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ABSTRACT: Autophagy is a major catabolic degradation and recycling process that maintains homeostasis in cells and is especially
important in postmitotic neurons. We implemented a high-content phenotypic assay to discover small molecules that promote
autophagic flux and completed target identification and validation studies to identify protein targets that modulate the autophagy
pathway and promote neuronal health and survival. Efficient syntheses of the prioritized compounds were developed to readily
access analogues of the initial hits, enabling initial structure−activity relationship studies to improve potency and preparation of a
biotin-tagged pulldown probe that retains activity. This probe facilitated target identification and validation studies through
pulldown and competition experiments using both an unbiased proteomics approach and western blotting to reveal Lamin A/C and
LAMP1 as the protein targets of compound RH1115. Evaluation of RH1115 in neurons revealed that this compound induces
changes to LAMP1 vesicle properties and alters lysosome positioning. Dysfunction of the autophagy−lysosome pathway has been
implicated in a variety of neurodegenerative diseases, including Alzheimer’s disease, highlighting the value of new strategies for
therapeutic modulation and the importance of small-molecule probes to facilitate the study of autophagy regulation in cultured
neurons and in vivo.
KEYWORDS: small molecules, autophagy, phenotypic high-throughput screen, target identification, neurodegenerative diseases,
medicinal chemistry

■ INTRODUCTION
Macroautophagy, hereafter referred to as autophagy, is an
important cellular homeostasis pathway that has a critical role
in the catabolic degradation and recycling of long-lived
proteins and organelles.1 This intracellular process involves
the engulfment of portions of the cytoplasm in a double-
membraned structure known as an autophagosome, and upon
fusion with a lysosome, the autophagic cargo is degraded.2 A
functional autophagy pathway is especially important in
neurons, which are postmitotic and do not replicate, so the
need to remove cellular debris and toxins is paramount for
neuron survival.3,4 In neurons, autophagosomes originate in
distal axons and travel toward the soma, along the way fusing

with lysosomes to create autolysosomes and facilitate
degradation of the contents.5,6 Autophagy has been associated
with neurodevelopment, neuronal homeostasis, and neuronal
activity and plasticity.7−9 In addition, dysfunction of autophagy
has also been related to many neurological disease states that
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involve protein misfolding and aggregation,10 including
Huntington’s disease (HD), in which aggregation occurs
from CAG repeats on the first exon of the huntingtin
gene,11−13 Parkinson’s disease (PD), in which a variety of
factors cause accumulation of α-synuclein and polyubiquinated
proteins,14−16 and amyotrophic lateral sclerosis (ALS), in
which genetic mutations lead to accumulation of ubiquitinated
cytoplasmic inclusions like the protein TDP-43.17−19 Recent
work has also linked autophagy and lysosome dysfunction to
the progression of Alzheimer’s disease (AD).20−22 Studies in
human and mouse models of the disease reveal the presence of
numerous autophagic and lysosomal intermediates in brain
tissue, suggestive of defects in fusion and/or transport and
clearance of these organelles.23−25 Moreover, dysfunctional
autophagy in neurons results in axonal organelle buildup
similar to that observed in AD mouse models.26,27 Further
studies have shown that the expression of the key autophagy
regulator protein Beclin 1 is reduced in early AD, suggesting a
connection between autophagy dysregulation and AD.22,28

Although a large body of literature indicates the importance
of the autophagy−lysosome pathway (ALP) in AD and AD-
related disorders, little emphasis is placed on neuronal ALP
and the unique targeting of proteins for degradation from the
axons and axon terminals, instead of just the degradative
compartment in the cell body.23,24,29,30 In wild-type neurons,
late endosomes and autophagosomes within distal regions of
axons play important housekeeping functions by sequestering
old or misfolded proteins and damaged organelles.29,30 The
maturation process within axons is coupled with the retrograde
axonal transport toward the neuronal cell body,30 and this
retrograde movement of autophagosomes is dependent on
fusion with the endolysosomal system. Therefore, any
transport defect in endolysosomes or hybrid organelles
would lead to autophagic cargo accumulation in axons. Indeed,
perturbation of retrograde axonal lysosome transport has been
shown to exacerbate amyloid plaque pathology in AD
models.31 Taken together, these factors highlight autophagy
activation and autophagosome maturation and clearance,
including optimal lysosome transport, as a promising approach
for therapeutic development to treat neurodegeneration. In
addition, there is a growing appreciation for the intimate
linkage of lysosome movement and positioning in cells to both
lysosome function and the physiological state of the cell.32,33

For example, acidification of the cytoplasm causes dispersion
of lysosomes toward the cell periphery, while its alkalinization
causes their return to a perinuclear location. Furthermore,
during dendritic cell maturation, lysosome tubulation and
movement to the periphery aids in the delivery of MHC-II
molecules to the cell surface.34,35 Therefore, a drug that
modulates lysosome positioning could enable context-depend-
ent control of lysosome functions in different cell types,
creating additional therapeutic avenues beyond neurodegener-
ative diseases.

Recent therapeutic development efforts for AD have
primarily focused on the reduction of Aβ aggregation by
targeting secretase proteins responsible for Aβ formation from
amyloid precursor protein (APP), including β-site APP
cleavage enzyme (BACE1), a membrane-bound aspartyl
protease responsible for the initiation of APP cleavage to
generate Aβ, and γ-secretase, a complex of presenilin, nicastrin,
Aph1, and Pen2 that performs the final cleavage of APP to
generate Aβ.36−38 However, clinical trials revealed that despite
a reduction in Aβ production, inhibition of APP cleavage

resulted in limited cognitive improvement in AD patients,
notable adverse side effects, and/or an inability to successfully
clear tau and phosphorylated tau aggregates.39−43 These
challenges highlight the importance of discovering new targets
and strategies for the treatment of AD and other neuro-
degenerative diseases. Rapamycin, a well-established mTOR
inhibitor and autophagy inducer, has been shown to reduce
aggregates and increase protein degradation in HD and ALS
mouse models and to delay the onset of behavioral
abnormalities that arise in the mice.12,14,18 Alternative
mTOR-independent activators of autophagy have shown
similar success in clearing aggregation and preventing neuronal
toxicity in HD and PD models.11,44−46 For example, the small-
molecule trehalose has been shown to improve neuronal
survival and clear tau aggregates in mouse models by restoring
optimal autophagic flux in HD, PD, and ALS.47−50 Autophagy
induction has also shown promise in AD models. For example,
rapamycin treatment promotes clearance of Aβ aggregates and
rescue of memory defects in AD mouse models.51,52 Other
mTOR-independent autophagy inducers have also shown
success in Aβ and tau clearance in addition to neuroprotective
effects.53−55 Due to the important role of mTOR in immunity
and the limited knowledge about targets and the mechanism of
action of mTOR-independent autophagy inducers, we decided
to capitalize on the major strength of phenotypic drug
discovery to facilitate both hit discovery and optimization
and target identification and validation.56−58 This approach led
to successful identification of novel lead compounds and
protein targets that modulate the autophagy pathway to
support our efforts to develop novel therapeutic strategies for
neurodegenerative diseases.

■ RESULTS AND DISCUSSION
To measure autophagy modulation following compound
treatment, we used the eGFP-LC3 puncta formation assay as
our primary high-content screen (HCS) with the goal of
identifying autophagy modulators with a variety of mechanisms
of action to discover new cellular targets that improve disease-
relevant phenotypes.59 Pro-LC3 is cleaved by the cysteine
protease ATG4 to produce cytosolic LC3-I, and upon
autophagy activation, ATG7 and ATG3 catalyze the
conjugation of phosphatidylethanolamine (PE) to LC3-I by
the ATG12-ATG5-ATG16L1 complex to form LC3-II, which
is recruited to the autophagosome membrane and serves as a
biomarker for autophagic flux.60−62 Compounds that modulate
autophagy cause an increase in LC3-II, either by activating
autophagy and increasing the number of autophagosomes
formed, or by inhibiting autophagosome−lysosome fusion and
causing an accumulation of autophagosomes. Both of these
possibilities are identified by quantifying the number of green
dots (puncta) per cell in the GFP-LC3 assay as an indication of
autophagosome numbers.63 The antimalarial drug chloroquine
(CQ) was used as a positive control in these experiments as it
is a late-stage autophagy inhibitor that significantly increases
LC3-II accumulation. The optimized HCS reliably performs
with Z′ > 0.5 and % CV values <20%, supporting the robust
nature of the screen (Table S1). We performed the HCS in
duplicate with a library of 10,000 molecules that were obtained
from the commercially available ChemDiv collection at a
concentration of 20 μM to discover novel autophagy
modulators. Of these, 312 hit molecules were identified
based on a z-score of ≥2.2 for their ability to significantly
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increase the puncta per cell counts without cytotoxicity in
HeLa cells (Figure 1A,B).

The 312 compounds were then obtained as a single plate for
validation to differentiate activators from late-stage inhibitors
using an mCherry-GFP-LC3 dual reporter assay. Upon fusion

of the autophagosome to the lysosome, the green fluorescent
protein (GFP) fluorescence is quenched due to the low pH,
leaving the red color from the mCherry.64 By contrast, GFP
fluorescence is not quenched by late-stage inhibitors that
prevent autophagosome−lysosome fusion or lysosomal acid-

Figure 1. Discovery of autophagy activators. (A) An eGFP-LC3 puncta formation assay in HeLa cells was performed in high throughput to screen
10,000 molecules, revealing 312 molecules that were able to increase the puncta/cell levels significantly (z-score >2.199 in both duplicate biological
replicates). Out of the 312 compounds, 27 were found to be overtly cytotoxic (in orange). Compounds 1a (purple) and 2a (green) were
prioritized. (B) Representative images from the eGFP-LC3 assay. The cells were plated at a density of 3000 cells/well and treated with dimethyl
sulfoxide (DMSO), chloroquine (CQ) (20 μM), 1a (20 μM), or 2a (150 μM) for 4 h. The late-stage autophagy inhibitor CQ was used as a
positive control for puncta accumulation. (C) mCherry-GFP-LC3 expressing HeLa cells were plated to a density of 3000 cells/well and compound-
treated for 4 h with DMSO, CQ (20 μM), PI-103 (5 μM), 1a (20 μM), or 2a (40 μM). The PI3K inhibitor PI-103 and CQ were used as controls
to show the effects of both early- and late-stage inhibition, respectively. (D) Structure−activity relationships (SAR) from the initial high-throughput
screen revealed moieties critical for activity in the assay. Compounds 1a (left) and 2a (right) are highlighted. (E) Representative image of LC3
immunoblotting performed on HeLa cells treated with compounds for 4 h (DMSO, 1a (20 μM), or 2a (40 μM)). Co-treatment with autophagy
inhibitor Bafilomycin A1 (BafA1, 100 nM) was used to confirm activation. (F) Quantification of LC3 immunoblots to measure activation and
promotion of autophagic flux. Data are presented as mean ± SEM of four independent experiments (unpaired t test, *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001). (G) Immunoblot for phosphorylated P70S6Kinase (p-PS6Kinase) shows that compounds (1a (20 μM) and 2a (40 μM))
are activating autophagy in an mTOR-independent manner compared to mTOR inhibitor, rapamycin (Rap, 1 μM).
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ification, and thus red and green fluorescence overlap, resulting
in a yellow color.64 The controls, late-stage inhibitors CQ and
bafilomycin A1 (BafA1), cause robust accumulation of
autophagosomes, observed by the yellow color, as expected.
The 312 compounds were successfully classified as activators
and late-stage inhibitors, and we focused on two activators, 1a
and 2a, based on structure−activity relationships (SAR)
observed in the HCS (Figure 1C,D). Compound 1a and
analogues with the same core structure revealed that the
presence of the indole moiety at R2 was critical for activity, as a
lack of the indole resulted in compounds with no significant
activity. The 4-methylpiperazine at R1 was present in both
active analogues, so synthetic variation at this position was
planned. For compound 2a, the tertiary amine in the R3
position was necessary for activity. Replacement of the tertiary

amine with an amide resulted in a complete loss of activity,
revealing the critical nature of the basic amine. Based on this
observation, we designed synthetic analogues that modify the
left side of compound 2a to incorporate other tertiary amines
to improve potency in the eGFP-LC3 puncta formation assay.

To further confirm the conclusion from the dual reporter
assay that 1a and 2a activate autophagy, LC3-II levels were
also quantified with western blot flux assays (Figure 1E). If the
compounds were late-stage inhibitors, we would expect to see
no additional increase in LC3-II levels with co-treatment of the
vATPase inhibitor, BafA1; however, we observed a significant
increase in LC3-II levels following treatment with both
compounds and a further increase when BafA1 was added to
prevent LC3-II turnover through late-stage autophagy
inhibition (Figure 1F).62,65 These results support the

Figure 2. SAR studies provide analogues with improved potency. (A) Synthetic scheme for analogues of scaffold 1. The initial 1a (DS1040) hit and
three additional analogues were prepared using a four-step method (longest linear sequence). (B) Synthetic scheme for analogues of scaffold 2. The
initial 2a (RH1096) hit and four additional analogues were prepared using a four-step method (longest linear sequence). (C) Structures of the
analogues and corresponding EC50 values in the eGFP-LC3 puncta formation assay. (D) Twelve-point dose−response curves were generated for
each analogue in the eGFP-LC3 puncta formation assay (300−0.146 μM for 1 analogues, 1000−0.488 μM for 2 analogues). Data are presented as
mean ± SEM of three independent experiments, each with duplicate biological replicates. Data points at the highest concentrations were omitted if
they were found to be cytotoxic (% viability < 40%). (E) Percent viability was measured using nuclear count following treatment with compounds
relative to DMSO controls. Data are presented as mean ± SEM of three independent experiments, each with duplicate biological replicates.
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conclusion from the dual reporter assay that 1a and 2a are true
autophagy activators and are enhancing autophagic flux. Next,
we attempted to determine if our hits were activating
autophagy independently of mTOR. The critical nature of
mTOR in a variety of pathways means that mTOR inhibition
may not be an ideal strategy for autophagy activation.66 One of
the most well-known biomarkers for mTOR inhibition is the
phosphorylation of the mTOR substrate, p70S6K.66 Treatment
with our compounds did not affect the phosphorylation levels
of p70S6K, unlike the mTOR inhibitor rapamycin (Figure
1G). This suggests our compounds activate autophagy through
a different mechanism of action.

Two synthetic routes were developed to access 1a and 2a as
well as a variety of analogues (Figure 2A,B). The synthesis of
1a began with a reaction of amidinopyrazole hydrochloride
and methylpiperazine under basic conditions to afford the key
amidine (Figure S1A). Subsequent analogues were prepared
using alternative piperazine and aryl derivatives. Preparation of
the indole reagent occurred by the straightforward alkylation of
1H-indole-3-carbaldehyde with propyl bromide and sodium
hydride to afford the alkylated indole in good yield (Figure
S1B).

The synthetic strategy to generate pyrimidoazepine inter-
mediates was adapted from Yang and co-workers (Figure
2A).67 The synthesis began with the Lewis acid-catalyzed ring
expansion of 1-boc-4-piperidone with ethyl diazoacetate and

BF3-etherate to access the oxoazepane ester 4 intermediate
efficiently (71%).68 This intermediate then underwent a
Pinner-type condensation with 4-methylpiperazine-1-carbox-
imidamide (or relevant amidines for analogues) in the
presence of sodium ethoxide base.67 This step enabled the
generation of the key pyrimidoazepine intermediates 5a−5c in
good yield (38−76%). Trifluoroacetic acid (TFA) was then
used to deprotect the BOC-protecting group followed by
reductive amination with the 1-propyl-1H-indole-3-carbalde-
hyde, catalytic acetic acid, and sodium triacetoxyborohydride
to provide 1a (DS1040) in 35% over 2 steps.69 Two additional
analogues were synthesized with pyrrolidine or phenyl moieties
in the R1 position (1b, 1c) or a 4-pyridine moiety in the R2
position (1d).

