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SUMMARY

The lack of tools to observe drug-target interactions at cellular resolution in intact tissue has been a major
barrier to understanding in vivo drug actions. Here, we develop clearing-assisted tissue click chemistry
(CATCH) to optically image covalent drug targets in intact mammalian tissues. CATCH permits specific
and robust in situ fluorescence imaging of target-bound drug molecules at subcellular resolution and enables
the identification of target cell types. Using well-established inhibitors of endocannabinoid hydrolases and
monoamine oxidases, direct or competitive CATCH not only reveals distinct anatomical distributions and
predominant cell targets of different drug compounds in the mouse brain but also uncovers unexpected
differences in drug engagement across and within brain regions, reflecting rare cell types, as well as dose-
dependent target shifts across tissue, cellular, and subcellular compartments that are not accessible by
conventional methods. CATCH represents a valuable platform for visualizing in vivo interactions of small mol-

ecules in tissue.
INTRODUCTION

Target identification and validation for small molecules has been a
longstanding challenge in chemical biology and drug discovery.
Although remarkable advances have been made to probe drug-
target interactions at the molecular scale (Ha et al., 2021; Scott
et al., 2016), these approaches are generally less suitable for
such relationships at the tissue level in vivo. Traditional pharma-
cokinetics and pharmacodynamics often quantify drug concen-
trations or drug-target interactions in homogenized organs, elim-
inating the spatial resolution that is critical for understanding
in vivo target engagement. Imaging-based methods, such as
positron emission tomography (PET), are widely used to profile
small-molecule distribution in vivo, but lack sufficient resolution
to differentiate drug-binding states at the cellular level to precisely
identify drug-target interactions (Pancholi, 2012). An ideal method
should allow in situ visualization of target-bound drugs at single-
cell resolution, while at the same time, being compatible with
multiplexed molecular characterization of their drug-target inter-
actions. These objectives are particularly important for drugs
that target the central nervous system (CNS), which is markedly
heterogeneous in cellular composition and spatial organization.
Fluorescence light microscopy has revolutionized high-resolu-
tion in situ imaging of endogenous biomolecules such as pro-
teins and nucleic acids. However, exogenous small molecules

are more difficult to image because appending a fluorescent
tag alters the size and chemical properties of the parent com-
pound, potentially distorting drug distribution and on- and off-
target engagement (Speers et al., 2003). Biorthogonal reactions,
including the Cu(l)-catalyzed azide-alkyne cycloaddition
(CuAAC) click reaction (Rostovtsev et al., 2002), can partly
address these problems by enabling incorporation of larger
tags after a drug has reached its target using small and inert
alkyne/azide handles (Cafeque et al., 2018). While this click
chemistry (CC) strategy combined with chemical proteomic
methods such as activity-based protein profiling (CC-ABPP)
has proven effective for identifying drug targets in various biolog-
ical settings, including animal models (Caneque et al., 2018;
Niphakis and Cravatt, 2014; Parker and Pratt, 2020; Porte
et al., 2021; Speers et al., 2003), such approaches have not yet
enabled high-resolution spatial imaging of drug-target interac-
tions in vivo due to the poor signal-to-noise ratio (SNR) in intact
tissues.

Here, by modifying and integrating CC with tissue clearing, we
develop a method to allow small-molecule drug-target interac-
tions to be labeled and imaged at subcellular resolution in
mammalian tissues in situ (Figure 1A). We demonstrate the spec-
ificity, dynamic range, and versatility of clearing-assisted tissue
click chemistry (CATCH) using multiple well-established cova-
lent drugs, and our results designate this technology as a
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powerful way to visualize drug action in vivo with unprecedented
cellular and molecular resolution.

RESULTS

CATCH enables specific labeling and imaging of drugs
in situ

Overthe past decade, there has been aresurgentinterestin chem-
ical probes and drugs that operate by a covalent mechanism, as
their irreversible engagement of protein targets can improve po-
tency of engagement for challenging targets and afford superior
pharmacodynamic properties in vivo (Singh et al., 2011; De Vita,
2021). The irreversibility also makes it particularly crucial to under-
stand the cellular targets of covalent drugs with high precision to
minimize toxicity. To establish a model system from which the
visualization of drug targets could be evaluated, we explored a
set of well-characterized covalent inhibitors of endocannabinoid
hydrolytic enzymes, with the potential to treat a range of human
neurological disorders. Initial experiments were performed using
the fatty acid amide hydrolase (FAAH) inhibitor PF-04457845 (or
PF7845; Figure S1A) (Johnson et al., 2011), whose urea backbone
forms a covalent bond with the active serine residue of FAAH to
irreversibly inhibit enzyme activity. Previous work has shown that
an alkyne-modified analog PF7845-yne retained similar selectivity
as PF7845 and was able to selectively detect FAAH in whole-brain
lysates by CC-ABPP combined with an in-gel fluorescence
readout (SDS-PAGE) (Niphakis et al., 2012). However, attempts
to directly image drug-bound FAAH in brain sections from mice
treated with PF7845-yne with an azide-Alexa647 tag under CC-
ABPP condition failed to reveal the cellular target due to poor
SNR (Figure S1B).

