. Proc. Natl. Acad. Sci. USA 2002, 99, 8968-8973.

Green, T.R.F,; Ortiz, ].B.; Harrison, J.L.; Lifshitz, J.; Rowe, R.K. Simultaneous Cryosectioning of Multiple Rodent Brains. ]. Vis.
Exp. 2018, 139, e58513.

McFadden, W.C.; Walsh, H.; Richter, F.; Soudant, C.; Bryce, C.H.; Hof, P.R.; Fowkes, M.; Crary, J.F.; McKenzie, A.T. Perfusion
fixation in brain banking: A systematic review. Acta Neuropathol. Commun. 2019, 7, 146. https://doi.org/10.1186/s40478-019-0799-
y.

Gusel'nikova, V.V.; Korzhevskiy, D.E. NeuN as a Neuronal Nuclear Antigen and Neuron Differentiation Marker. Acta Naturae
2015, 7, 42-47. https://doi.org/10.32607/20758251-2015-7-2-42-47.

Xiong, A.; Wesson, D.W. Illustrated Review of the Ventral Striatum’s Olfactory Tubercle. Chem. Senses 2016, 41, 549-555.
https://doi.org/10.1093/chemse/bjw069.

Adjei, S.; Wesson, D.W. Laminar and spatial localization of the islands of Calleja in mice. Neuroscience 2015, 287, 137-143.
https://doi.org/10.1016/j.neuroscience.2014.12.019.

Millhouse, O.E.; Heimer, L. Cell configurations in the olfactory tubercle of the rat. J. Comp. Neurol. 1984, 228, 571-597.
https://doi.org/10.1002/cne.902280409.

Zhong, J.; Tang, G.; Zhu, J.; Wu, W.; Li, G,; Lin, X; Liang, L.; Chai, C.; Zeng, Y.; Wang, F.; et al. Single-cell brain atlas of Parkinson’s
disease mouse model. |. Genet. Genom. 2021, 48, 277-288.

Ludwig, P.E.; Das, M.]. Histology, Glial Cells. [Updated 2023 May 1]. In StatPearls [Internet]; StatPearls Publishing: Treasure
Island, FL, USA, 2024. Available online: https://pubmed.ncbi.nlm.nih.gov/28722974/ (accessed on 5 May 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