To prepare 2a, trimethyl phosphonoacetate and 1-BOC-4-
piperidinone underwent a Horner−Wadsworth−Emmons
reaction using sodium hydride as a base to provide alkene 6
in excellent yield (95%) (Figure 2B). The alkene was then
subjected to N-benzyl-1-methoxy-N-((trimethylsilyl)methyl)-
methanamine and catalytic TFA, to promote a [3 + 2]
cycloaddition which provided spirocycle 7 in good yield (57%
(99% BRSM)).70 Similar to the first synthetic route, a BOC
deprotection and reductive amination using 2-pyridine
carboxaldehyde provided the ester intermediate 8a in 32%
over 2 steps. Analogues 8b−8e were formed using different
aldehydes in the reductive amination step (36−77% over 2

Figure 3. Target identification and validation for RH1115. (A) Mass spectrometry-based identification of eluted proteins. Proteins captured by
Biotin-RH1115 were subjected to digestion followed by mass spectrometry analysis. Eluted proteins identified were compared to DMSO and biotin
acid as standards. Thirteen unique proteins (listed in alphabetical order) were identified to interact with the RH1115 probe and when treated with
excess of RH1115, 7 proteins were no longer pulled down (bolded). (B) Number of peptide spectrum matches (PSMs) identified for each protein
in pulldown sample with Biotin-RH1115 but not in the negative control samples. (C) Immunoblot for LAMP1 after 24 h compound treatment
with RH1115 (50 μM) in HeLa cells (bottom). Proteins were quantified and represented as mean ± SEM of three biological replicates, normalized
to β-actin (top). (D) Quantified immunoblots of Lamin A/C after 24 h compound treatment with RH1115 (50 μM) in HeLa cells. Proteins were
quantified and represented as mean ± SEM of three biological replicates, normalized to β-actin. (E) Representative blots from three independent
cellular thermal shift assays (CETSAs). A549 cells were treated with RH1115 (100 μM) or DMSO for 24 h and heated at each temperature in
duplicate biological replicates for 3 min. (F) Immunoblot analysis of Lamin A/C capture by streptavidin pulldown protocol in the presence of
Biotin-RH1115 (50 μM) (+/−), biotin acid (−/−), or Biotin-RH1115 (50 μM) with excess RH1115 (100 μM) following lysate addition to the
beads (+/+). Data are presented as three independent experiments. β-actin was used as a loading control. (G) Immunoblot analysis of LAMP1
capture by streptavidin pulldown protocol in the presence of Biotin-RH1115 (50 μM) (+/−), biotin acid (−/−), or Biotin-RH1115 (50 μM) with
excess RH1115 (100 μM) following lysate addition to the beads (+/+). Data are presented from three independent experiments. β-actin was used
as a loading control. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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steps). The final reduction of the ester to the primary alcohol
using lithium aluminum hydride (LAH) provided 2a
(RH1096) and its analogues in good to excellent yields
(64−87%). In total, five analogues were created with different
aryl or alkyl moieties in the R3 position.

The newly synthesized molecules were tested in the eGFP-
LC3 puncta formation assay in 12-point dose to generate EC50
values for each analogue (300−0.146 μM for 1 analogues,
1000−0.488 μM for 2 analogues) (Figure 2C,D). The
analogues of DS1040 containing the indole had similar activity
in this assay, highlighting the importance of this heterocycle.
By contrast, replacement of the indole with a 4-pyridine
completely eliminated autophagy activation activity. Variation
of the R3 position in the 2 analogues resulted in improved
activity compared to RH1096. Replacement of the 2-pyridine

ring in RH1096 with benzene (2b, RH1103) or cyclohexane
(2c, RH1115) resulted in a 3- and 6-fold increase in potency,
respectively. Interestingly, modification of the nitrogen in the
pyridine from the 2- to 4-position (2d) resulted in a 2-fold
decrease in potency. Percent viability was also measured to
ensure the activation response was not due to cytotoxicity
(Figure 2E). All compounds were found to not be overtly
cytotoxic at their EC50 values, indicating that the observed
autophagy activation likely is not due to a cell death response.
However, efforts to optimize DS1040 resulted in reduced cell
viability and did not provide an improvement in activity. For
example, analogue 1c caused an increase in cell death at
concentrations that are close to the concentrations that
induced autophagy. In contrast, optimization of RH1096
produced RH1115 which has an excellent, 22-fold selectivity

Figure 4. Effects of autophagy activators on lysosome properties in neurons. (A) Quantification of the number of i3Neurons per unit area following
treatment with DMSO (control), DS1040, RH1096, RH1103, and RH1115 as a read out of neuronal viability. Data are presented as mean ± SEM
from three independent experiments, 150−200 neurons per treatment per experiment. (B) Quantification showing percentage of i3Neurons
exhibiting enhanced perinuclear clustering of lysosomes after compound or DMSO treatment. Data are presented as mean ± SEM of four
independent experiments, 100−150 neurons per treatment. (C) High-resolution confocal images of i3Neurons treated with compounds or DMSO
and stained for LAMP1 (green) to label lysosomes and Tau (red) to label neurites, showing enlarged and brighter lysosomal vesicles. (D)
Quantification of mean intensity of LAMP1-positive vesicles in DMSO and RH1115-treated (15 μM) i3Neurons from high-resolution confocal
images. Data are presented as mean ± SEM of three independent experiments, 20−25 neurons per treatment. (E) Quantification of mean size of
LAMP1-positive vesicles in DMSO and RH1115-treated (15 μM) i3Neurons from high-resolution confocal images. Data are presented as mean ±
SEM of three independent experiments, 20−25 neurons per treatment. (F) Immunoblotting of LAMP1 in DIV20−21 i3Neurons treated with 15
μM RH1115 for 72 h vs 0.1% DMSO treatment. Tubulin is used as a loading control. (G) Quantification of LAMP1 immunoblot shows a
significant increase in LAMP1 after RH1115 treatment (15 μM) compared to DMSO treatment from four independent experiments, mean ± SEM
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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window between autophagy activation and cytotoxicity. Active
analogues were also confirmed to retain autophagy activation
in the mCherry-GFP-LC3 dual reporter assay. Next, aqueous
kinetic solubility was measured for molecules DS1040,
RH1096, and RH1115.71 Even at 100 μM concentration, all
three molecules were found to be highly soluble (Figure S2A),
indicating that these molecules are excellent starting points for
probe development. Based on these results, compound
RH1115 was carried forward for target identification and
validation experiments.

To determine the mechanism of action of the most potent
hit, RH1115, a biotin-labeled probe was developed to use in a
streptavidin bead pulldown assay. The modified synthetic route
incorporated a terminal alkyne-containing precursor that was
subjected to a copper-catalyzed azide−alkyne cycloaddition
reaction with a biotin-tagged azide linker to link biotin to the
molecule through formation of a triazole.72 The terminal
alkyne was added to RH1115 in the late stages of the synthetic
route after ester reduction to the primary alcohol. The primary
alcohol underwent acylation using hex-5-ynoyl chloride and
triethylamine to generate the alkyne in good yield (68%)
(Figure S1C). The cycloaddition was performed using the

alkyne and Biotin-PEG3-Azide with catalytic CuSO4 at 90 °C
for 2 days to reach completion, which resulted in the desired
product, Biotin-RH1115, with a yield of 36%. Biotin-RH1115
was evaluated in the eGFP-LC3 puncta formation assay and
was able to significantly increase the puncta/cell count relative
to DMSO with an EC50 of 46.2 μM (Figure S2B).

A pulldown experiment using Biotin-RH1115 was per-
formed to identify the target of this molecule to obtain insight
into the mechanism of action. Proteins bound to Biotin-
RH1115 were eluted and prepared for mass spectrometry data
acquisition and analysis.73 Through analysis of the resulting
data, 13 proteins were identified as being pulled down by the
biotinylated compound exclusively, i.e., they were not pulled
down with the biotin acid or DMSO negative controls (Figure
3A). To confirm binding to the compounds, a competition
assay was performed in which Biotin-RH1115 and excess
RH1115 soluble competitor were incubated with the lysate
prior to the pulldown. Proteins that were pulled down in the
initial assay, but were not pulled down in the competition
assay, likely have a specific interaction with RH1115. Of the
initial 13 proteins pulled down, 7 proteins were no longer
identified in the mass spectrometry analysis when treated with

Figure 5. Confirmation of autophagy activation in neurons. (A) Immunoblotting for LC3 in DIV20−21 i3Neurons treated with RH1115 (15 μM)
or DMSO (0.1%) for 72 h. (B) Quantification of LC3-II/LC3-I ratio shows that i3Neurons treated with RH1115 exhibit significantly increased
LC3 lipidation in comparison to DMSO-treated i3Neurons. Mean ± SEM from four independent experiments. (C) Confocal images of DIV10
i3Neurons stably expressing LC3-RFP-GFP treated with DMSO, RH1115 (15 μM) for 72 h, or BafA1 (100 nM) for 24 h prior to live imaging
using Airyscan. Higher-magnification images of region outlined by a dashed box are depicted to the right of each image. (D) Quantification of the
percent of autophagosomes in i3Neurons treated with RH1115 (15 μM) or BafA1 (100 nM) compared to DMSO. (E) Quantification of the
percent of autolysosomes in i3Neurons treated with RH1115 (15 μM) or BafA1 (100 nM) compared to DMSO. (F) Quantification of mean size of
autolysosomes in i3Neurons treated with RH1115 (15 μM) compared to DMSO. (G) Quantification of the intensity of autolysosomes in
i3Neurons treated with RH1115 (15 μM) compared to DMSO. In (D)−(G), data were collected from three independent experiments, 60−70 cells
per treatment, mean ± SEM *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.3c00573
ACS Chem. Neurosci. 2023, 14, 4363−4382

4369

https://pubs.acs.org/doi/suppl/10.1021/acschemneuro.3c00573/suppl_file/cn3c00573_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschemneuro.3c00573/suppl_file/cn3c00573_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschemneuro.3c00573/suppl_file/cn3c00573_si_002.pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00573?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00573?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00573?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00573?fig=fig5&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.3c00573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


excess RH1115, providing putative targets for RH1115
(Figure 3A,B). Proteins with isoforms that were also pulled
down by the controls or proteins that were not expressed in
neurons were excluded (Table S2).

Validation experiments were performed with the remaining
three proteins, Lamin A/C, ubiquitin A-52 residue ribosomal
protein fusion (UBA-52), and lysosome-associated membrane
glycoprotein 1 (LAMP1). Expression tests were performed for
all 3 proteins to evaluate protein levels after 24 h RH1115
treatment (Figures 3C and S3A,B). A significant increase in the
ratio of glycosylated/non-glycosylated LAMP1 was observed
following treatment with RH1115 (Figure 3C) compared to
control treatment. By contrast, expression levels of Lamin A/C
were unchanged following treatment with compound RH1115
(Figures 3D and S3A). We then analyzed the interaction of
RH1115 with Lamin A/C using a cellular thermal shift assay
(CETSA) to measure changes in melting temperature
following compound treatment to assess direct binding of
the untagged compound to the protein(s) of interest. Both
Lamin A and C were found to be stabilized by RH1115,
further validating the direct interaction of Lamin A/C with
unmodified RH1115 (Figures 3E and S3C).

Next, the mass spectrometry results were further validated
through pulldown and competition studies followed by western
blot analysis for Lamin A/C, LAMP1, and UBA-52 (Figures
3F,G, S3D,E, and S4A,B). UBA-52 was deemed a nonspecific
target/false positive for RH1115 because western blot analysis
of the pulldown eluent revealed an interaction with the
negative control and the inability of the soluble RH1115
competitor to prevent binding of the Biotin-RH1115 probe
(Figure S4A,B). By contrast, Lamin A/C was highly enriched
in the eluent after treatment with Biotin-RH1115, and the
interaction with the probe was almost completely prevented by
the soluble RH1115 competitor, indicating a specific
interaction between Lamin A/C and RH1115 (Figure 3F).
Glycosylated LAMP1 was also pulled down and concentrated
in the eluent after treatment with Biotin-RH1115, and this
interaction was efficiently prevented by the addition of soluble
RH1115 competitor (Figure 3G), thus confirming that this
protein is also a target of compound RH1115.

Given the potent effects of the compounds on autophagy,
and the interest in modulation of autophagy as a therapeutic
option for neurodegenerative diseases, such as AD, we next
tested the compounds in human induced pluripotent stem cell
(iPSC)-derived neurons (i3Neurons).74−77 DIV 10 i3Neurons
treated with DS1040, RH1096, RH1103, and RH1115 for 72
h starting at DIV 7, showed no overt cytotoxicity as
determined by their cell density at the end of the treatment
(Figure 4A). Examination of LAMP1 staining in these neurons
revealed that the compound treatment resulted in a profound
effect on lysosome positioning in these i3Neurons (Figure
4B,C). While LAMP1 vesicles, which include a mixture of late
endosomes and degradative lysosomes,78 are normally
heterogeneous in their distribution in the neuronal cell body
(soma), all of the compounds induced significant perinuclear
clustering of these LAMP1 vesicles. In addition to the change
in lysosome distribution, treatment with compound RH1115
resulted in increased intensity and mean size of the LAMP1
vesicles (Figures 4C−E and S5A), suggestive of increased
LAMP1 levels on the endolysosomes. Indeed, the total levels of
LAMP1 protein in lysates from neurons treated with
compound RH1115 were also found to be increased by 1.5-
fold when compared to control neurons (Figure 4F,G).

Given the effect of RH1115 on autophagic flux in HeLa cells
and modulation of lysosome positioning, morphology, and
potentially biogenesis (increased LAMP1 localization and
recruitment to the perinuclear region), we next examined how
the compound modulated autophagy in neurons. We found
that i3Neurons treated with RH1115 did indeed exhibit a
higher LC3-II/LC3-I ratio (Figure 5A,B) as determined by
immunoblotting. To evaluate autophagic flux, we then
examined the nature and distribution of autophagosomes and
autolysosomes in i3Neurons derived from iPSCs generated to
stably express LC3-RFP-GFP. Using Airyscan live imaging of
i3Neurons treated with DMSO, BafA1, or RH1115, we
determined the number and fraction of autophagosomes
(GFP and RFP-positive vesicles) and autolysosomes (only
RFP-positive vesicles) in each of these conditions (Figure 5C).
We found that while BafA1 massively increased the number of
autophagosomes per neuronal cell body (Figures 5C,D and
S5B,C), RH1115 did not do the same. In contrast, the number
of autophagosomes in DMSO and RH1115-treated i3Neurons
was far lower. Consistent with BafA1 reducing fusion between
autophagosomes and lysosomes, the percentage of autolyso-
somes in BafA1-treated neurons was far less than in RH1115
or DMSO-treated i3Neurons (Figures 5E and S5D,E). In these
neurons, RH1115 did not inhibit autophagic flux (as seen by
low numbers of autophagosomes), and in fact appeared to
activate autophagic flux as evidenced by LC3-II/LC3-I ratio.
Although a dramatic increase in the fraction of autolysosomes
was not evident with RH1115 treatment when examining the
absolute number of these vesicles, the autolysosomes were
nearly 3 times as large as in the DMSO-treated condition
(Figures 5F and S5F) and exhibited increased total RFP
intensity per vesicle (Figure S5G), suggestive of potentially
fused and larger autolysosomes. Thus, RH1115, in addition to
affecting lysosome positioning and biogenesis, likely also
increases autophagic flux.