We reasoned that the complex composition of tissue, particu-
larly dense lipid membranes, might hinder the CUAAC reaction.
Recently, brain clearing techniques have greatly advanced the
visualization of endogenous biomolecules in tissues by removing
lipids using detergents, solvents, and polymer scaffolds (Sylwes-
trak et al., 2016; Ueda et al., 2020; Wang et al., 2018). Therefore,
we tested whether CLARITY, a polyacrylamide-based aqueous
clearing method (Chung et al., 2013), could improve the SNR
of CuAAC labeling. After applying CC-ABPP click conditions to
brain sections from mice treated with PF7845-yne, CLARITY
treatment rendered a membrane-like fluorescence signal in the
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primary somatosensory cortex (S1) after clicking with an azide-
Alexa647, consistent with the expected FAAH engagement
(Egertova et al., 2003). However, background nuclear signal
was observed in vehicle-treated samples, indicating the occur-
rence of substantial side reactions under this condition
(Figure 1B).

Because a ligand is used to protect the catalytic Cu(l) from
generating excessive reactive oxygen species (ROS) and side
reactions with CuAAC (Besanceney-Webler et al., 2011; Wang
et al., 2011), we speculated that although the original CC-
ABPP protocol using 1-mM CuSO,4 and the first-generation
ligand TBTA vyields satisfactory results in homogenized sys-
tems (Figure S1C), the high concentration of Cu?* may lead
to significant side reactions in intact tissues. We thus
compared a range of newer generation ligands that allow
lower concentration of Cu®*. THPTA, BTTPA, and BTTP (Li
and Zhang, 2016) significantly eliminated the background
signal in vehicle-treated samples (Figures 1B and S1C).
Furthermore, BTTP resulted in weak but distinct membrane-
like signals in PF7845-yne treated tissue using only 50-uM
CuSO, (Figure 1B). By gradually increasing Cu®* concentra-
tion, we found that 150-uM CuSOQO, resulted in robust fluores-
cent labeling with minimal background staining in controls
(Figures 1B and S1D). As expected, fluorescent labeling was
strictly dependent on the presence of each component of
the CuAAC reaction (Figures S1E and S1F). Importantly,
rendering tissues optically transparent using reflective index
matching alone was not sufficient to generate a satisfactory
SNR, suggesting that the delipidation associated with tissue
clearing was necessary to facilitate in situ CuUAAC labeling
(Figures 1C and 1D). Similar results were achieved with
different drug delivery routes including oral and subcutaneous
(Figures S1G-S1l) and in non-brain peripheral tissues (Fig-
ure S1J). Other common tissue clearing methods, including
SHIELD (Park et al., 2018), DISCOs (Erturk et al., 2012; Qi
et al., 2019; Renier et al., 2014), and clear, unobstructed
brain/body imaging cocktails and computational analysis
(CUBIC) 3.0 (Tainaka et al., 2018), all yielded similar labeling
profiles after in situ click reactions (Figure 1E). For simplicity,
we chose to adopt a combination of CLARITY, 150 uM
CuSOQ,, and 300 uM BTTP in our standard CATCH protocol
for all subsequent experiments.

Figure 1. High-resolution drug mapping via CATCH

(A) Schematic of drug mapping pipeline. After drug administration (1 mg/kg PF7845-yne, 4 hi.p.), unbound drug molecule is washed off by whole body perfusion,
and target-bound drug is retained in tissue. Lipids are removed by tissue clearing. Cleared tissue is then subject to click reaction to label drug with a fluorophore.
Labeled tissue can be further stained by antibodies or mRNA probes before imaging acquisition.

(B) Click reaction ligand optimization with CLARITY

brain sections. TBTA is 90 uM. For all the other ligands, copper ligand ratio is 1:2. Reaction under CC-ABPP conditions (TBTA) generates high background in

vehicle control. Images represent S1. Scale bars, 20 um.
(C) Click reaction in PFA or CLARITY

sections, with RapiClear (Rl 1.45) or 80% glycerol (Rl 1.44) as Rl matching media. Zoomed-in regions of interests (ROIs) highlight cellular drug-positive structures.