Disease-modifying therapies for AD have remained a
challenge in the field of drug discovery.79 As cases of AD
rise globally, there is a critical need for alternative therapeutic
strategies, and selective modulation of autophagy has emerged
as a promising approach for the treatment of neuro-
degenerative and age-related diseases.80 Current clinical trials
have evaluated BACE1 inhibitors, which prevent and clear Aβ
protein aggregates but fail to improve cognitive function in AD
patients and have significant side effects, minimizing their
effectiveness.37 Moreover, some of these inhibitors lack the
ability to clear tau aggregates in the somatodendritic
compartment of neuronal brain cells, which can lead to the
formation of tangles inside of neurons which promotes disease
progression and eventual patient death.39 The drawbacks of
BACE1 inhibitors demonstrate how target-based methods for
drug discovery rely heavily on the modulation of candidate
proteins, and even successful modulation of a promising target
may not have the hypothesized impact in disease models. By
contrast, phenotypic screening provides an unbiased approach
to drug discovery.81 In recent years, phenotypic strategies for
drug discovery have become increasingly popular because they
can lead to the discovery of small molecules that function
through unique mechanisms of action.82,83 Subsequent target
identification and validation efforts can provide novel targets to
affect disease-relevant phenotypes, which facilitates the
development of highly effective, first-in-class therapeutics.
Because autophagy has been implicated in a wide range of
neurodegenerative diseases, we are particularly interested in
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developing optimized autophagy modulators with novel
mechanisms to evaluate their ability to ameliorate autophagy
defects observed in AD and to determine how the validated
protein targets of these modulators are involved in disease
pathology and progression.84

Lamin A/C was identified as a potential target of RH1115
using an unbiased proteomics approach (Figure 3B). Nuclear
Lamins are divided into A- and B-type ligands depending on
the structure and expression pattern. The LMNA gene encodes
for multiple isoforms of the A-type Lamin proteins, including
Lamin A and C, formed through alternative splicing that differ
from each other by a modified C-terminus and absence of
CAAX box in Lamin C.85,86 Subsequent validation experiments
revealed a direct interaction between Lamin A/C and Biotin-
RH1115, which was confirmed through a competition
experiment with soluble RH1115 (Figure 3F). Expression
levels of Lamin A/C did not significantly change following
compound treatment (Figure 3D), but stabilization of Lamin
A/C was observed by CETSA, which provided further support
that a direct interaction occurs between RH1115 and Lamin
A/C. Based on these observations, it is likely that modulation
of Lamin A and/or C function or localization, but not
expression, is important for the activity of RH1115. Lamin A/
C are found in the nuclear envelope, where they contribute to
several physiological processes, including the maintenance of
cellular structure and stability, chromatin regulation, and
telomere protection.86−88 Numerous diseases, known as
Laminopathies, are caused by mutations in the LMNA
gene,89 and recent work has attempted to clarify the effects
of Lamins in neurodegeneration. Lamin abnormalities have
been found to be present in both Drosophila and human
tauopathy, leading to heterochromatin relaxation, DNA
damage, and neuronal cell death.90 Interestingly, despite the
importance of Lamin A/C in most cell types, healthy neurons
notably have little to no Lamin A expression, which allows for
improved flexibility and plasticity.91−93 While Meńdez-Loṕez
and co-workers identified Lamin A and C in both control and
AD human hippocampal samples, they observed a significant
increase of LMNA mRNA and Lamin A/C protein expression
in AD samples characterized as high-severity cases.94 More
recently, Gil and co-workers noted significant increases of
hippocampal neuron expression of Lamin A and a lack of
Lamin C in cases of early- and late-stage AD, while neurons
from healthy elderly patients did not show Lamin A expression,
suggesting a possible connection between abnormal Lamin A/
C expression and AD progression.95 Although autophagy
activation using rapamycin or its analogue temsirolimus has
been shown to ameliorate various Laminopathic disease states,
the connection of Lamin A/C to autophagy in neurons and
neurodegeneration is much less explored.96−98 Future studies
will investigate the role of Lamin A/C in the regulation of
neuronal autophagy in AD and how the interaction of RH1115
with Lamin proteins may be modulating autophagy to assess
the potential of Lamin A/C as a novel target for AD
therapeutic development.

LAMP1, well known for its role in the biogenesis and
maintenance of lysosomes, was also identified as a target in our
proteomics experiments, and validation experiments confirmed
a direct interaction between Biotin-RH1115 and LAMP1
(Figure 3G). Lysosomes are a key contributor to neuronal
protein and organelle homeostasis and the clearance of
autophagic cargo,99 and lysosome function has been found
to be altered in AD models.78,100 Studies in AD mouse neurons

have shown accumulation of lysosome-like organelles in
amyloid plaques found at swollen axon sites.24 Additionally,
Aβ prevents autophagic flux by disrupting normal lysosome
distribution in AD models.101 Treatment with RH1115 also
resulted in the change of LAMP1 distribution in the soma of
human iPSC neurons (Figure 4B,C) and increased LAMP1
intensity and vesicle size (Figure 4C,E). Retrograde movement
of lysosomes to a perinuclear location has been suggested to
facilitate autophagosome-lysosome fusion,102 and autophagy
induction by compound treatment or transcription factor
overexpression has been shown to increase LAMP1 protein
levels and perinuclear clustering of lysosomes.103−105 Interest-
ingly, we also noted a significant increase in the ratio of
glycosylated to non-glycosylated LAMP1 following treatment
with RH1115 (Figure 3C). Maturation of LAMP1 consists of
glycosylation of the protein to form a stable glycoprotein layer
that maintains the integrity of the lysosome and may indirectly
modulate the fusion of lysosomes with phagosomes,
autophagosomes, or the plasma membrane.106 While decreases
in protein glycosylation have been observed in AD models, the
results are not consistent across regions of the brain, and the
glycosylation of LAMP1 specifically has not been extensively
studied.107,108 Abnormal LAMP1 glycosylation has also been
observed in another neurodegenerative disease, Niemann-Pick
type C1 (NPC), which is a lysosomal storage disease that
affects cholesterol trafficking due to mutations in the NPC1
gene.109 Both NPC and AD have common pathological
features, including Aβ accumulation and neurofibrillary tangles,
but one of the most significant similarities is the contribution
of polymorphisms in the apolipoprotein E (ApoE) for the
progression of both diseases.110,111 Along with the increase in
glycosylation of LAMP1, direct interaction between RH1115
and LAMP1 was observed (Figure 3G). Taken together, these
results suggest that treatment with RH1115 may rescue
dysfunctional LAMP1 and restore autophagic flux by
promoting lysosome movement and autophagosome−lyso-
some fusion in neurons. Changes in glycosylation pattern and
the contribution of this increase in glycosylated LAMP1 to the
observed phenotype will be further investigated.

■ CONCLUSIONS
In summary, we implemented a phenotypic assay to identify
molecules that induce autophagy, and we confirmed that the
prioritized molecules are mTOR-independent autophagy
activators. Through synthetic optimization, we were able to
access more potent analogues of our initial hits and to develop
a biotinylated version of the RH1115 analogue that retained its
biological activity and phenotypic properties to enable target
identification studies that revealed two protein targets of
interest with significant implications in neurodegeneration.
Finally, we determined that this compound alters positioning
of lysosomes and increases autophagic flux in human iPSC-
derived neurons. Given the highly polarized and unique
morphology of neurons, and the link between lysosome
transport and maturation in these cells, a small molecule that
mobilizes endolysosomes in neurons could be especially
impactful in neurodegenerative diseases. Future studies will
evaluate the effects of these small-molecule autophagy
modulators on lysosomal pathology and Aβ generation in
neuronal models of AD to provide additional insight into the
therapeutic potential of the identified protein targets, which
may reveal alternative biomarkers for clinical evaluation and
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enable the development of new therapeutic strategies to treat
neurodegeneration.

■ METHODS
Synthetic Methods. General Information. All chemicals for

synthetic methods were purchased from Sigma-Aldrich, Alfa-Aesar,
Acros Organics, TCI America, Oakwood Chemicals, or Chem Impex
and were used without further purification unless otherwise noted.
Reaction mixtures were purified on a Biotage Isolera One automated
chromatography system with silica gel columns. Microwave reactions
utilized the Biotage Initiator + microwave reactor. Reactions were
monitored by TLC (Silica gel 60 F254 Glass Backed plates) and mass
spectrometry using LCMS (Agilent 1260 Series automated chromato-
graphic system outfitted with a Thermo Scientific Accucore column
(2.1 mm × 50 mm, 2.6 μm particle size)) and an Agilent 6120
quadrupole MS, utilizing a gradient elution mobile phase of 25%
ACN/H2O to 95% ACN/H2O over 3 min, then holding at 95%
ACN/H2O for 2 min (0.200 mL/min flow rate, 30 °C column
compartment, detection modes: wavelengths of 254 and 280 nm).
NMR data were collected on a Bruker AV 500 MHz spectrometer
outfitted with a Bruker 5 mm 1H19F/BBO S2 Z-gradient probe, and
spectra were processed utilizing Mestrenova (Mestrelab Research).
Data were recorded at ambient temperature and are reported as
chemical shift (ppm) relative to solvent peak (1H NMR: CDCl3 =
7.26 ppm, MeOD = 3.31 ppm, D2O = 4.65 ppm; 13C NMR: CDCl3 =
77.16 ppm, MeOD = 49.00 ppm). IR data were collected on a
Thermo Scientific Nicolet IS5 spectrometer outfitted with a Thermo
Fisher Scientific iD5 ATR. HRMS data were collected by Dr. Furong
Sun at the University of Illinois-Urbana-Champaign using Waters Q-
TOF Ultima ESI.
General Procedures. General Procedure A. To a flame-dried flask

equipped with a stir bar were added sodium ethoxide (2.0 equiv), 1-
(tert-butyl) 4-ethyl 5-oxoazepane-1,4-dicarboxylate (1.0 equiv), the
appropriate amidine (1.5 equiv), and ethanol (0.15 M). The mixture
was heated to 75 °C for 3.5 h before being quenched with water and
extracted with dichloromethane (DCM).
General Procedure B. To a reaction vessel equipped with a

magnetic stir bar were added a 1:1 mixture of TFA and DCM (0.20
M) and the substituted BOC-azepine. The reaction was stirred for 1 h
at room temperature (RT). The mixture was concentrated under
vacuum and was used crude in the next step.
General Procedure C. To a flame-dried flask equipped with a stir

bar were added crude azepine (1.0 equiv) and desired aldehyde (5.0
equiv) in 2% AcOH in dimethylformamide (DMF, 0.05 M). The
solution was heated to 75 °C for 2 h before addition of sodium
triacetoxyborohydride (5.0 equiv). The reaction stirred for 16 h
before being removed from the heat. The reaction was quenched with
H2O, and the aqueous layer was then washed in triplicate with DCM.
The organic layer was concentrated under vacuum.
General Procedure D. To a flame-dried flask equipped with a stir

bar were added crude methyl 2-benzyl-2,8-diazaspiro[4.5]decane-4-
carboxylate (1.0 equiv) and desired aldehyde (5.0 equiv) in 2% AcOH
in DMF (0.05 M). The solution was heated to 75 °C for 1 h before
addition of sodium triacetoxyborohydride (5.0 equiv). The reaction
stirred for 3 h before being removed from the heat and stirred for 16 h
at RT. The reaction was quenched with H2O, and the aqueous layer
was then washed in triplicate with EtOAc. The recovered aqueous
layer was concentrated under vacuum.
General Procedure E. To a microwave vial equipped with a stir bar

was added LiAlH4 (2.0 equiv) as a solution in anhydrous
tetrahydrofuran (THF, 0.20 M). Desired carboxylate (1.0 equiv)
was added dropwise in THF (0.20 M). The reaction vessel was sealed
and stirred for 2 h at 0 °C. EtOAc (2 mL) and H2O (1 mL) were
added to quench the reaction. The mixture was passed through a
short-path column of Celite before being concentrated under vacuum.
Synthetic Protocols and Compound Characterization. 4-

Methylpiperazine-1-carboximidamide (S1). To a flame-dried flask
was added N-methylpiperazine (0.554 mL, 4.992 mmol) as a solution
in DMF (0.50 M). Then, amidinopyrazole HCl (731.7 mg, 4.992

mmol) and N,N-diisopropylethylamine (0.869 mL, 4.992 mmol) were
added before the solution was stirred at 80 °C for 10 h. The solution
was concentrated under vacuum before crystallizing with ether to
generate product as yellow crystals: 614.6 mg (87%). 1H NMR (500
MHz, D2O) δ 3.97 (s, 4H), 3.35 (s, 4H), 2.96 (s, 3H). 13C NMR
(125 MHz, D2O) δ 156.64, 52.92, 44.45, 44.41. IR (neat) υmax =
3304, 3117, 2941, 2863, 2853, 2810, 1663, 1648, 1596, 1525, 1450,
1289, 1208, 1151, 1131, 1080, 1057, 996, 806. HRMS (ESI)
C6H15N4. Calculated: [M + H]+ 143.1297, found: [M + H]+
143.1293.
Pyrrolidine-1-carboximidamide (S2). To a flame-dried microwave

vial was added pyrrolidine (0.462 mL, 5.624 mmol) as a solution in
DMF (0.67 M). Then, amidinopyrazole HCl (824 mg, 5.624 mmol)
and N,N-diisopropylethylamine (0.980 mL, 5.624 mmol) were added,
and the solution was heated using microwave irradiation for 35 min at
133 °C. The solution was concentrated under vacuum and taken
without purification to the next step as a white powder: 710 mg
(quant.). 1H NMR (500 MHz, MeOD) δ 7.06 (s, 1H), 3.48−3.39 (m,
4H), 2.09−1.97 (m, 4H). 13C NMR (125 MHz, MeOD) δ 154.73,
46.87, 24.83. IR (neat) υmax = 3315, 3159, 1651, 1621, 1558, 1480,
1467, 1457, 1364, 1223, 1157, 1064, 1038. HRMS (ESI) C5H12N3.
Calculated: [M + H]+ 114.1031, found: [M + H]+ 114.1026.
Benzimidamide (S3). To a flame-dried flask was added a solution

of ammonium chloride (210.0 mg, 3.882 mmol) as a solution in
toluene (2.0 M). Trimethylaluminum was added as a solution in
toluene (2.0 M), and the resulting solution was stirred for 2 h.
Benzonitrile (0.400 mL, 3.882 mmol) was added dropwise and heated
at 83 °C for 16 h. The reaction was concentrated and poured over a
silica slurry in DCM. The slurry was gravity-filtered and washed with
MeOH before concentrating the pure product as a white powder:
410.5 mg (88%). 1H NMR (500 MHz, MeOD) δ 7.82 (dd, J = 8.44,
1.33 Hz, 2H), 7.78−7.72 (m, 1H), 7.65−7.59 (m, 2H), 7.57 (s, 1H),
1.46−1.32 (m, 1H). 13C NMR (125 MHz, MeOD) δ 167.14, 133.81,
129.06, 128.17, 127.51. IR (neat) υmax = 3160, 1660, 1624, 1346,
1224. HRMS (ESI) C7H9N2. Calculated: [M + H]+ 121.0766, found:
[M + H]+, 121.0763.
1-Propyl-1H-indole-3-carbaldehyde (S4). To a flame-dried flask

were added 1H-indole-3-carbaldehyde (1.0023 g, 6.889 mmol), 1-
bromopropane (12.50 mL, 13.78 mmol), and sodium hydride (0.3040
g, 8.267 mmol) as a solution in DMF (0.1 M). The reaction was
stirred for 40 min before being quenched with H2O, and the aqueous
layer was washed in triplicate with EtOAc. The organic layer was
concentrated under vacuum. The crude product was purified by
column chromatography (0−30% EtOAc in hexanes over 12 min) to
afford the desired product as an orange solid: 1.0285 g (80%) 1H
NMR (500 MHz, MeOD) δ 9.84 (s, 1H), 8.17 (d, J = 8.00 Hz, 1H),
8.09 (s, 1H), 7.51 (d, J = 8.21 Hz, 1H), 7.38−7.19 (m, 2H), 4.22 (t, J
= 7.06 Hz, 2H), 1.91 (h, J = 7.31 Hz, 2H), 0.93 (t, J = 7.42 Hz, 3H).
13C NMR (125 MHz, MeOD) δ 185.40, 140.83, 137.58, 125.12,
123.59, 122.48, 121.33, 117.57, 110.30, 48.23, 22.75, 10.05. IR (neat)
υmax = 2967, 2934, 2878, 2793, 2723, 2699, 1644, 1609, 1571, 1529,
1486, 1474, 1465, 1454, 1410, 1394, 1381, 1353, 1320, 1284, 1241,
1190, 1171. HRMS (ESI) C12H14NO. Calculated: [M + H]+
188.1075, found: [M + H]+ 188.1071.
1-(tert-Butyl) 4-Ethyl 5-oxoazepane-1,4-dicarboxylate (3). To a

flame-dried flask equipped with a stir bar was added 1-Boc-4-
piperidone (2.0000 g, 10.04 mmol) as a solution in diethyl ether (0.60
M). Then, ethyl diazoacetate (1.58 mL, 15.06 mmol) and BF3·OEt2
(1.24 mL, 10.04 mmol) were added dropwise, and the resulting
mixture was stirred at −25 °C for 1 h. The reaction was neutralized
with sodium bicarbonate, and the aqueous layer was extracted in
triplicate with EtOAc. The combined organic extracts were washed
with brine, dried with Na2SO4, and concentrated under vacuum. The
crude product was purified by column chromatography (0−20%
EtOAc in hexanes over 10 min) to afford the desired product as a
yellow oil: 2.020 g (71%). Product was shown to exist as the keto- and
enol-tautomers leading to the observed half-integrations in the proton
NMR and splitting in the carbon NMR. 1H NMR (500 MHz, CDCl3)
δ 4.11 (q, J = 7.13 Hz, 2H), 3.44 (s, 1H), 3.23 (t, J = 7.17 Hz, 1H),
2.54 (s, 1H), 2.27 (t, J = 7.47 Hz, 1H), 1.81 (p, J = 7.30 Hz, 1H), 1.43
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(s, 6H), 1.24 (t, J = 7.16 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ
173.07, 171.91, 155.27, 79.73, 60.43 (d, J = 16.50 Hz), 46.90 (d, J =
37.97 Hz), 43.31, 33.70 (d, J = 73.69 Hz), 28.36, 23.75 (d, J = 48.41
Hz), 21.79 (d, J = 3.24 Hz), 14.17 (d, J = 4.59 Hz). IR (neat) υmax =
2976, 2931, 1741, 1668, 1469, 1445, 1415, 1366, 1317, 1242, 1199,
1158, 1067, 1024, 897, 860 HRMS (ESI) C14H23NO5. Calculated: [M
+ Na]+ 308.1474, Found: [M + Na]+ 308.1464.
tert-Butyl 2-(4-Methylpiperazin-1-yl)-4-oxo-3,4,5,6,8,9-hexahy-

dro-7H-pyrimido[4,5-d]azepine-7-carboxylate (4a). Following Gen-
eral Procedure A, 1-(tert-butyl) 4-ethyl 5-oxoazepane-1,4-dicarbox-
ylate (900.0 mg, 3.154 mmol), 4-methylpiperazine-1-carboximida-
mide (659 mg, 4.637 mmol), and sodium ethoxide as a 1 M solution
in ethanol (3.2 mL) were used. Crude product was purified using
column chromatography (0−100% MeOH in DCM for 5 min,
holding at 100% for 4 min) to afford the desired product as an off-
white solid: 800 mg (70%). 1H NMR (500 MHz, CDCl3) δ 3.73 (s,
4H), 3.51 (d, J = 44.71 Hz, 4H), 2.75 (d, J = 29.59 Hz, 4H), 2.47 (t, J
= 4.90 Hz, 4H), 2.34 (s, 3H), 1.54−1.41 (m, 9H). 13C NMR (125
MHz, CDCl3) δ 167.87, 165.79, 155.02, 151.55, 111.19, 79.64, 54.54,
46.96, 46.00, 44.26, 43.71, 40.18, 28.48, 24.33. IR (neat) υmax = 2972,
2960, 2930, 2795, 1662, 1616, 1574, 1456, 1414, 1385, 1362, 1329,
1304, 1294, 1237, 1203, 1159, 1107, 1084, 1040, 1002, 935, 884, 862.
HRMS (ESI) C18H30N5O3. Calculated: [M + H]+ 364.2349, found:
[M + H]+ 364.2332.
tert-Butyl 4-Oxo-2-(Pyrrolidin-1-yl)-3,4,5,6,8,9-hexahydro-7H-

pyrimido[4,5-d]azepine-7-carboxylate (4b). Following General
Procedure A, 1-(tert-butyl) 4-ethyl 5-oxoazepane-1,4-dicarboxylate
(336.0 mg, 1.178 mmol), pyrrolidine-1-carboximidamide (200 mg,
1.767 mmol), and sodium ethoxide as a 0.15 M solution in ethanol
(7.8 mL) were used. Crude product was purified using column
chromatography (0−10% MeOH in DCM for 15 min) to afford the
desired product as an off-white solid: 150 mg (38%). 1H NMR (500
MHz, CDCl3) δ 3.54 (t, J = 6.66 Hz, 6H), 3.45 (s, 2H), 2.74 (d, J =
20.18 Hz, 4H), 1.97 (d, J = 6.42 Hz, 4H), 1.46 (s, 9H). 13C NMR
(125 MHz, CDCl3) δ 167.89, 165.35, 155.03, 150.37, 109.91, 79.53,
46.79 (d, J = 99.93 Hz), 46.66, 44.23 (d, J = 90.79 Hz), 40.13, 28.48,
25.37, 24.46 (d, J = 25.93 Hz). IR (neat) υmax = 2971, 1687, 1626,
1584, 1457, 1413, 1390, 1364, 1335, 1290, 1236, 1162, 1108, 1085,
949, 938, 868. HRMS (ESI) C17H27N4O3. Calculated: [M + H]+
335.2083, found: [M + H]+ 335.2078.
tert-Butyl 4-Oxo-2-Phenyl-3,4,5,6,8,9-hexahydro-7H-pyrimido-

[4,5-d]azepine-7-carboxylate (4c). Following General Procedure A,
1-(tert-butyl) 4-ethyl 5-oxoazepane-1,4-dicarboxylate (285 mg, 0.9987
mmol), benzimidamine (180 mg, 1.498 mmol), and sodium ethoxide
as a 0.15 M solution in ethanol (6.7 mL) were used. Crude product
was purified using column chromatography (0−10% MeOH in DCM
for 10 min) to afford the desired product as an off-white solid: 260 mg
(76%). 1H NMR (500 MHz, CDCl3) δ 8.23 (d, J = 6.89 Hz, 2H),
7.61−7.45 (m, 3H), 3.61 (d, J = 34.79 Hz, 4H), 3.00 (d, J = 49.63 Hz,
4H), 1.49 (s, 8H), 1.45−1.42 (m, 1H). 13C NMR (125 MHz, CDCl3)
δ 166.09, 165.11, 154.98, 153.63, 131.99, 131.71, 128.81, 127.60,
122.67, 79.87, 45.68 (d, J = 98.61 Hz), 44.00 (d, J = 93.44 Hz), 39.70,
28.48, 24.81. IR (neat) υmax = 3359, 3140, 2973, 2929, 1661, 1630,
1542, 1456, 1417, 1366, 1330, 1313, 1282, 1263, 1250, 1234, 1168,
1113, 1087, 1062, 969, 940, 902, 857. HRMS (ESI) C19H24N3O3.
Calculated: [M + H]+ 342.1818, found: [M + H]+ 342.1813.
2-(4-Methylpiperazin-1-yl)-7-((1-propyl-1H-indol-3-yl)methyl)-

3,5,6,7,8,9-hexahydro-4H-pyrimido[4,5-d]azepin-4-one (1a,
DS1040). Following General Procedure B, tert-butyl 2-(4-methyl-
piperazin-1-yl)-4-oxo-3,4,5,6,8,9-hexahydro-7H-pyrimido[4,5-d]-
azepine-7-carboxylate (80.3 mg, 0.2209 mmol), and trifluoroacetic
acid (1.1 mL) were added. Following conversion to the free amide,
General Procedure C was followed. 1-Propyl-1H-indole-3-carbalde-
hyde (124.1 mg, 0.6630 mmol), sodium triacetoxyborohydride (234.2
mg, 1.105 mmol) in DMF (4.4 mL), and acetic acid (0.090 mL) were
added. Crude product was purified using column chromatography
(0−100% MeOH in DCM for 15 min) to afford the desired product
as an orange solid: 33.7 mg (35%). 1H NMR (500 MHz, CDCl3) δ
7.73 (d, J = 7.91 Hz, 1H), 7.31 (d, J = 8.22 Hz, 1H), 7.20 (ddd, J =
8.15, 6.94, 1.19 Hz, 1H), 7.10 (ddd, J = 7.98, 6.97, 1.04 Hz, 1H), 7.05

(s, 1H), 4.05 (t, J = 7.10 Hz, 2H), 3.83 (s, 2H), 3.70 (t, J = 5.13 Hz,
4H), 2.82−2.55 (m, 8H), 2.44 (t, J = 5.01 Hz, 4H), 2.31 (s, 3H), 1.86
(h, J = 7.31 Hz, 2H), 0.93 (t, J = 7.37 Hz, 3H). 13C NMR (125 MHz,
CDCl3) δ 169.22, 165.36, 151.92, 136.41, 128.73, 127.76, 121.47,
119.87, 119.02, 112.24, 109.47, 55.07, 54.73, 54.40, 52.91, 48.08,
46.21, 44.48, 39.28, 23.77, 23.65, 11.72. IR (neat) υmax = 2929, 2782,
1643, 1568, 1455, 1392, 1356, 1340, 1319, 1302, 1293, 1279, 1263,
1217, 1191, 1167, 1149, 1136, 1113, 1076, 1002, 972, 950, 853.
HRMS (ESI) C25H35N6O. Calculated: [M + H]+ 435.2872, found:
[M + H]+ 435.2857.
7-((1-Propyl-1H-indol-3-yl)methyl)-2-(pyrrolidin-1-yl)-3,5,6,7,8,9-

hexahydro-4H-pyrimido[4,5-d]azepin-4-one (1b). Following Gen-
eral Procedure B, tert-butyl 4-oxo-2-(pyrrolidin-1-yl)-3,4,5,6,8,9-
hexahydro-7H-pyrimido[4,5-d]azepine-7-carboxylate (150 mg,
0.4500 mmol) and trifluoroacetic acid (2.2 mL) were added.
Following conversion to the free amide, General Procedure C was
followed. 1-Propyl-1H-indole-3-carbaldehyde (176.0 mg, 0.9390
mmol), sodium triacetoxyborohydride (497 mg, 2.347 mmol) in
DMF (9.0 mL), and acetic acid (0.190 mL) were added. Crude
product was purified using column chromatography (0−25% MeOH
in DCM for 15 min) to afford the desired product as a yellow solid:
62.0 mg (33%). 1H NMR (500 MHz, MeOD) δ 7.71 (d, J = 7.94 Hz,
1H), 7.52 (s, 1H), 7.48 (d, J = 8.30 Hz, 1H), 7.25 (t, J = 7.65 Hz,
1H), 7.17 (t, J = 7.52 Hz, 1H), 4.50 (s, 2H), 4.19 (t, J = 7.02 Hz, 2H),
3.52−3.41 (m, 4H), 3.37 (s, 2H), 3.27 (s, 2H), 2.98 (t, J = 5.24 Hz,
2H), 2.91 (s, 2H), 2.06−1.93 (m, 4H), 1.88 (h, J = 6.46, 5.59 Hz,
2H), 0.92 (t, J = 7.38 Hz, 3H). 13C NMR (125 MHz, MeOD) δ
161.52, 151.21, 136.47, 131.12, 128.00, 122.00, 120.03, 118.15,
118.00, 109.91, 107.98, 102.37, 53.29, 52.54, 50.71, 46.46, 41.04,
33.49, 24.80, 23.14, 19.88, 10.22. IR (neat) υmax = 2957, 2875, 1632,
1588, 1456, 1393, 1333, 1262, 1237, 1197, 1175, 1125, 1014, 960,
898, 879. HRMS (ESI) C24H32N5O. Calculated: [M + H]+ 406.2607,
found: [M + H]+ 406.2592.
2-Phenyl-7-((1-propyl-1H-indol-3-yl)methyl)-3,5,6,7,8,9-hexahy-

dro-4H-pyrimido[4,5-d]azepin-4-one (1c). Following General Pro-
cedure B, tert-butyl 4-oxo-2-phenyl-3,4,5,6,8,9-hexahydro-7H-
pyrimido[4,5-d]azepine-7-carboxylate (260 mg, 0.7615 mmol) and
trifluoroacetic acid (2.5 mL) were added. Following conversion to the
free amide, General Procedure C was followed. 1-Propyl-1H-indole-3-
carbaldehyde (250 mg, 1.335 mmol), sodium triacetoxyborohydride
(707 mg, 3.336 mmol) in DMF (13 mL), and acetic acid (0.270 mL)
were added. Crude product was purified using column chromatog-
raphy (0−10% MeOH in DCM for 10 min) to afford the desired
product as a yellow solid: 84.4 mg (31%). 1H NMR (500 MHz,
MeOD) δ 7.98−7.92 (m, 2H), 7.70 (d, J = 7.89 Hz, 1H), 7.55 (t, J =
7.34 Hz, 1H), 7.49 (t, J = 7.46 Hz, 2H), 7.41 (d, J = 7.16 Hz, 2H),
7.20 (ddd, J = 8.21, 6.93, 1.04 Hz, 1H), 7.12 (ddd, J = 7.98, 7.04, 0.99
Hz, 1H), 4.30 (s, 2H), 4.14 (t, J = 7.04 Hz, 2H), 3.26−3.19 (m, 2H),
3.14 (q, J = 5.61 Hz, 4H), 3.01 (dd, J = 6.93, 3.61 Hz, 2H), 1.85 (h, J
= 7.22 Hz, 2H), 0.90 (t, J = 7.37 Hz, 3H). 13C NMR (125 MHz,
MeOD) δ 164.07, 163.92, 155.54, 136.42, 132.30, 131.45, 130.19,
128.49, 128.16, 127.34, 121.67, 121.52, 119.57, 118.36, 109.65,
104.61, 52.60, 52.29, 50.72, 47.48, 34.06, 23.15, 21.07, 10.25. IR
(neat) υmax = 2930, 1635, 1603, 1542, 1505, 1466, 1398, 1327, 1195,
1128, 1013, 943, 898. HRMS (ESI) C26H29N4O. Calculated: [M +
H]+ 413.2341, found: [M + H]+ 413.2324.
2-Phenyl-7-(pyridin-4-yl)methyl-3,5,6,7,8,9-hexahydro-4H-

pyrimido[4,5-d]azepin-4-one (1d). Following General Procedure B,
tert-butyl 2-(4-methylpiperazin-1-yl)-4-oxo-3,4,5,6,8,9-hexahydro-7H-
pyrimido[4,5-d]azepine-7-carboxylate (75.1 mg, 0.286 mmol) and
trifluoroacetic acid (0.82 mL) were added. Following conversion to
the free amide, General Procedure C was followed. 4-Pyridine
carboxyaldehyde (0.67 mL, 0.572 mmol), sodium triacetoxyborohy-
dride (302.5 mg, 1.430 mmol) in DMF (5.72 mL), and acetic acid
(60.6 μL) were added. Crude product was purified using column
chromatography (0−10% methanolic ammonia in DCM for 15 min,
holding at 10% for 10 min) to afford the desired product as a yellow
solid: 63.9 mg (69%). 1H NMR (500 MHz, MeOD) δ 8.47 (s, 1H),
8.41 (d, J = 5.28 Hz, 1H), 7.46 (d, J = 4.66 Hz, 1H), 7.32 (d, J = 5.03
Hz, 1H), 4.81 (s, 1H), 3.68 (s, 2H), 3.65 (s, 4H), 2.81 (d, J = 5.65
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Hz, 2H), 2.74 (d, J = 5.36 Hz, 2H), 2.61 (d, J = 8.33 Hz, 2H), 2.54 (t,
J = 4.85 Hz, 2H), 2.50 (s, 4H), 2.33 (s, 3H). 13C NMR (125 MHz,
MeOD) δ 162.72, 152.55, 151.75, 149.38, 148.61, 147.98, 124.23,
122.80, 112.09, 75.67, 61.38, 54.86, 53.91, 52.66, 44.58, 43.77, 23.26.
IR (neat) υmax = 2922, 2799, 1626, 1563, 1413, 1399, 1290, 1264,
1142, 1001, 950, 803, 790, 576. HRMS (ESI) C19H26N6O.
Calculated: [M + H]+ 355.2246, found: [M + H]+ 355.2236.
tert-Butyl 4-(2-Methoxy-2-oxoethylidene)piperidine-1-carboxy-

late (6). To a flame-dried flask equipped with a stir bar was added
NaH (60% dispersion in mineral oil, 240.9 mg, 6.023 mmol) as a
suspension in anhydrous DMF (0.10 M). The resulting mixture was
cooled to 0 °C before dropwise addition of trimethyl phosphonoa-
cetate (1.20 mL, 7.416 mmol). The reaction was stirred for 30 min
before addition of 1-tert-butoxycarbonylpiperidin-4-one (0.9985 g,
5.019 mmol) dissolved in DMF (1 mL). The reaction proceeded for 6
h before quenching with NH4Cl. The aqueous layer was extracted in
triplicate with EtOAc. The combined organic extracts were washed
with brine, dried with Na2SO4, and concentrated under vacuum. The
crude product was purified by column chromatography (0−100%
EtOAc in hexanes over 15 min) to afford the desired product as a
white solid: 1.058 g (95%). 1H NMR (500 MHz, CDCl3) δ 5.57 (s,
1H), 3.53 (s, 3H), 3.33 (dt, J = 14.87, 5.80 Hz, 4H), 2.78 (t, J = 5.86
Hz, 2H), 2.13 (t, J = 5.83 Hz, 2H), 1.32 (s, 9H). 13C NMR (125
MHz, CDCl3) δ 166.04, 157.83, 154.03, 114.52, 79.22, 50.46, 44.42,
36.09, 29.20, 28.05. IR (neat) υmax = 3014, 2968, 2871, 1680, 1652,
1422, 1885, 1478, 1421, 1385, 1364, 1340, 1314, 1255, 1236, 1213,
1139, 1114, 1009, 992, 980, 965, 864, 791, 767, 744, 726, 690, 634.
HRMS (ESI) C13H21NO4. Calculated: [M + H-Boc]+ 156.1025,
found: [M + H-Boc]+ 156.1029.
8-(tert-Butyl)-4-methyl-2-benzyl-2,8-diazaspiro[4.5]decane-4,8-

dicarboxylate (7). To a flame-dried flask that was purged with argon
was equipped a magnetic stir bar. The flask was cooled to 0 °C before
addition of tert-butyl 4-(2-methoxy-2-oxoethylidene)piperidine-1-
carboxylate (1.005 g, 3.917 mmol) as a solution in anhydrous toluene
(0.40 M) and N-(methoxymethyl)-N-(trimethylsilylmethyl)-benzyl-
amine (1.3948 g, 5.875 mmol). The mixture was stirred for 15 min
before dropwise addition of TFA (0.060 mL, 0.783 mmol) as a
solution in DCM (1.0 M). The reaction was stirred for 2 h before
being concentrated under vacuum. The crude product was purified by
column chromatography (0−100% EtOAc in hexanes over 20 min) to
afford the desired product as a clear oil: 861.6 mg (57%, 99% BRSM).
1H NMR (500 MHz, CDCl3) δ 7.28 (t, J = 7.05 Hz, 4H), 7.23−7.18
(m, 1H), 3.82 (s, 2H), 3.63 (s, 3H), 3.62 (d, J = 4.13 Hz, 2H), 2.94
(t, J = 8.53 Hz, 1H), 2.83 (d, J = 12.01 Hz, 1H), 2.78 (t, J = 8.93 Hz,
3H), 2.69 (t, J = 8.00 Hz, 1H), 2.31 (d, J = 9.18 Hz, 1H), 1.81−1.72
(m, 1H), 1.62 (d, J = 13.36 Hz, 1H), 1.51 (d, J = 13.10 Hz, 1H), 1.41
(s, 9H), 1.34 (t, J = 11.21 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ
173.23, 154.77, 138.83, 128.42, 128.27, 126.98, 79.37, 61.93, 59.84,
55.27, 53.42, 51.46, 44.03, 41.32, 36.88, 32.48, 28.40. IR (neat) υmax =
2948, 1733, 1687, 1495, 1453, 1422, 1364, 1273, 1244, 1093, 1028,
978, 951, 911, 860, 738, 698. HRMS (ESI) C22H32N2O4. Calculated:
[M + H]+ 389.2440, found: [M + H]+ 389.2444.
Methyl 2-Benzyl-2,8-diazaspiro[4.5]decane-4-carboxylate (S5).