Images represent S1. Scale bars, 20 um.
(D) Signal profile along the dashed line in (C) of PFA fixed and CLARITY

cleared tissue in RapiClear or 80% glycerol as RI matching media. Arrows indicate signal peaks and their corresponding location on the line. Signal intensity
normalized to the average intensity of all the values in the same measurement. n = 4 cells analyzed in each condition, error bar indicates SD.

(E) CATCH labeling

in PFA fixed and cleared tissues. CATCH is compatible with all five clearing techniques. Cleared tissues are rehydrated and immersed in RapiClear for RI match-

ing. Images represent S1. Scale bars, 20 um.
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Figure 2. CATCH specificity validation

PF7845-yne

PF7845-yne PF7845-yne

(A) Schematic of non-alkyne PF7845 drug pretreatment test. After injection of parental PF7845 (1 mg/kg, 4 h i.p.), the target enzyme FAAH is blocked and no
longer accessible to subsequent injection of PF7845-yne (1 mg/kg, 4 hi.p.).

(B) Pretreatment test drug labeling in hippocampus dentate gyrus (DG). No alkyne drug labeling observed in PF7845 pretreatment group. Scale bars, 50 um.
(C) Quantification of fluorescence intensity across different brains regions. Intensity is normalized to the vehicle samples in each region. No significant difference
between vehicle and PF pretreatment groups. n = 5 mice for each condition (two-way ANOVA, Tukey multiple comparisons test). M1, primary motor cortex; S2,
secondary somatosensory cortex; Pir, piriform cortex; CA1, hippocampus CA1; BLA, basolateral amygdaloid nucleus; V1, primary visual cortex; V2, secondary
visual cortex; AuD, secondary auditory cortex, dorsal area; AuV, secondary auditory cortex, ventral area; PMCo, posteromedial cortical amygdaloid nucleus.
(D) Schematic of PF7845-yne injection in FAAH—/— mice (1 mg/kg, 4 h i.p.). The absence of target enzyme should prevent PF7845-yne binding.

(E and F) PF7845-yne mapping specificity test in FAAH—/— mice. Images taken in DG. FAAH expression validated by both FAAH immunostaining (E) and mRNA in
situ hybridization chain reaction (HCR, F). No alkyne drug labeling observed in FAAH—/— mice. HCR requires high magnification (40 x) to be resolved. Scale bars:

50 pum for immunostaining (E) and 5 um for HCR (F).
Data points represent mean + SD. ns: not significant; ***p < 0.0001.

We next sought to determine whether CATCH signals were
specific to in vivo PF7845-yne engagement of FAAH by first
performing a pharmacological blocking experiment (Figure 2A).
Pretreatment with the parent compound PF7845 completely
abolished PF7845-yne-generated CATCH signals across
the brain (Figures 2B, 2C, and S2A). We also compared
PF7845-yne CATCH signals in wild-type (FAAH+/+) mice with
FAAH—/— mice (Figure 2D). In wild-type mice, robust PF7845-
yne labeling was observed throughout the brain that showed
high overlap with FAAH immunostaining and mRNA hybridiza-
tion chain reaction (Choi et al., 2018; Sylwestrak et al., 2016)
(Figures 2E, 2F, S2B, and S2C). In contrast, negligible PF7845-
yne signals were detected in FAAH—/— mice (Figures S2B and
S2C). Taken together, pharmacological and genetic results
demonstrated that CATCH could visualize target engagement
with high specificity in tissues from drug-treated mice. In addi-
tion, we demonstrated drug binding can be visualized in large tis-
sue volume for 3D characterizations (Figures S2D and S2E).

4 Cell 185, 1-13, May 12, 2022

CATCH reveals brain-wide drug-target interactions and
detects rare targets

Having verified the ability of CATCH to detect interactions be-
tween PF7845-yne and FAAH, we evaluated its broader utility
by investigating two other covalent drug-target combinations:
the structurally distinct FAAH inhibitor BIA-10-2474 (Kiss et al.,
2018) and the monoamine oxidase (MAOQ) inhibitor pargyline
(Krysiak et al., 2012) (Figure S3A). Similar to PF7845, BIA10-
2474 has a urea backbone and inhibits FAAH via a nucleophilic
substitution reaction with its active serine residue (Kiss et al.,
2018). In contrast, pargyline inhibits MAO by forming a
covalent adduct via an oxidation-addition reaction (Krysiak
etal., 2012). Alkyne analogs of both drugs have been developed
in previous studies (Figures 3A and S3A) (Huang et al., 2019;
Krysiak et al., 2012). CATCH imaging revealed similar
labeling patterns following in vivo administration of PF7845-yne
and BIA10-2474-yne, characterized by strong signals in the
neocortex, thalamus, and hippocampus (Figure 3B). In contrast,
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Figure 3. Visualization of brain-wide drug binding
(A) Chemical structures of PF7845-yne, BIA10-2474-yne, and pargyline-yne.