To a reaction vessel equipped with a magnetic stir bar was added a 1:1
mixture of HCl/EtOAc (0.30 M) and 8-(tert-butyl)-4-methyl-2-
benzyl-2,8-diazaspiro[4.5]decane-4,8-dicarboxylate (427.3 mg, 1.010
mmol). The reaction was stirred for 30 min at RT before being
quenched with H2O. The aqueous layer was washed in triplicate with
EtOAc. The recovered aqueous layer was concentrated under vacuum.
The product was isolated as a yellow foaming solid (454.1 mg) and
used crude in the next step.
Methyl 2-Benzyl-8-(pyridin-2-ylmethyl)-2,8-diazaspiro[4.5]-

decane-4-carboxylate (8a). Following General Procedure D, 2-
benzyl-2,8-diazaspiro[4.5]decane-4-carboxylate (227.7 mg, 0.7871
mmol), pyridine-2-carbaldehyde (421.6 mg, 3.936 mmol), and
sodium triacetoxyborohydride (834.2 mg, 3.936 mmol) were used.
Crude product was purified using column chromatography (0−10%
MeOH in DCM over 10 min) to afford the desired product as a
brown oil: 65.7 mg (62% over 2 steps). 1H NMR (500 MHz, CDCl3)
δ 8.59−8.47 (m, 1H), 7.64 (t, J = 7.70 Hz, 1H), 7.39 (d, J = 7.64 Hz,

1H), 7.32 (q, J = 7.99, 7.44 Hz, 4H), 7.28−7.22 (m, 1H), 7.15 (t, J =
6.40 Hz, 1H), 3.67 (s, 5H), 3.61 (s, 2H), 2.99 (s, 1H), 2.86 (d, J =
9.26 Hz, 1H), 2.80−2.67 (m, 4H), 2.30 (d, J = 9.19 Hz, 1H), 2.17 (s,
1H), 2.08 (s, 1H), 1.96 (t, J = 12.73 Hz, 1H), 1.71 (d, J = 13.16 Hz,
1H), 1.56 (s, 2H). 13C NMR (125 MHz, MeOD) δ 172.58, 155.82,
148.49, 137.36, 136.64, 128.95, 128.18, 127.46, 123.98, 122.90, 62.60,
61.84, 59.57, 54.40, 52.58, 50.92, 50.83, 50.24, 42.95, 35.48, 20.96. IR
(neat) υmax = 2947, 2804, 1683, 1580, 1570, 1495, 1475, 1434, 1364,
1260, 1168, 1028, 993, 911, 861, 757, 700. HRMS (ESI)
C23H29N3O2. Calculated: [M + H]+ 380.2338, found: [M + H]+
380.2338.
Methyl 2,8-Dibenzyl-2,8-diazaspiro[4.5]decane-4-carboxylate

(8b). Following General Procedure D, 2-benzyl-2,8-diazaspiro[4.5]-
decane-4-carboxylate (113.9 mg, 0.3953 mmol), benzaldehyde (209.6
mg, 1.976 mmol), and sodium triacetoxyborohydride (418.8 mg,
1.976 mmol) were used. Crude product was purified using column
chromatography (0−25% MeOH in DCM over 25 min) to afford the
desired product as a clear oil: 27.0 mg (36% over 2 steps). 1H NMR
(500 MHz, CDCl3) δ 7.38−7.27 (m, 10H), 3.77 (s, 2H), 3.68 (s,
3H), 3.66 (s, 2H), 3.12 (s, 1H), 2.87 (q, J = 8.88, 6.44 Hz, 3H), 2.80
(t, J = 7.63 Hz, 2H), 2.40 (d, J = 9.62 Hz, 1H), 2.33 (s, 1H), 2.22 (s,
1H), 2.08 (s, 1H), 1.84 (d, J = 13.49 Hz, 1H), 1.71 (s, 1H), 1.63 (s,
1H). 13C NMR (125 MHz, CDCl3) δ 175.82, 172.72, 135.65, 132.84,
130.36, 129.34, 128.71, 128.62, 128.57, 128.00, 61.37, 59.57, 54.29,
52.17, 51.93, 49.90, 49.45, 43.21, 34.35, 30.61, 21.79 IR (neat) υmax =
2926, 2852, 2806, 1698, 1644, 1553, 1495, 1454, 1485, 1454, 1435,
1365, 1234, 1193, 1168, 1028, 738, 614, 603, 578, 568. HRMS (ESI)
C24H30N2O2. Calculated: [M + H]+ 379.2386, found: [M + H]+
379.2388.
Methyl 2-Benzyl-8-(cyclohexylmethyl)-2,8-diazaspiro[4.5]-

decane-4-carboxylate (8c). Following General Procedure D, 2-
benzyl-2,8-diazaspiro[4.5]decane-4-carboxylate (214.9 mg, 0.7450
mmol), cyclohexane carboxaldehyde (417.8 mg, 3.725 mmol), and
sodium triacetoxyborohydride (789.5 mg, 3.725 mmol) were used.
Crude product was purified using column chromatography (0−100%
MeOH in DCM over 15 min, holding at 25% for 5 min) to afford the
desired product as a yellow oil: 136.8 mg (77% over 2 steps). 1H
NMR (500 MHz, CDCl3) δ 7.31 (q, J = 7.46 Hz, 4H), 7.28−7.22 (m,
1H), 3.82−3.72 (m, 2H), 3.71 (s, 3H), 3.44 (s, 1H), 3.14 (t, J = 8.96
Hz, 2H), 2.92 (t, J = 11.36 Hz, 2H), 2.83 (t, J = 7.63 Hz, 1H), 2.65 (s,
1H), 2.57 (d, J = 6.70 Hz, 2H), 2.47 (d, J = 9.69 Hz, 1H), 2.33 (t, J =
12.67 Hz, 1H), 2.00−1.91 (m, 4H), 1.81 (d, J = 11.84 Hz, 2H), 1.70
(d, J = 12.87 Hz, 3H), 1.62 (d, J = 12.63 Hz, 1H), 1.25−1.07 (m,
3H), 0.97 (q, J = 12.24, 11.05 Hz, 2H). 13C NMR (125 MHz,
MeOD) δ 172.36, 137.41, 128.73, 128.14, 127.22, 62.96, 61.52, 59.42,
54.35, 52.24, 50.98, 50.65, 50.23, 42.22, 33.39, 32.94, 30.70, 29.42,
25.66, 25.23, 21.65. IR (neat) υmax = 2925, 2852, 1651, 1449, 1362,
1263, 1171, 1028, 945, 602, 568, 559. HRMS (ESI) C24H36N2O2.
Calculated: [M + H]+ 385.2855, found: [M + H]+ 385.2861.
Methyl 2-Benzyl-8-(pyridin-4-ylmethyl)-2,8-diazaspiro[4.5]-

decane-4-carboxylate (8d). Following General Procedure D, 2-
benzyl-2,8-diazaspiro[4.5]decane-4-carboxylate (214.9 mg, 0.7450
mmol), 4-pyridine carboxaldehyde (399.1 mg, 3.726 mmol), and
sodium triacetoxyborohydride (789.7 mg, 3.726 mmol) were used.
Crude product was purified using column chromatography (0−8%
MeOH in DCM over 10 min, holding at 8% for 5 min) to afford the
desired product as a yellow oil: 137.2 mg (58% over 2 steps). 1H
NMR (500 MHz, CDCl3) δ 8.53 (d, J = 5.01 Hz, 1H), 8.49 (d, J =
4.95 Hz, 2H), 7.31 (dd, J = 14.40, 7.15 Hz, 4H), 7.23 (d, J = 3.94 Hz,
2H), 3.68 (s, 5H), 3.42 (s, 2H), 3.02 (t, J = 8.29 Hz, 1H), 2.86 (d, J =
9.18 Hz, 1H), 2.77 (dt, J = 24.45, 8.14 Hz, 2H), 2.63 (dd, J = 28.93,
11.31 Hz, 2H), 2.31 (d, J = 9.30 Hz, 1H), 2.08 (t, J = 11.37 Hz, 1H),
1.99 (d, J = 9.16 Hz, 1H), 1.90 (td, J = 12.30, 11.75, 3.98 Hz, 1H),
1.72 (d, J = 13.19 Hz, 1H), 1.52 (d, J = 5.42 Hz, 2H). 13C NMR (125
MHz, MeOD) δ 172.98, 152.51, 148.60, 137.52, 128.76, 128.06,
127.14, 124.48, 121.37, 62.28, 61.92, 61.16, 59.78, 53.04, 51.08, 50.66,
50.35, 43.19, 36.53, 32.37. IR (neat) υmax = 3028, 2945, 2804, 1602,
1561, 1495, 1435, 1415, 1363, 1322, 1299, 1266, 1169, 1091, 1064,
1040, 1028, 993, 955, 912, 812, 794, 740, 700, 628, 616, 603, 593,
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581, 568. HRMS (ESI) C23H29N3O2. Calculated: [M + H]+ 380.2338,
found: [M + H]+ 380.2344.
Methyl 2-Benzyl-8-((3,5-dimethylisoxazol-4-yl)methyl)-2,8-

diazaspiro[4.5]decane-4-carboxylate (8e). Following General Pro-
cedure D, 2-benzyl-2,8-diazaspiro[4.5]decane-4-carboxylate (214.9
mg, 0.7450 mmol), 3,5-dimethyl-4-isoxazole carbaldehyde (399.1 mg,
3.726 mmol), and sodium triacetoxyborohydride (789.7 mg, 3.726
mmol) were used. Crude product was purified using column
chromatography (0−100% MeOH in DCM over 10 min, holding at
10% for 5 min) to afford the desired product as a yellow oil: 137.2 mg
(68% over 2 steps). 1H NMR (500 MHz, CDCl3) δ 7.37−7.28 (m,
4H), 7.26 (t, J = 7.12 Hz, 1H), 3.77 (s, 2H), 3.66 (s, 3H), 3.17 (s,
2H), 3.14−3.07 (m, 1H), 2.99−2.90 (m, 1H), 2.88−2.81 (m, 1H),
2.76 (t, J = 7.75 Hz, 1H), 2.62 (dd, J = 28.36, 10.62 Hz, 2H), 2.38 (d,
J = 9.69 Hz, 1H), 2.29 (s, 3H), 2.20 (s, 3H), 2.00 (s, 1H), 1.94 (d, J =
11.05 Hz, 1H), 1.83 (td, J = 12.42, 11.50, 3.91 Hz, 1H), 1.70 (d, J =
13.40 Hz, 1H), 1.52−1.39 (m, 2H). 13C NMR (125 MHz, CDCl3) δ
173.43, 166.50, 160.39, 138.55, 128.61, 128.30, 127.06, 110.48, 62.49,
59.91, 55.21, 53.41, 51.44, 51.07, 50.58, 50.40, 43.88, 37.24, 32.89,
11.05, 10.28. IR (neat) υmax = 2921, 2804, 1730, 1679, 1640, 1583,
1495, 1452, 1434, 1362, 1298, 1260, 1194, 1069, 1028, 989, 956, 911,
886, 801, 742, 699. HRMS (ESI) C23H31N3O3. Calculated: [M + H]+
398.2444, found: [M + H]+ 398.2452.
(2-Benzyl-8-(pyridin-2-ylmethyl)-2,8-diazaspiro[4.5]decan-4-yl)-

methanol (2a, RH1096). Following the General Procedure E, LiAlH4
(3.9 mg, 0.1017 mmol) and methyl 2-benzyl-8-(pyridin-2-ylmethyl)-
2,8-diazaspiro[4.5]decane-4-carboxylate (19.3 mg, 0.0509 mmol)
were used. Crude product was purified using column chromatography
(0−100% MeOH in DCM over 10 min) to afford the desired product
as a clear oil: 11.4 mg (64%) 1H NMR (500 MHz, CDCl3) δ 8.55 (d,
J = 4.70 Hz, 1H), 7.64 (t, J = 7.66 Hz, 1H), 7.39 (d, J = 7.80 Hz, 1H),
7.32 (t, J = 7.30 Hz, 2H), 7.28 (d, J = 7.13 Hz, 3H), 7.15 (t, 1H), 3.74
(s, 2H), 3.63 (d, J = 8.43 Hz, 2H), 3.60 (s, 2H), 2.87−2.73 (m, 3H),
2.67 (s, 2H), 2.28 (d, J = 9.62 Hz, 1H), 2.25−2.12 (m, 2H), 1.91−
1.82 (m, 2H), 1.79 (d, J = 13.66 Hz, 1H), 1.69 (td, J = 11.67, 10.30,
3.68 Hz, 1H), 1.61 (d, J = 13.56 Hz, 1H). 13C NMR (125 MHz,
CDCl3) δ 158.90, 149.22, 138.35, 136.35, 128.53, 128.45, 127.16,
123.13, 121.94, 64.98, 64.02, 63.64, 60.31, 57.59, 52.10, 51.34, 41.20,
39.14, 32.47. IR (neat) υmax = 3374, 2924, 1645, 1595, 1436, 1366,
1230, 1092, 1028, 743. HRMS (ESI) C22H29N3O. Calculated: [M +
H]+ 352.2389, found: [M + H]+ 352.2393.
(2,8-Dibenzyl-2,8-diazaspiro[4.5]decan-4-yl)methanol (2b,