1 2 3

FAAH immunostaining intensity

vi. Pons

iv. Thalamus v. Hypothalamus

(B) Sagittal view of FAAH expression with PF7845-yne (1 mg/kg, 4 hi.p.), BIA10-2474-yne (1 mg/kg, 4 hi.p.), and pargyline-yne (20 mg/kg, 4 hi.p.) drug mapping.

Scale bars, 1 mm.

(C-E) Quantification of pixel-wise FAAH immunostaining intensity with PF7845-yne (C), BIA10-2474-yne (D), and pargyline-yne (E) labeling intensity. Simple linear

regression with R-squared values quantified.

(F) Zoomed-in view of Figure 2A. Images represent orbital cortex (OC), S1, CA1, thalamus, hypothalamus, and pons. White color indicates overlapping signal of

FAAH immunostaining and drug labeling. Scale bars, 50 pm.

pargyline-yne administration resulted in a distinct pattern of
labeling that was enriched in hypothalamus, pons, and lateral
ventricles (Figure 3B). CATCH permitted immunostaining of
FAAH after CUAAC reaction, confirming that PF7845-yne and
BIA10-2474-yne signals are predominantly associated with
FAAH. No such correlation was observed in pargyline-yne-

treated animals (Figures 3C-3E). On the contrary, MAO-A stain-
ing revealed no correlation for PF7845-yne but better correlation
for pargyline-yne (Figures S3B-S3D). Imaging at higher resolu-
tion revealed that the FAAH inhibitors primarily targeted
neuron-like structures in the neocortex and hippocampus.
Conversely, pargyline-yne was predominantly bound to
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(A) Schematics of brain regions studied in (B), (C), and Figure S4. IG, indusium griseum; Cg, cingulate cortex; CA3, hippocampus CA3; HPY, hypothalamus; VPM,

ventral posteromedial thalamic nucleus.
(B and C) PF7845-yne (5 mg/kg, 4 hi.p.), BIA10-2474 (5 mg/kg, 4 hi.p.), and pargyline-yne (20 mg/kg, 4 h i.p.) labeled tissue co-stained with NeuN for neuron
(B) and lectin for blood vessels (C). Scale bars, 10 um. Images represent S1, Cg, CA3, BLA, and pons.

Pargyline in pons
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vasculature-like structures throughout the brain, with the excep-
tion of sparse but specific labeling of neuron-like structures in the
hypothalamus and pons (Figure 3F).

Unanticipated toxicity of BIA-10-2474 has been reported in
humans, likely due to greater off-target activity compared with
PF7845 (Kerbrat et al., 2016; Van Esbroeck et al., 2017). Accord-
ingly, we observed a lower correlation between FAAH expres-
sion and BIA-10-2474-yne CATCH labeling than PF7845-yne
(Figures 3C and 3D). Furthermore, although the majority of
PF7845-yne and BIA-10-2474-yne CATCH signal was abolished
in FAAH—/— mice, including in the S1, CA1, and periaqueductal
gray (PAG), surprisingly, some BIA-10-2474-yne labeling re-
mained in the reticulotegmental nucleus of the pons (RtTg)
(Figures S3E and S3F). These data indicated that BIA10-2474-
yne binds to off-target sites in the RtTg and also demonstrated
the ability of CATCH to uncover drug targets at cellular
resolution.

CATCH can be multiplexed with fluorescent labeling to
identify target cell types

Understanding the cell types affected by drug treatment in vivo is
critical for accurately interpreting pharmacological mechanism of
action, particularly for drugs targeting the CNS, which harbors
diverse neural substrates and cell types. Having established
that CATCH can visualize drug targets with single-cell resolution,
we investigated whether it could be combined with molecular
markers of cell identity to characterize and register cellular target
identities. We postulated that the adaptation of stable polyacryl-
amide hydrogel network in CATCH would enable multiple rounds
of reversible antibody and dye staining following the CuAAC reac-
tion and tested this hypothesis by immunostaining for the pan-
neuronal marker NeuN following treatment with PF7845-yne,
BIA10-2474-yne, and pargyline-yne. In accordance with previous
reports (Egertova et al., 2003), we observed that PF7845-yne and
BIA10-2474-yne were primarily associated with NeuN+ neurons
in the neocortex, hippocampus, and amygdala and pargyline-
yne with lectin+ blood vessels (Figures 4A-4C, S4A, and S4B).
Furthermore, the resolving power of CATCH enabled the detec-
tion of a small but bright population of NeuN+ hypothalamic neu-
rons targeted by pargyline-yne (Figure S4A). Further cell-type
characterization revealed that in cortex, PF7845-yne binds to
Ctip2+ projecting neurons (DeNardo et al., 2015), but not astro-
cytes nor inhibitory neurons (Figures S4C-S4F). Meanwhile, in hy-
pothalamus, pargyline-yne targets a subset of VGAT+ inhibitory
neurons that are negative for parvalbumin or somatostatin
(Figures S4G-S4J).

Even more surprising was the discovery of a small group of
neuron-like structures in the pons that were NeuN negative but
targeted by pargyline-yne (Figure 4B). Based on MAO gene
expression data from the Allen Brain Atlas, we wondered
whether these cells represented noradrenergic (NA) neurons in
the locus coeruleus (LC) of the pons (Figures S4K-S4M), which
are commonly identified by tyrosine hydroxylase (TH) staining
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(Schmidt et al., 2019). We tested this by stripping off NeuN im-
munostaining from the brain sections and re-staining with a TH
antibody on the same sample (Figure 4D). CATCH signals result-
ing from the CUAAC conjugation of Alexa647 were resistant to
the high temperature and SDS elution protocol used to remove
NeuN staining and revealed colocalization of pargyline-yne and
TH in the same cells (Figure 4E). Thus, our experiment identified
that NeuN-negative, pargyline-yne-positive cells were LC-NA
neurons and demonstrated that CATCH could support sequen-
tial rounds of drug targeted cell-type identification.

CATCH can reveal drug binding at subcellular resolution
We next asked whether CATCH could image drug-target inter-
actions in subcellular compartments in tissue. To this end, we
targeted monoacylglycerol lipase (MAGL), a key enzyme
involved in terminating the signaling function of endocannabi-
noid 2-archidonoylglycerol (2-AG) (Di Marzo, 2018), using a
well-characterized alkyne analog of the MAGL inhibitor
MJN110 (Figure S5A) (Chang et al., 2013; Niphakis et al.,
2013). We confirmed the specificity of MJUN110-yne signals
generated by CATCH using both pharmacological pretreatment
of the parent compound MJN110 and MAGL—/— mice (Schlos-
burg et al., 2010) (Figures S5B and S5C).

As previously reported, we found that MJN110-yne selectively
engaged MAGL at 1 mg/kg and showed substantial off-target
engagement of FAAH at 20 mg/kg in-gel-based CC-ABPP of
whole-brain lysates (Figure 5A). Because MAGL is restricted in
localization to presynaptic axonal terminals, whereas FAAH is
expressed in neuronal soma (Gulyas et al., 2004), we sought to
determine whether CATCH could detect on- and off-target
MJN110-yne binding across subcellular compartments (Fig-
ure 5B). We focused on the well-characterized CA3 to CA1 projec-
tion in the hippocampus as it allowed us to observe both axon
terminals and soma in the same field of view (Figure 5C). As ex-
pected, we observed an overall higher fluorescence intensity in
the hippocampus treated with 20 mg/kg MJUN110-yne (Figure 5D).
Higher resolution imaging combined with synapsin and microtu-
bule-associated protein 2 (MAP2) immunostaining revealed that
MJN110-yne signal was restricted to synapsin-positive axon ter-
minals at a low dose (1 mg/kg) and spread to the neuronal soma
at the high dose (20 mg/kg), as indicated by the overlap of
MJN110-yne and MAP2 fluorescence signals (Figures 5E, 5F,
S5D, and S5E). Pre-treating animals with PF7845 significantly
suppressed MJUN110-yne binding in the soma, but not axon termi-
nals (Figures 5G, 5H, S5F, and S5G), indicating that these signals
originated from the off-target FAAH binding and on-target MAGL
binding, respectively. It is possible that the residual soma fluores-
cence observed in PF7845-pretreated mice reflects MUN110-yne
engagement of an alternative 2-AG hydrolase, alpha/beta-hydro-
lase domain containing 6 (ABHD®), which is known to cross-reacts
with MUN110 and also localized to neuronal soma (Cao et al.,
2019; Chang et al., 2013). These data thus demonstrate that

(D) Schematic of reversible marker identification. After click reaction and primary antibody staining, bound antibody is washed off by 8% PBS-SDS at 60°C for

secondary staining.

(E) Registered pargyline-positive, NeuN-negative cells re-stained for TH to map NA neurons. Scale bars, 10 pm.
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Figure 5. Visualization of MJUN110-yne bind-
ing in different subcellular compartments
(A) In-gel click chemistry ABPP characterization of
T — MJN110-yne binding in brain membrane prote-
ome with ascending doses (4 hi.p.).