RH1103). Following the General Procedure E, LiAlH4 (8.3 mg,
0.2198 mmol) and methyl 2,8-dibenzyl-2,8-diazaspiro[4.5]decane-4-
carboxylate (20.7 mg, 0.1099 mmol) were used. Crude product was
purified using column chromatography (0−20% MeOH in DCM over
20 min) to afford the desired product as a clear oil: 26.1 mg (68%).
1H NMR (500 MHz, CDCl3) δ 7.43−7.29 (m, 10H), 5.80 (s, 1H),
3.88 (q, 2H), 3.75−3.64 (m, 4H), 3.11 (t, 1H), 3.00 (dd, J = 10.58,
4.47 Hz, 1H), 2.96−2.85 (m, 3H), 2.72 (d, J = 10.45 Hz, 1H), 2.44−
2.29 (m, 2H), 2.07 (t, J = 9.57, 7.49 Hz, 1H), 2.00−1.90 (m, 2H),
1.81 (d, J = 14.04 Hz, 1H), 1.71 (d, J = 14.08 Hz, 1H). 13C NMR
(125 MHz, MeOD) δ 132.72, 129.79, 129.17, 128.26, 128.17, 128.10,
127.79, 127.70, 62.84, 61.98, 60.45, 59.82, 56.27, 50.56, 50.07, 40.91,
35.71, 29.84, 29.34. IR (neat) υmax = 3369, 2921, 2851, 2802, 1557,
1494, 1452, 1378, 1261, 1074, 1028, 991, 913, 798, 740. HRMS (ESI)
C23H30N2O. Calculated: [M + H]+ 351.2436, found: [M + H]+
351.2440.
(2-Benzyl-8-(cyclohexylmethyl)-2,8-diazaspiro[4.5]decan-4-yl)-

methanol (2c, RH1115). Following the General Procedure E, LiAlH4
(6.9 mg, 0.1815 mmol) and methyl 2-benzyl-8-(cyclohexylmethyl)-
2,8-diazaspiro[4.5]decane-4-carboxylate (34.9 mg, 0.0908 mmol)
were used. Crude product was purified using column chromatography
(0−100% MeOH in DCM over 15 min) to afford the desired product
as a yellow oil: 18.0 mg (74%). 1H NMR (500 MHz, CDCl3) δ 7.43−
7.27 (m, 5H), 3.96−3.79 (m, 2H), 3.78−3.61 (m, 2H), 3.19 (s, 2H),
3.08 (s, 1H), 2.88 (s, 2H), 2.71 (d, J = 10.02 Hz, 1H), 2.58 (d, J =
6.79 Hz, 3H), 2.37−2.19 (m, 2H), 2.11 (s, 1H), 2.01 (s, 1H), 1.94 (d,
J = 14.48 Hz, 1H), 1.83 (d, J = 13.31 Hz, 3H), 1.72 (d, J = 11.48 Hz,
3H), 1.68−1.61 (m, 1H), 1.23 (q, J = 12.58 Hz, 2H), 1.19−1.09 (m,

1H), 0.98 (q, J = 12.73, 11.89 Hz, 2H). 13C NMR (125 MHz,
MeOD) δ 130.18, 129.06, 128.24, 127.56, 63.13, 62.69, 60.38, 59.68,
56.02, 50.88, 50.57, 40.34, 34.18, 33.00, 30.55, 28.33, 25.65, 25.18,
20.90. IR (neat) υmax = 3329, 2919, 2849, 2800, 1574, 1494, 1448,
1378, 1297, 1263, 1119, 1072, 1028, 994, 892, 844, 798, 739, 698,
652. HRMS (ESI) C23H36N2O. Calculated: [M + H]+ 357.2906,
found: [M + H]+ 357.2904.
(2-Benzyl-8-(pyridin-4-ylmethyl)-2,8-diazaspiro[4.5]decan-4-yl)-

methanol (2d). Following the General Procedure E, LiAlH4 (10.0
mg, 0.2635 mmol) and methyl 2-benzyl-8-(cyclohexylmethyl)-2,8-
diazaspiro[4.5]decane-4-carboxylate (50.3 mg, 0.1325 mmol) were
used. Crude product was purified using column chromatography (0−
100% MeOH in DCM over 15 min) to afford the desired product as a
yellow oil: 37.3 mg (81%). 1H NMR (500 MHz, CDCl3) δ 8.52 (d, J
= 5.09 Hz, 2H), 7.38−7.27 (m, 5H), 7.25 (s, 2H), 6.55 (s, 1H),
3.86−3.75 (m, 2H), 3.73 (d, J = 3.62 Hz, 2H), 3.46 (s, 2H), 2.99 (d, J
= 4.86 Hz, 2H), 2.90 (d, J = 10.27 Hz, 1H), 2.61 (s, 1H), 2.55 (d, J =
10.25 Hz, 1H), 2.18−2.09 (m, 1H), 2.04 (s, 2H), 1.97 (t, J = 4.75 Hz,
1H), 1.81 (t, J = 10.00 Hz, 1H), 1.73 (d, J = 16.20 Hz, 1H), 1.68 (d, J
= 10.30 Hz, 1H), 1.60 (d, J = 13.51 Hz, 1H). 13C NMR (125 MHz,
MeOD) δ 148.71, 148.58, 136.45, 129.12, 128.18, 127.50, 124.47,
63.07, 61.26, 60.69, 60.02, 56.54, 51.16, 50.51, 49.31, 40.98, 36.84,
30.97. IR (neat) υmax = 3396, 2913, 2803, 1604, 1560, 1417, 1362,
1221, 1131, 1090, 1028, 992, 813, 790, 744, 700, 663, 636, 611, 574,
567. HRMS (ESI) C22H29N3O. Calculated: [M + H]+ 352.2389,
found: [M + H]+ 352.2394.
(2-Benzyl-8-((3,5-dimethylisoxazol-4-yl)methyl)-2,8-diazaspiro-

[4.5]decan-4-yl)methanol (2e). Following the General Procedure E,
LiAlH4 (9.5 mg, 0.2516 mmol) and methyl 2-benzyl-8-(cyclo-
hexylmethyl)-2,8-diazaspiro[4.5]decane-4-carboxylate (50.0 mg,
0.1258 mmol) were used. Crude product was purified using column
chromatography (0−100% MeOH in DCM over 20 min) to afford
the desired product as a yellow oil: 40.3 mg (87%). 1H NMR (500
MHz, CDCl3) δ 7.49 (d, J = 5.42 Hz, 2H), 7.38 (d, J = 5.92 Hz, 3H),
4.09 (d, J = 13.63 Hz, 1H), 4.01 (d, J = 12.90 Hz, 1H), 3.72 (d, J =
4.65 Hz, 2H), 3.31 (t, J = 8.15 Hz, 1H), 3.22 (s, 3H), 3.06 (d, J =
11.03 Hz, 1H), 2.89 (d, J = 11.05 Hz, 1H), 2.60 (s, 2H), 2.32 (s, 3H),
2.22 (s, 3H), 2.12 (s, 1H), 2.02 (s, 2H), 1.69 (td, J = 33.01, 26.90,
12.77 Hz, 4H). 13C NMR (125 MHz, MeOD) δ 167.60, 160.36,
129.46, 128.41, 128.14, 110.02, 62.71, 60.24, 59.71, 56.16, 50.60,
50.12, 49.60, 48.70, 41.28, 36.36, 30.54, 9.62, 8.73. IR (neat) υmax =
3400, 2926, 2808, 1645, 1421, 1362, 1223, 1092, 1028, 989, 745, 701,
582, 580, 566. HRMS (ESI) C22H31N3O2. Calculated: [M + H]+
370.2495, found: [M + H]+ 370.2497.
(2-Benzyl-8-(cyclohexylmethyl)-2,8-diazaspiro[4.5]decan-4-yl)-

methyl Hex-5-ynoate (S6). To a flame-dried flask that was purged
with argon was equipped a magnetic stir bar. The flask was cooled to
0 °C before addition of (2-benzyl-8-(cyclohexylmethyl)-2,8-
diazaspiro[4.5]decan-4-yl)methanol (14.2 mg, 0.0398 mmol) and
triethylamine (8.1 mg, 0.0797 mmol) as a solution in DCM (0.01 M).
The reaction was stirred for 5 min before addition of hex-5-ynoyl
chloride (10.4 mg, 0.0797 mmol). The mixture was stirred for 3 h
with temperature increasing from 0 to 25 °C before the reaction was
quenched with H2O. The aqueous layer was extracted in triplicate
with DCM. The combined organic extracts were washed with brine,
dried with Na2SO4, and concentrated under vacuum. The crude
product was purified by column chromatography (0−100% MeOH in
DCM over 10 min, holding at 15% MeOH for 5 min) to afford the
desired product as a clear oil: 12.2 mg (68%). 1H NMR (500 MHz,
MeOD) δ 7.36−7.29 (m, 4H), 7.27 (t, J = 6.76 Hz, 1H), 4.20 (dd, J =
11.21, 6.45 Hz, 1H), 4.07 (dd, J = 11.19, 7.38 Hz, 1H), 3.69 (d, J =
3.12 Hz, 2H), 2.99 (t, J = 8.71 Hz, 1H), 2.85 (d, J = 7.98 Hz, 1H),
2.76 (s, 3H), 2.53 (d, J = 9.75 Hz, 1H), 2.46 (t, J = 7.34 Hz, 2H), 2.41
(d, J = 8.90 Hz, 1H), 2.28−2.15 (m, 5H), 1.95 (t, J = 13.08 Hz, 1H),
1.85−1.67 (m, 13H), 1.33 (d, J = 12.83 Hz, 2H), 1.22 (d, J = 12.68
Hz, 1H), 1.01 (d, J = 11.76 Hz, 2H). 13C NMR (125 MHz, MeOD) δ
173.18, 137.86, 128.67, 128.03, 127.01, 68.95, 63.13, 62.58, 59.83,
55.96, 51.21, 50.64, 46.25, 40.62, 34.97, 33.64, 32.27, 31.02, 29.46,
25.86, 25.41, 23.50, 17.03. IR (neat) υmax = 2922, 2850, 2797, 1583,
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1495, 1450, 1377, 1265, 1072, 1028, 984. HRMS (ESI) C29H42N2O2.
Calculated: [M + H]+ 451.3325, found: [M + H]+ 451.3325.
(2-Benzyl-8-(cyclohexylmethyl)-2,8-diazaspiro[4.5]decan-4-yl)-

methyl 4-(1-(13-Oxo-17-(2-oxohexahydro-1H-thieno[3,4-d]-
imidazol-4-yl)-3,6,9-trioxa-12-azaheptadecyl)-1H-1,2,3-triazol-5-
yl)butanoate (Biotin-RH1115). To a flame-dried flask that was
purged with argon was equipped a magnetic stir bar. To the flask were
added (2-benzyl-8-(cyclohexylmethyl)-2,8-diazaspiro[4.5]decan-4-
yl)methyl hex-5-ynoate (12.2 mg, 0.0271 mmol), azide-PEG3-biotin
conjugate (14.4 mg, 0.0325 mmol), and CuSO4·5H2O (20 mol %) as
a solution in 4:1 H2O/THF. The mixture was heated to 90 °C and
stirred for 48 h. The mixture was concentrated and purified by
column chromatography (0−100% MeOH in DCM over 35 min,
holding at 18% MeOH for 10 min) to afford the desired product as a
slightly yellow solid: 8.7 mg (36%). 1H NMR (500 MHz, MeOD) δ
7.80 (s, 1H), 7.31 (d, J = 6.59 Hz, 4H), 7.25 (d, J = 6.59 Hz, 1H),
5.23 (t, 1H), 4.54 (t, J = 5.04 Hz, 2H), 4.48 (t, J = 6.44 Hz, 1H),
4.36−4.27 (m, 3H), 4.23−4.13 (m, 3H), 4.03 (dd, J = 11.07, 7.88 Hz,
1H), 3.88 (t, J = 5.08 Hz, 2H), 3.63 (s, 1H), 3.60 (s, 3H), 3.58 (s,
3H), 3.52 (t, J = 5.41 Hz, 2H), 3.21−3.15 (m, 1H), 2.91 (dd, J =
11.69, 5.89 Hz, 2H), 2.80 (d, J = 9.67 Hz, 1H), 2.76−2.66 (m, 3H),
2.44−2.30 (m, 7H), 2.20 (t, J = 7.39 Hz, 2H), 2.04 (d, J = 2.65 Hz,
5H), 2.02 (s, 2H), 1.95 (t, J = 7.48 Hz, 2H), 1.78−1.70 (m, 6H),
1.66−1.58 (m, 8H), 1.53 (d, J = 6.40 Hz, 4H), 1.43 (q, J = 7.73, 7.00
Hz, 3H). 13C NMR (125 MHz, MeOD) δ 173.31, 166.78, 166.22,
128.84, 128.68, 128.03, 127.99, 126.94, 122.82, 76.84, 70.14, 70.08,
70.02, 69.86, 69.22, 69.02, 63.32, 62.82, 61.96, 60.23, 59.94, 56.06,
55.59, 54.85, 51.51, 50.77, 39.66, 38.94, 35.34, 32.81, 31.67, 31.36,
29.34, 29.06, 28.36, 28.11, 26.71, 26.05, 25.58, 25.45, 24.41, 24.21,
22.33, 18.66, 15.89, 13.03. IR (neat) υmax = 3137, 3079, 2922, 2854,
1698, 1607, 1538, 1501, 1435, 1402, 1347, 1331, 1309, 1276, 1254,
1219, 1114, 1086, 1048, 900, 879, 847, 814, 744, 733, 687, 607, 592,
585, 564. HRMS (ESI) C47H74N8O7S. Calculated: [M + H]+
895.5479, found: [M + H]+ 895.5464.

Biological Assays. Cell Culture. HeLa and A549 Cells. HeLa cells
stably expressing eGFP-LC3 and mCherry-GFP-LC3 were a gift from
Ramnik Xavier at Massachusetts General Hospital, Boston, MA. HeLa
and A549 cells were purchased from Sigma-Aldrich (90321013;
86012804). All cells were cultured in DMEM (Corning, 15-013-CV)
with 10% FBS (Sigma-Aldrich 2442), 3.6 mM L-glutamine (Corning,
25-005-Cl), and 1× penicillin-streptomycin (Corning, 30-002-Cl).
Cultured cells were maintained in a humidified incubator at 37 °C
with 5% CO2.
iPSCs Culture and Neuronal Differentiation. WTC-11 human-

induced pluripotent stem cells were differentiated into a glutamatergic
cortical layer 2−3 neuronal fate (referred to as i3Neurons) using a
doxycycline-inducible neurogenin2 transgene expressed from the
AAVS1 safe harbor locus, as described previously.74 iPSCs were
grown on Matrigel (Corning, 356230)-coated dishes, maintained in
E8 Flex media (Life Technologies, A2858501), and passaged using
accutase (Corning, 25058CI). i3Neuron differentiation was initiated
by plating iPSCs (500,000 iPSCs per well) into a Matrigel-coated 6-
well plate in induction media containing knockout DMEM F12
(Thermo Fisher Scientific Scientific, 12660012), 1× N2 supplement
(Thermo Fisher Scientific Scientific, 17502048), 1× nonessential
amino acids solution (Thermo Fisher Scientific Scientific, 11140050),
1× L-glutamine glutamax solution (Thermo Fisher Scientific
Scientific, 35050061), 10 μM ROCK inhibitor (Tocris Biosciences,
1254/1), and 2 μg/mL doxycycline hydrochloride (Sigma-Aldrich,
BP26531) for 3 days. Prior to plating, 35 mm acid-washed coverslips
(Carolina Biological Supply Company, 633009) and 6-well plates
were coated with 0.1 mg/mL poly-L-ornithine (Sigma-Aldrich, A-004-
M) and glass coverslips were additionally coated with 10 μg/mL
mouse Laminin (Gibco, 23017015). Induced i3Neurons at DIV3 were
plated into either 35 mm glass-bottom dishes (MatTek Life Sciences,
P35G-1.5-14-C) for live imaging (30,000 cells per MatTek dish), in
35 mm glass coverslips for immunofluorescence (30,000 cells per
coverslip) or in a 6-well plate for immunoblotting (500,000 cells per
well).