(B) Schematic of subcellular localization of MAGL
and FAAH. MJN110-yne binds to FAAH at high
dose, which can be potentially blocked by PF7845
pretreatment.

(C) Schematic of projections from CA3 pyramidal
neurons CA1 pyramidal neurons.

(D) Zoomed-out views of hippocampus at low
resolution (10x, 0.6 NA, 2.49 um/pixel) indicating
overall drug-binding profiles at low and high dose.
Scale bars, 200 um.

(E) High-resolution (40x, 1.28 NA, 0.155 pm/pixel)

Postsynaptic

whole hippocampus CA3 soma

CA1 synapse

imaging of hippocampus CA3 and CA1. Soma and

MAP2

O CA1 synapse

w

"

-

Synapsin

presynaptic terminals marked by MAP2 and syn-
apsin, respectively. Zoomed-in image of MAP2
and synapsin-positive pixels are highlighted in the
box. Scale bars, 10 pm.

(F) Quantification of ratios between soma and
presynaptic terminal fluorescence intensities. Ra-
tios were calculated based on the mean 1-mg/kg
local presynaptic terminal intensities. n = 3 mice
for each group; two fields of view generated from
each mouse (two-tailed unpaired Mann-Whitney
test).

(G) MJUN110-yne (20 mg/kg, 4 h i.p.) staining after
pretreatment with PF7845 (1 mg/kg, 4 h i.p.) to
block FAAH. Figures showing CA3 soma and
CA1 presynaptic terminals with zoom-ins for
MAP2 and synapsin-positive pixels.

(H) Quantification of ratios between CA3 soma and
CA1 presynaptic terminal intensities. Ratios were
calculated based on the mean intensity of no pre-
treatment samples in each region. n = 3 mice for
each group, three fields of view generated from
each mouse (two-tailed unpaired Mann-Whitney

test).

Ratio of labeling intensity
H

1mgkg  20mgig
MINT10-me (4 h,ip.)

X

03 20 mglkg MIN110-yne
O PF7845 pretreatment

Ratio of labaling intensity
e
=

e
-

CA3soma CA1synapse

CATCH can visualize drug binding to different protein targets at
subcellular resolution.

CATCH can measure dose-dependent drug-target
engagement

We next tested if CATCH can be used to resolve dose-dependent
in vivo target engagement. For such quantitative applications, it is
important to recognize that for any drug, it is possible that alkyne
modification could alter its pharmacokinetic (PK) properties, such
as drug distribution and half-life. This could lead to CATCH label-
ing patterns that do not reflect the parent drug. Thus, we deter-
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Data points represent mean + SD. ns: not signifi-
cant; **p < 0.01; ***p < 0.0001.

mined PK properties of both the FAAH
and MAGL probes, which showed mini-
mal differences between the parent com-
pounds and alkyne probes in terms of
brain permeability (Figure S6A) and distri-
bution (Figure S6B) but altered in vivo half-
lives (Figures S6C and S6D). Therefore,
we devised an inverse-labeling method to examine the distribu-
tion of CATCH probes for visualizing dose-dependency of drug-
target interactions in vivo. In this competitive CATCH approach,
animals are first treated with a dose range of the parental
drugs, followed by a single high dose of the alkyne probes. The
dose-dependent target engagement by the parental drug can
be recorded based on the competitive blockade of signal in an
anatomically specific manner (Figure 6A).

We treated mice with 0.01-1 mg/kg of parental PF7845 fol-
lowed by 1 mg/kg PF7845-yne probe to readout the dose-
dependent brain targets of PF7845 by competitive CATCH
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Figure 6. Visualization of dose-dependent PF7845 binding profiles

(A) Schematics for dose-dependent in vivo blocking studies. At low dose, parental drug does not fully block target, leaving space for subsequent alkyne drug
binding. At high dose, parental drug saturates target, thereby abolishing alkyne drug binding.

(B) Zoomed-out views of PF7845 blocking at indicated dose followed by PF7845-yne injection (1 mg/kg, 1 hi.p.) in hippocampus and cortex. Scale bars, 500 pm.
(C and D) Quantification of fluorescence intensity upon dose-dependent PF7845 blocking in S1 (C) and CA1 (D). Signal normalized to the mean intensity of
samples blocked by 0.01 mg/kg PF7845. n = 3 mice for each condition, two field of views from each mouse (one-way ANOVA, Tukey multiple comparisons test).
(E) Zoomed-in views from samples blocked by 0.01 and 0.02 mg/kg PF7845. Samples were co-stained with lectin to visualize blood vessels. Images represent
CA1. Dashed line indicates low drug-binding regions. Scale bars, 40 um.