Immunofluorescence Experiments. DIV 10 i3Neurons on 35 mm
glass coverslips treated for 72 h with 0.1% DMSO (American Type
Culture Collection, 4-X), RH1115 (15 μM), DS1040 (20 μM),
RH1096 (40 μM), RH1103 (40 μM), or rapamycin (LC
Laboratories, R-5000) (3 μM) or treated for 24 h with bafilomycin
A1 (Sigma-Aldrich, B1793) (100 nM) and were fixed and
immunostained as described previously.74 See Supporting Table S3
for antibody information.
Analysis of Lysosomal Vesicle Properties in i3Neurons. ImageJ

“Analyze Particles” tool was used to measure lysosomal vesicle size,
integrated density, and number within i3Neuron somas immunos-
tained for LAMP1. Each soma was outlined using the “freehand
selections” tool, and then using “Threshold” function, a threshold was
set based on optimal coverage of most vesicles possible without
compromising vesicle size and shape (avoiding false negatives or
collapse/fusion of different vesicles). The “Analyze Particles” tool was
then used to define the parameters for the measured vesicles, with a
minimum size of 0.002 μm2 and no maximum size. Mean size,
intensity of vesicles, and count per neuron were computed.
Evaluation of Lysosome Positioning in i3Neurons. DIV 10

i3Neurons on 35 mm glass coverslips treated with 0.1% DMSO,
DS1040 (20 μM), RH1096 (40 μM), RH1103 (40 μM), or RH1115
(15 μM) for 72 h were fixed and immunostained for Tau or LAMP1
as described previously.74 Images were acquired using a high-
magnification objective. Lysosome distribution was classified as
“clustered”, “normal”, or “intermediate” based on proximity around
nucleus (DAPI signal). Imaging and analysis were carried out in a
double-blind fashion. Mean ± SEM of percent neurons exhibiting
perinuclear clustering of lysosomes from three independent experi-
ments were computed.
eGFP-LC3 Puncta Formation Assay. Methods have been adapted

from previously published work.59 Compounds tested in the HCS
were a curated ChemDiv library provided by the UICenter for Drug
Discovery. HeLa cells expressing eGFP-LC3 were plated at a density
of 3000 cells/well in a black 384-well plate (Corning, 3764) and
incubated for 24 h at 37 °C. After 24 h, a Biomek NXP automated
liquid handler (Beckman Coulter) transferred compounds (20 μM),
DMSO (Corning, 259-50-CQC) (0.4%), chloroquine (CQ, Sigma-
Aldrich, C6628) (20 μM), or PI-103 (LC Laboratories, P-9099) (5
μM). The plate was incubated for 4 h at 37 °C before the media was
aspirated using a MultiFlo FX (BioTek SpA, MFXPW) and 25 μL of
4% paraformaldehyde (PFA) (Electron Microscopy Sciences, 15710)
were added. The plate was incubated in the dark at room temperature
(RT) for 12 min before PFA was aspirated and washed with 50 μL of
1× PBS (Corning, 21-040-CM). Following washing, 25 μL Hoechst
33342 nuclear stain (Thermo Scientific, H3570) was added at a
concentration of 2 μg/mL and incubated in the dark at RT for 10
min. The solution was aspirated and 50 μL of 1× PBS was added
before the plate was sealed using the PlateMax semiautomatic plate
sealer (Axygen). The plate was imaged at 10× magnification using the
DAPI and FITC filters on the ImageXpress Micro (IXM) XLS
automated florescent microscope (Molecular Devices). Images were
analyzed using Meta Xpress software in assays. Hits were selected
based on assays with a Z′ (Z factor) above 0.4, a % CV of less than
20%, and a z-score greater than 2.199 in two replicates, yielding 312
molecules that meet these requirements. See Table S1 for further
information. Subsequent eGFP-LC3 assays run on synthesized
molecules were performed in 12-point dose (300 to 0.146 μM for 1
analogues, 1000 to 0.488 μM for 2 analogues) to generate EC50
values. Overtly cytotoxic concentrations (% viability <40) were
excluded. Data are presented as mean ± SEM from three independent
experiments, each with duplicate biological replicates.
Dual Reporter Assay. HeLa Cells. Cells stably expressing mCherry-

GFP-LC3 were grown to a density of 3000 cells/well. The dual
reported assay was performed following the same protocol as the
eGFP-LC3 Puncta Formation assay. The plates were imaged using
three filters: DAPI for nuclear stain, FITC for GFP, and Texas Red for
mCherry. CellProfiler 3.1.9 was used to analyze these images to
determine the number of autophagosomes and autolysosomes.
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i3Neurons. i3Neurons derived from iPSCs stably expressing LC3-
RFP-GFP were treated with 0.1% DMSO, RH1115 (15 μM) for 72 h
or BafA1 (100 nM) for 24 h and imaged live at 37 °C in imaging
media using Fast Airyscan on a Zeiss LSM880 microscope. A single
scan image across the center of each cell (nucleus in full focus) was
used to capture both GFP and RFP fluorescence using 488 and 560
nm lasers, respectively. Autophagosomes and autolysosomes were
identified and analyzed in the following manner: brightness and
contrast were adjusted equally for all images (green based on
bafilomycin treatment and red based on DMSO treatment). Merged
images, following adjustment of brightness and contrast, were used to
identify “green and yellow” (autophagosomes) and the “red”
(autolysosomes) vesicles, and their numbers were computed using
the multipoint tool (ImageJ/Fiji). The percent autolysosomes were
computed as the “red” vesicles divided by the “red” plus “green and
yellow” vesicles. To evaluate the size and intensity of autolysosomes
specifically, we first carried out particle analysis (“Analyze Particles”
ImageJ) on the red channel images from DMSO and RH1115
treatments and filtered out the autophagosomes (using the merged
image data as reference).
Immunoblotting. General Procedure. Cell lysate was centrifuged

at 12,000 rpm for 30 min at 4 °C to remove cellular debris. The
supernatant was combined with 4× NuPAGE LDS Sample Buffer
(Thermo Fisher Scientific, NP0007) and 10x Bolt Sample Reducing
Agent (Thermo Fisher Scientific, B0009) and separated by 10% SDS-
PAGE (120 V, 1.5 h). Protein was transferred onto PVDF membrane
(Millipore Sigma, IPFL00010) at 25 V for 1 h. The membrane was
blocked with 5% Blotting-grade Blocker (Bio-Rad, 1706404) in TBS
spiked with 0.1% Tween-20 (VWR, 97062) and incubated for 1 h at
RT. Membranes were incubated overnight at 4 °C with the primary
antibody. The blots were washed three times with TBS-T and
incubated with secondary antibody for 1 h at RT. Membranes were
washed with TBS-T and incubated with SuperSignal West Pico PLUS
Chemiluminescent Substrate (Thermo Fisher Scientific, 34580) for 3
min at RT. Blots were visualized using the c Series Capture Software
on the Azure Imaging System. Images were quantified using ImageJ.
See Supporting Table S3 for antibody information. For the majority of
blots, the samples were run on hand-cast Tris-Glycine Gel (10−12%)
prior to transfer.
i3 Neurons. DIV 21 i3Neurons were washed with ice-cold

phosphate-buffered saline and lysed in lysis buffer of 1% Triton in
PBS with protease inhibitor (1×) (Thermo Fisher Scientific, A32961)
and phosphatase inhibitor (1×) (PhosStop Roche, 4906845001) with
benzonase (1 μL/75 μL lysate, Millipore Sigma, E1014) prior to
centrifugation at 13,000 rpm for 10 min. The supernatant was
collected and boiled at 95 °C for 3 min in 1× SDS sample buffer for
subsequent SDS-PAGE.
LC3 Immunoblotting. HeLa cells were plated in at a density of

75,000 cells/well in a 24-well dish and left at RT for 1 h to adhere to
the plate before being placed in the incubator at 37 °C for 24 h. 0.1%
DMSO, compound 1a (20 μM), compound 2a (80 μM), and BafA1
(LC Laboratories, B-1080) (100 nM) were administered by hand, and
the plate was returned to the incubator for 4 h. The cells were lysed
using NP-40 Lysis Buffer containing 10 mL of 1× TBS (Corning, 46-
012-CM), 1 Pierce protease and phosphate inhibitor tablet (Thermo
Fisher Scientific, A32959), and 1% IGEPAL (Sigma-Aldrich, 56741).
General procedures above were followed utilizing LC3 and β-actin
primary antibodies and Anti-Rabbit IgG, HRP-linked secondary
antibody in 5% Blotting-grade Blocker in TBS-T. Data are presented
as mean ± SEM of four independent experiments.
P70S6K and Phospho-P70S6K Immunoblotting. Slight modifica-

tions were made to the procedure for LC3 immunoblotting.
Compound 2a was treated at 40 μM. 1% bovine serum albumin
(Sigma-Aldrich, A2153) was used for blocking steps. Phosphorylated
p70S6K and β-Actin were used as primary antibodies and Anti-Rabbit
IgG, HRP-linked was used as a secondary antibody before the blot
was stripped using Restore Western Blot Stripping Buffer (Thermo
Fisher Scientific, 21059). The blot was reprobed with p70S6K. Images
were analyzed using ImageJ.

Lamin A/C, LAMP1, and UBA-52 Immunoblotting. Slight
modifications were made to the procedure for LC3 immunoblotting.
HeLa cells were plated at a density of 300,000 cells/mL in a 6-well
dish. Treatment of 0.1% DMSO and RH1115 (50 μM) were
administered. Lamin A/C and UBA-52 blots were run on hand-casted
Tris-Glycine Gel (10−12%) prior to transfer. LAMP1 expression level
samples were run on a NuPAGE 4 to 12% Bis-Tris Gel (Thermo,
#NP0335BOX) following the manufacturer’s instructions for gel
running buffer and transfer buffer. Data are presented as mean ± SEM
of three biological replicates for each condition.
Cell Viability Assay. HeLa Cells. Following the procedure for dose-

dependent eGFP-LC3 puncta formation, nuclear counts were
determined using the DAPI filter. Nuclear counts were compared to
the average DMSO nuclear count to generate a percent viability.
Percent viability data were generated as mean ± SEM from three
independent experiments, each with duplicate biological replicates.
i3Neurons. DIV 10 i3Neurons on 35 mm glass coverslips were

treated with 0.1% DMSO, 1a (DS1040) (20 μM), 2a (RH1096) (40
μM), 2b (RH1103) (40 μM), or 2c (RH1115) (15 μM) for 72 h
before being fixed and immunostained for Tau and LAMP1 as
described previously.74 Images were acquired using a high-
magnification objective (5 to 6 areas at random) using a Keyence
BZ-X810 microscope (Osaka, Japan), and the number of neurons per
unit area was computed. Tau staining was used to confirm neuronal
viability (normal morphology and neurite integrity). Mean ± SEM of
three independent experiments was computed.
Kinetic Aqueous Solubility Assay. Compounds were diluted with

1× PBS to a concentration of 100 μM in a 96-well clear assay plate
(Corning, #3628). Diclofenac was used as our soluble control, while
dipyridamole was used as our insoluble control. Optical density
readings at 620 nm were taken on a SpectraMax i3x (Molecular
Devices) using the Softmax Pro 6.5.1 software. Data are presented as
the mean ± SEM of five independent experiments.
Biotinylated Compound Pulldown Assay. HeLa cells were plated

at a density of 3.75 × 106 cells/mL in a T-225 flask (Thermo Fisher
Scientific, 159934) in 50 mL of DMEM and then grown for 3 days to
confluency. The cells were resuspended by trypsinization then
pelleted and stored at −80 °C until ready for cell lysis. Prior to
sonication, the pelleted cells were thawed and then washed with 1×
PBS. The cells were then lysed using Pierce IP Lysis Buffer (Thermo
Fisher Scientific, 87788) via sonication. Lysate was centrifuged at
18,000g for 30 min at 4 °C to remove debris and the supernatant was
transferred to a clean microcentrifuge tube. Protein concentration was
measured using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific, 23225). Thirty μL of Pierce Streptavidin Magnetic Beads
(Thermo Fisher Scientific, 88816) were washed twice with 200 μL of
1× PBS. Biotinylated RH1115 (Biotin-RH1115) (50 μM), biotin
acid (50 μM), and DMSO (2 μL) were incubated with the beads
while rotating at 4 °C for 2 h. 500 μg of lysate was then added to the
magnetic beads and diluted to 200 μL using the cell lysis buffer. The
lysate was left with the beads and compounds for 16 h before washing
twice with 200 μL of 1× PBS, then eluting with elution buffer
(Thermo Fisher Scientific, 1858606). For competitor experiments, an
additional sample containing the magnetic beads and Biotin-RH1115
(50 μM) was prepared. Upon addition of the 500 μg cell lysate,
RH1115 (100 μM) was added and incubated with the other samples
for 16 h at 4 °C. Samples were dried completely using a speed vacuum
before proceeding onto sample digestion using S-Trap (ProfiTi, CO2-
micro-10). The dried sample was solubilized in 25 μL of 5% SDS, 50
mM TEAB. Samples were reduced using 20 mM DTT and heated for
5 min at 95 °C. Disulfides were then alkylated using 40 mM
iodoacetamide and incubated in the dark for 30 min. 12% aqueous
phosphoric acid at a 1:10 ratio to yield a final concentration of 1.2%
phosphoric acid. Then, 165 μL of S-Trap protein binding buffer (90%
aqueous methanol, 100 mM TEAB, pH 7.1) was added to the
acidified solution. The prepared solution was then added to the S-
Trap microcolumn and centrifuged to capture protein. The column
was washed with 150 μL of S-Trap protein binding buffer. Two μg of
trypsin (Thermo Fisher Scientific, 90058) in 40 μL of digestion buffer
(50 mM TEAB) was added to the top of the column and left for 16 h
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at 37 °C to digest. Peptides were eluted with 40 μL of 50 mM TEAB,
then 35 μL of 50% ACN, and 0.2% formic acid. Samples were dried
on speed vacuum and then resuspended in 0.1% formic acid for liquid
chromatography-mass spectrometry (LC-MS) data collection and
analysis.
Liquid Chromatography-Mass Spectrometry (LC-MS) Data

Acquisition and Analysis. Resuspended samples were spun down
at 14,000g for 30 min before being transferred to polypropylene vials.
0.5 μL of each sample was injected into an Agilent 1260 Infinity
nanoLC system (Agilent Technologies) coupled with a Q Exactive
mass spectrometer (Thermo Fisher Scientific). Samples were analyzed
using the following method: First, digested peptides were loaded onto
a Thermo NanoViper trap column (75 μm × 20 mm, 3 μm C18, 100
Å) (Thermo Fisher Scientific, 164946) and washed for 10 min with
solvent A (0.1% FA in water) at 2 μL/min flow rate. Peptides were
then loaded onto an Agilent Zorbax 300SB-C18 column (5065−
9911) (0.075 mm × 150 mm, 3.5 μm 300 Å) at 5% B (0.1% FA in
ACN). Separation was carried out using a 180 min gradient going
from 5 to 30% B with a flow rate of 0.25 μL/min. The system was
then increased from 30−60% B and from 60−90% B, with each
increase in 10 min period. The system is then maintained at 90% B for
10 min prior to a 15 min re-equilibration segment at 5% B prior to the
next run. Mass spectra were collected using data-dependent
acquisition (DDA) with a capillary temperature of 250 °C and
spray voltage of 1.7 kV. Full MS scans were collected at a mass
resolution of 70,000 with a scan range of 375−2000 m/z. Automatic
gain control (AGC) target was set at 1 × 106 for a maximum injection
time (IT) of 100 ms. The top ten most intense 10 peaks were selected
for MS/MS analysis, with an isolation window of 1.5 m/z. MS/MS
spectra were acquired at a resolution of 35,000, ACG target 1 × 105,
maximum IT of 50 ms. The first fixed mass was set at 100 m/z. Parent
ions were fragmented at a normalized collision energy (NCE) of 27%.
Dynamic exclusion was set for 20 s. Parent ions with charges of 1 and
larger than 6 were excluded. All raw data were deposited on the Mass
Spectrometry Interactive Virtual Environment (MassIVE: ftp://
massive.ucsd.edu/MSV000091930/). Raw files were analyzed using
Proteome Discoverer 2.3 (Thermo Fisher Scientific) using the
Sequest HT search engine against the UniProt Homo Sapien database
(42,368 gene sequence; downloaded June 12, 2019). Mass error
tolerance was set to 10 ppm for precursors, cleaved by trypsin,
allowing a maximum of two missed cleavages, with sequence lengths
between 6 and 144 amino acids. Fragment masses were searched with
a tolerance of ±0.02 Da. Dynamic modifications included oxidation
(M), deamidation (N, Q), and acetylation (N-terminus). Carbami-
domethylation was set as a static modification (C). Both peptides and
PSMs were set to a target false discovery rate (FDR) of ≤0.01 for
matches with high confidence. After database searching, protein list
was filtered so that only proteins with at least two high-confidence
peptides found in 3 biological replicates remain.
Pulldown Validation Experiments. HeLa cells were plated at a

density of 3.75 × 106 cells/mL in a T-225 flask in 50 mL of DMEM
and grown for 3 days to confluency. The cells were resuspended by
trypsinization, then pelleted and stored at −80 °C until ready for cell
lysis. Prior to sonication, the pelleted cells were thawed and then
washed with 1× PBS. The cells were resuspended in Pierce IP Lysis
Buffer (Thermo Fisher Scientific, 87788) supplemented with a Pierce
protease and phosphatase inhibitor tablet (Thermo Fisher Scientific,
A32959) and lysed via sonication. Lysate was centrifuged at 18,000g
for 30 min at 4 °C to remove debris and the supernatant was
transferred to a clean microcentrifuge tube. The supernatant was
probed for the appropriate protein using immunoblotting. Protein
concentration was measured using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, 23225). 40 μL of Pierce Streptavidin
Magnetic Beads (Thermo Fisher Scientific, 88816) was washed twice
with 200 μL of 1× PBS. Biotin-RH1115 (50 μM) and biotin acid (50
μM) were incubated with the beads while rotating at 4 °C for 2 h. 500
μg of lysate was then added to the magnetic beads and diluted to 200
μL using the cell lysis buffer. The lysate was left with the beads and
compounds for 16 h before washing twice with 200 μL of 1× PBS
then eluting with 20 μL 1× SDS of loading buffer. For competitor

experiments, an additional sample containing the magnetic beads and
Biotin-RH1115 (50 μM) was prepared. Upon addition of the 500 μg
cell lysate, RH1115 (100 μM) was added and incubated with the
other samples for 16 h at 4 °C.
Cellular Thermal Shift Assay. A549 cells were plated at a density

of 2.5 × 106 cells in a 10 cm dish in DMEM and grown for 16 h. The
cells were then treated with RH1115 (100 μM) or DMSO (50 μL)
and incubated for 24 h. Media was removed and cells were suspended
by trypsinization, pelleted washed with PBS, and resuspended to a
density of 1.0 × 107 cells/mL in PBS supplemented with Pierce
protease inhibitor tablet. 50 μL of each cell suspension was then
dispensed into PCR tubes (Bio-Rad, TBS0201), heated at 50−62 °C
in 3° increments using a Bio-Rad T100 thermal cycler for 3 min, and
immediately lysed by freeze−thaw. Debris was then removed by
centrifugation at 18,000g for 30 min at 4 °C, and the supernatant was
probed by immunoblot for the presence of Lamin A/C and β-actin.
Microscopy of i3Neurons. Live imaging was carried out using a