(F) Quantification of fluorescence intensity in hippocampus CA1 at different distance to the nearest blood vessel. Intensity normalized to pixels within 15-20 um to
blood vessel. n = 3 mice for each condition. Error bar indicates SD (one-way ANOVA in each dose).

(G) Schematics for dose-dependent direct alkyne drug mapping. Higher target saturation should associate with higher CATCH labeling

intensity.

(H) Zoomed-out view of PF7845-yne binding dynamics in hippocampus and cortex (4 h i.p.). Scale bars, 500 pm.

(legend continued on next page)
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(Figures S6E-S6G). Consistent with previous in-gel analysis
(Niphakis et al., 2012), no target binding was detected across
the brain at 0.01 mg/kg by CATCH whereas full FAAH inhibi-
tion was achieved at 0.05 mg/kg or higher (Figures S2A and
S6G-S6J). Interestingly, we found that, at an intermediary
dose (0.02 mg/kg), FAAH was fully inhibited in the cortex but
not in the hippocampus (Figures 6B-6D and S6K). Specifically,
a non-homogeneous, stripe-like pattern was observed in the
hippocampal CA1 pyramidal cell layer (Figure 6E) and DG
granular cell layer (Figure S6L), suggesting sub-maximal
drug engagement in these regions. Next, we stained brain
sections with lectin to mark vasculature structures, which re-
vealed that regions with low probe intensity (i.e., cells pre-
blocked by the parental PF7845) were associated with tres-
passing blood vessels (Figures 6E, 6F, S6L, and S6M).
Conversely, when an intermediary dose of alkyne PF7845-
yne was directly visualized by CATCH (Figures 6G-6J and
S6N), we observed a mirrored intensity pattern where higher
probe intensity was in proximity with the vasculature
(Figures 6K, 6L, S60, and S6P).

Together, both competitive and direct labeling suggested
that PF7845-FAAH interactions at intermediary doses might
be limited by the distance between FAAH-expressing neurons
and surrounding capillaries (Figures 6E-6L and S6L-S6P). This
would effectively create a drug gradient that results in sub-
maximal engagement in neurons more distal to the vascula-
ture. This heterogeneous distribution is unique to the hippo-
campus, suggesting that it might be attributed to particularly
high levels of FAAH expression (Egertova et al., 2003) or
relatively low vasculature volume in this region (Perosa
et al., 2020).

Finally, as covalent inhibitors typically process prolonged
target engagement (Ghosh et al., 2019), we found sustained
FAAH blockage to competitive probe binding even 24 h after
PF7845 administration (Figures S6Q-S6T). Collectively, by com-
plementing competitive and direct labeling strategies, CATCH
can reveal dose-dependent, quantitative target engagement
across heterogeneous brain regions that are not easily acces-
sible by traditional lysate-based methods.

DISCUSSION

We have developed a new method to visualize in vivo covalent
drug-target interactions at subcellular resolution in intact tissue,
in which the native anatomical and molecular features are pre-
served. Measuring target engagement of small molecules is
critical for developing chemical probes and drugs, but existing
biochemical methods are largely limited to cellular systems and
tissue lysates. As we have shown herein, however, regional and
cellular differences in drug-target interactions can be obscured

Cell

in tissue lysates, especially if different areas of a complex organ
type like the brain are subject to distinct drug exposure due to,
for instance, variable proximity to vasculature structures (Fig-
ure 6), or if rare cell types harbor the majority of drug targets
(Figures 3, S3, and S4). Such parameters are crucial for our un-
derstanding and optimization of drug efficacy and toxicity. For
example, target cell types (Figure 4) identified from in vivo
CATCH could guide the selection of relevant cell lines for
in vitro compound optimization; conversely, CATCH can be
used to screen against lead compounds prone to be enriched
in brain regions or cell types associated with adverse side ef-
fects (Figure S3F). Additionally, CATCH can also complement
and augment the information gleaned from other biochemical
and imaging methods, so that target distribution and engage-
ment can be coordinately measured, interpreted, and
optimized.

Here, we focused our method development on enabling click
chemistry-based imaging of well-validated alkyne-modified
drugs. For future CATCH applications, it would be pivotal to
acquire high quality alkyne probes designed for the drug of in-
terest. First, CATCH requires alkyne probes to enter the same
organs as the parent drugs, so bulk tissue distributions of
probes should be validated as resembling those of the parent
compounds prior to use. Additionally, the probes should retain
similar target-binding potency and specificity on the protein
target as the parental drugs, which needs to be individually
verified by biochemical approaches such as in-gel or mass-
spectrometry-based ABPP (Pichler et al., 2016) or label-free as-
says to identify targets with shifted thermal, proteolytic, or
chemical stability (Ha et al., 2021). As a routine part of the
workflow, competitive CATCH should be done to ensure an in-
versed signal at intermediate parental drug doses and a full
blockage at high dose, before analyzing a direct CATCH assay.
However, it seems less critical that the alkyne probes directly
match the parent drugs in terms of in vivo PK properties, as
the competitive CATCH protocol described herein should
enable visualization of parent drug engagement across ranges
of both dose and time, assuming the alkyne probes can be
administered at a dose that fully engages the target(s) of the
parent drug.