Zeiss LSM880 Airyscan confocal microscope with a 63x oil immersion
objective (1.4 NA). Live images were acquired at speeds of 1−2
frames per second. Zeiss Zen software further processed the Airyscan
images and analysis was performed using FIJI/ImageJ software.112

Standard confocal imaging for immunostaining experiments was
carried out using Zeiss LSM 710 or 880 with a 63x oil immersion
objective (1.4 NA).
Statistical Analysis. Statistical analysis was performed using

GraphPad Prism version 9.5.0. Data presented in bar graphs were
analyzed using an ordinary one-way ANOVA for 3 or more groups
followed by Dunnett’s multiple comparisons testing or unpaired t-test
for comparison of two groups. EC50 values were determined using a
nonlinear fit function comparing log(agnostic) vs response, variable
slope (four parameters). Error bars are mean ± SEM unless otherwise
noted. Significance stars correspond to the following P values: ns: P >
0.05; *: P ≤ 0.05; **: P ≤ 0.01; ***: P ≤ 0.001; ****: P ≤ 0.0001.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00573.

Proteomics data (XLSX)
NMR spectra and uncropped western blots (Tables S1−
S3) (Figures S1−S5). All raw data were deposited on
the Mass Spectrometry Interactive Virtual Environment
(MassIVE: ftp://massive.ucsd.edu/MSV000091930/)
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors
Swetha Gowrishankar − Department of Anatomy and Cell
Biology, College of Medicine, University of Illinois Chicago,
Chicago, Illinois 60612, United States; Email: swethag@
uic.edu

Leslie N. Aldrich − Department of Chemistry, College of
Liberal Arts and Sciences, University of Illinois Chicago,
Chicago, Illinois 60607, United States; orcid.org/0000-
0001-8406-720X; Email: aldrich@uic.edu

Authors
Ryan S. Hippman − Department of Chemistry, College of
Liberal Arts and Sciences, University of Illinois Chicago,
Chicago, Illinois 60607, United States

Amanda M. Snead − Department of Anatomy and Cell
Biology, College of Medicine, University of Illinois Chicago,
Chicago, Illinois 60612, United States

Zoe A. Petros − Department of Chemistry, College of Liberal
Arts and Sciences, University of Illinois Chicago, Chicago,
Illinois 60607, United States

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.3c00573
ACS Chem. Neurosci. 2023, 14, 4363−4382

4378

http://ftp://massive.ucsd.edu/MSV000091930/
http://ftp://massive.ucsd.edu/MSV000091930/
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00573?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acschemneuro.3c00573/suppl_file/cn3c00573_si_001.xlsx
http://ftp://massive.ucsd.edu/MSV000091930/
https://pubs.acs.org/doi/suppl/10.1021/acschemneuro.3c00573/suppl_file/cn3c00573_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Swetha+Gowrishankar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:swethag@uic.edu
mailto:swethag@uic.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leslie+N.+Aldrich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8406-720X
https://orcid.org/0000-0001-8406-720X
mailto:aldrich@uic.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryan+S.+Hippman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amanda+M.+Snead"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zoe+A.+Petros"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Melissa+A.+Korkmaz-Vaisys"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.3c00573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Melissa A. Korkmaz-Vaisys − Department of Chemistry,
College of Liberal Arts and Sciences, University of Illinois
Chicago, Chicago, Illinois 60607, United States;

orcid.org/0000-0003-4234-8702
Sruchi Patel − Department of Anatomy and Cell Biology,
College of Medicine, University of Illinois Chicago, Chicago,
Illinois 60612, United States

Daniel Sotelo − Department of Chemistry, College of Liberal
Arts and Sciences, University of Illinois Chicago, Chicago,
Illinois 60607, United States

Andrew Dobria − Department of Chemistry, College of Liberal
Arts and Sciences, University of Illinois Chicago, Chicago,
Illinois 60607, United States; orcid.org/0000-0003-
4492-8022

Maryna Salkovski − Department of Chemistry, College of
Liberal Arts and Sciences, University of Illinois Chicago,
Chicago, Illinois 60607, United States

Thu T. A. Nguyen − Department of Chemistry, College of
Liberal Arts and Sciences, University of Illinois Chicago,
Chicago, Illinois 60607, United States

Ricardo Linares − Department of Anatomy and Cell Biology,
College of Medicine, University of Illinois Chicago, Chicago,
Illinois 60612, United States

Stephanie M. Cologna − Department of Chemistry, College of
Liberal Arts and Sciences, University of Illinois Chicago,
Chicago, Illinois 60607, United States; orcid.org/0000-
0002-3541-3361

Complete contact information is available at:
https://pubs.acs.org/10.1021/acschemneuro.3c00573

Author Contributions
§R.S.H., A.M.S., and Z.A.P. equal contributions. R.S.H., A.M.S.,
and Z.A.P. designed and performed experiments, analyzed
data, prepared figures, and edited drafts of the manuscript.
R.S.H. performed synthesis and medicinal chemistry experi-
ments, A.M.S. performed experiments in neurons, and Z.A.P.
performed target identification and validation experiments.
R.S.H. prepared the initial draft of the manuscript with help
from A.M.S. and Z.A.P. M.A.K.-V. performed the high-content
screen with help from M.S. S.P. and R.L. performed and
analyzed several experiments in neurons. D.S. and A.D.
contributed to the synthesis of hits and analogues. T.T.A.N.
contributed to mass spectrometry experiments and data
analysis. S.M.C. directed mass spectrometry experiments,
analyzed results, and contributed to writing the manuscript.
S.G. and L.N.A. directed the project, designed experiments,
analyzed experimental results, and led the efforts to prepare the
manuscript.
Funding
Research reported in this publication was supported by the
Wolverine Foundation, The Ralph and Marian Falk Medical
Trust, the UIC Center for Clinical and Translational Science
(NIH UL1TR002003), and the National Institute on Aging
and National Institute of Neurological Disorders and Stroke of
the National Institutes of Health (RF1AG076653 (L.N.A.,
S.G.), R01AG074248 (S.G.), R01NS124784 (S.M.C.),
R01NS114413 (L.N.A., S.M.C.), T32AG057468 (A.M.S.,
D.S.), and F30AG081091 (A.S.)). The content is solely the
responsibility of the authors and does not necessarily represent
the official views of the National Institutes of Health.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank Dr. Ramnik Xavier, Massachusetts General
Hospital, for the gift of eGFP-LC3 and mCherry-GFP-LC3
HeLa cells. They acknowledge the University of Illinois Mass
Spectrometry Core for collecting HRMS data, and Dr. Thomas
Whitmarsh-Everiss and Adam Ruprecht for help with synthetic
chemistry.

■ REFERENCES
(1) Levine, B.; Klionsky, D. J. Development by Self-Digestion:

Molecular Mechanisms and Biological Functions of Autophagy. Dev.
Cell 2004, 6 (4), 463−477.
(2) Menzies, F. M.; Moreau, K.; Rubinsztein, D. C. Protein

Misfolding Disorders and Macroautophagy. Curr. Opin. Cell Biol.
2011, 23 (2), 190−197.
(3) Son, J. H.; Shim, J. H.; Kim, K.-H.; Ha, J.-Y.; Han, J. Y. Neuronal

Autophagy and Neurodegenerative Diseases. Exp Mol. Med. 2012, 44
(2), 89−98.
(4) Cajigas, I. J.; Will, T.; Schuman, E. M. Protein Homeostasis and

Synaptic Plasticity. EMBO J. 2010, 29 (16), 2746−2752.
(5) Hill, S. E.; Colón-Ramos, D. A. The Journey of the Synaptic

Autophagosome: A Cell Biological Perspective. Neuron 2020, 105 (6),
961−973.
(6) Kulkarni, A.; Chen, J.; Maday, S. Neuronal Autophagy and

Intercellular Regulation of Homeostasis in the Brain. Curr. Opin.
Neurobiol. 2018, 51, 29−36.
(7) Andres-Alonso, M.; Ammar, M. R.; Butnaru, I.; Gomes, G. M.;

Acuña Sanhueza, G.; Raman, R.; Yuanxiang, P.; Borgmeyer, M.;
Lopez-Rojas, J.; Raza, S. A.; Brice, N.; Hausrat, T. J.; Macharadze, T.;
Diaz-Gonzalez, S.; Carlton, M.; Failla, A. V.; Stork, O.; Schweizer, M.;
Gundelfinger, E. D.; Kneussel, M.; Spilker, C.; Karpova, A.; Kreutz,
M. R. SIPA1L2 Controls Trafficking and Local Signaling of TrkB-
Containing Amphisomes at Presynaptic Terminals. Nat. Commun.
2019, 10 (1), No. 5448.
(8) Yu, W. H.; Dorado, B.; Figueroa, H. Y.; Wang, L.; Planel, E.;

Cookson, M. R.; Clark, L. N.; Duff, K. E. Metabolic Activity
Determines Efficacy of Macroautophagic Clearance of Pathological
Oligomeric α-Synuclein. Am. J. Pathol. 2009, 175 (2), 736−747.
(9) Katsumata, K.; Nishiyama, J.; Inoue, T.; Mizushima, N.; Takeda,

J.; Yuzaki, M. Dynein- and Activity-Dependent Retrograde Transport
of Autophagosomes in Neuronal Axons. Autophagy 2010, 6 (3), 378−
385.
(10) Aguzzi, A.; O’Connor, T. Protein Aggregation Diseases:

Pathogenicity and Therapeutic Perspectives. Nat. Rev. Drug Discovery
2010, 9 (3), 237−248.
(11) Williams, A.; Sarkar, S.; Cuddon, P.; Ttofi, E. K.; Saiki, S.;

Siddiqi, F. H.; Jahreiss, L.; Fleming, A.; Pask, D.; Goldsmith, P.;
O’Kane, C. J.; Floto, R. A.; Rubinsztein, D. C. Novel Targets for
Huntington’s Disease in an mTOR-Independent Autophagy Pathway.
Nat. Chem. Biol. 2008, 4 (5), 295−305.
(12) Ravikumar, B.; Vacher, C.; Berger, Z.; Davies, J. E.; Luo, S.;

Oroz, L. G.; Scaravilli, F.; Easton, D. F.; Duden, R.; O’Kane, C. J.;
Rubinsztein, D. C. Inhibition of mTOR Induces Autophagy and
Reduces Toxicity of Polyglutamine Expansions in Fly and Mouse
Models of Huntington Disease. Nat. Genet. 2004, 36 (6), 585−595.
(13) Sarkar, S.; Perlstein, E. O.; Imarisio, S.; Pineau, S.; Cordenier,

A.; Maglathlin, R. L.; Webster, J. A.; Lewis, T. A.; O’Kane, C. J.;
Schreiber, S. L.; Rubinsztein, D. C. Small Molecules Enhance
Autophagy and Reduce Toxicity in Huntington’s Disease Models.
Nat. Chem. Biol. 2007, 3 (6), 331−338.
(14) Sarkar, S.; Ravikumar, B.; Floto, R. A.; Rubinsztein, D. C.

Rapamycin and mTOR-Independent Autophagy Inducers Ameliorate
Toxicity of Polyglutamine-Expanded Huntingtin and Related
Proteinopathies. Cell Death Differ. 2009, 16 (1), 46−56.
(15) Murphy, K. E.; Gysbers, A. M.; Abbott, S. K.; Spiro, A. S.;

Furuta, A.; Cooper, A.; Garner, B.; Kabuta, T.; Halliday, G. M.
Lysosomal-Associated Membrane Protein 2 Isoforms Are Differ-

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.3c00573
ACS Chem. Neurosci. 2023, 14, 4363−4382

4379

https://orcid.org/0000-0003-4234-8702
https://orcid.org/0000-0003-4234-8702
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sruchi+Patel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Sotelo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+Dobria"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4492-8022
https://orcid.org/0000-0003-4492-8022
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maryna+Salkovski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thu+T.+A.+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ricardo+Linares"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephanie+M.+Cologna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3541-3361
https://orcid.org/0000-0002-3541-3361
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00573?ref=pdf
https://doi.org/10.1016/S1534-5807(04)00099-1
https://doi.org/10.1016/S1534-5807(04)00099-1
https://doi.org/10.1016/j.ceb.2010.10.010
https://doi.org/10.1016/j.ceb.2010.10.010
https://doi.org/10.3858/emm.2012.44.2.031
https://doi.org/10.3858/emm.2012.44.2.031
https://doi.org/10.1038/emboj.2010.173
https://doi.org/10.1038/emboj.2010.173
https://doi.org/10.1016/j.neuron.2020.01.018
https://doi.org/10.1016/j.neuron.2020.01.018
https://doi.org/10.1016/j.conb.2018.02.008
https://doi.org/10.1016/j.conb.2018.02.008
https://doi.org/10.1038/s41467-019-13224-z
https://doi.org/10.1038/s41467-019-13224-z
https://doi.org/10.2353/ajpath.2009.080928
https://doi.org/10.2353/ajpath.2009.080928
https://doi.org/10.2353/ajpath.2009.080928
https://doi.org/10.4161/auto.6.3.11262
https://doi.org/10.4161/auto.6.3.11262
https://doi.org/10.1038/nrd3050
https://doi.org/10.1038/nrd3050
https://doi.org/10.1038/nchembio.79
https://doi.org/10.1038/nchembio.79
https://doi.org/10.1038/ng1362
https://doi.org/10.1038/ng1362
https://doi.org/10.1038/ng1362
https://doi.org/10.1038/nchembio883
https://doi.org/10.1038/nchembio883
https://doi.org/10.1038/cdd.2008.110
https://doi.org/10.1038/cdd.2008.110
https://doi.org/10.1038/cdd.2008.110
https://doi.org/10.1002/mds.26141
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.3c00573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


entially Affected in Early Parkinson’s Disease. Mov. Disord. 2015, 30
(12), 1639−1647.
(16) Dehay, B.; Bové, J.; Rodríguez-Muela, N.; Perier, C.; Recasens,

A.; Boya, P.; Vila, M. Pathogenic Lysosomal Depletion in Parkinson’s
Disease. J. Neurosci. 2010, 30 (37), 12535−12544.
(17) Morimoto, N.; Nagai, M.; Ohta, Y.; Miyazaki, K.; Kurata, T.;

Morimoto, M.; Murakami, T.; Takehisa, Y.; Ikeda, Y.; Kamiya, T.;
Abe, K. Increased Autophagy in Transgenic Mice with a G93A
Mutant SOD1 Gene. Brain Res. 2007, 1167, 112−117.
(18) Zhang, X.; Li, L.; Chen, S.; Yang, D.; Wang, Y.; Zhang, X.;

Wang, Z.; Le, W. Rapamycin Treatment Augments Motor Neuron
Degeneration in SOD1G93A Mouse Model of Amyotrophic Lateral
Sclerosis. Autophagy 2011, 7 (4), 412−425.
(19) Sasaki, S. Autophagy in Spinal Cord Motor Neurons in

Sporadic Amyotrophic Lateral Sclerosis. J. Neuropathol. Exp. Neurol.
2011, 70 (5), 349−359.
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