In summary, by bringing unprecedented resolving power to
small-molecule drug-target imaging in situ, we believe that
CATCH offers a valuable tool for both drug discovery and basic
chemical biology research.

Limitations of the study

Currently, CATCH is focused on covalent drugs. Although
once sidelined by the pharmaceutical industry, covalent
inhibitors have a long history in medicine (e.g., aspirin and
penicillin) and are regaining recognition due to recent

(I and J) Quantification of fluorescence intensity of drug binding in S1 (I) and CA1 (J). Signal normalized to the mean intensity of the vehicle control. n = 5 mice for

each condition (one-way ANOVA, Tukey multiple comparisons test).

(K) PF7845-yne co-staining with lectin to visualize blood vessels. Images represent CA1. Dashed line indicates high drug-binding regions. Scale bars, 40 um.
(L) Quantification of fluorescence intensity in hippocampus CA1 at different distances to the nearest blood vessel. Intensity normalized to pixels within 5 pm to
blood vessel. n = 3 mice for each condition. Error bar indicates SD (one-way ANOVA in each dose).

Data points represent mean + SD. ns: not significant; **p < 0.01; ***p < 0.0001.
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breakthrough medicines that irreversibly inhibit BTK (Bruton’s
tyrosine kinase) (Brullo et al., 2021; Byrd et al., 2013), EGFR
(epidermal growth factor receptor), (Lu et al., 2022; Miller
et al.,, 2012), and KRAS (Kirsten rat sarcoma virus), (Canon
et al.,, 2019; Hong et al., 2020) for cancer therapies. CATCH
has the potential to greatly accelerate our understanding and
refinement of these exciting new covalent drugs by providing
access to their cellular targets in vivo. Meanwhile, we foresee
that non-covalent drug binding can be potentially retained and
visualized using clickable, photoreactive analogs (Li et al.,
2015) or using a linker to crosslink drugs with the adjacent
protein moieties (Yang et al., 2018; Zheng et al., 2019) through
future studies. Finally, as the first step toward volumetric in
situ drug imaging, we demonstrated that CATCH could be
applied in thick brain sections (~500 pm). Expanding this ca-
pacity to whole brain, or even whole animal, would represent
another technical milestone to allow unbiased screen drug tar-
gets across different tissue and cell types. However, scaling
up homogeneous labeling to large tissues remains a general
challenge for staining and in-situ-based methods (Choi et al.,
2021). Continued optimization for reaction and clearing condi-
tions would be needed to reach this goal.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-FAAH Abcam Cat#ab54615; RRID: AB_2101890
anti-NeuN Thermo Scientific Cat#PA5-78639; RRID: AB_2736207
anti-GAD67 Sigma Aldrich Cat#MAB5406; RRID: AB_2278725
DyLight 488 lectin Vector Laboratories Cat#DL-1174; RRID: AB_2336404
anti-Ctip2 Abcam Cat#ab18465; RRID: AB_2064130
anti-MAP2 Cell Signaling Technology Cat#8707T; RRID: AB_2722660
anti-Synapsin Cell Signaling Technology Cat#5297T; RRID: AB_2616578
anti-TH Abcam Cat#ab76442; RRID: AB_1524535
anti-PV Abcam Cat#11427; RRID: AB_298032
anti-MAO-A Proteintech Cat#10539-1-AP; RRID: AB_2137251

Alexa Fluor 488 F(ab’)2 Fragment Donkey anti-
Mouse IgG

Alexa Fluor 488 F(ab’)2 Fragment Donkey anti-
Rabbit IgG

Alexa Fluor 488 F(ab’)2 Fragment Donkey anti-Rat IgG

Alexa Fluor 488 F(ab’)2 Fragment Donkey anti-
Chicken IgG

Jackson Immuno Research

Jackson Immuno Research

Jackson Immuno Research

Jackson Immuno Research

Cat#715-546-150; RRID:AB_2340849

Cat#711-546-152; RRID:AB_2340619

Cat#712-546-153; RRID:AB_2340686
Cat#703-546-155; RRID:AB_2340376

Chemicals, peptides, and recombinant proteins

AF647-picoly azide
5-TAMRA azide

TBTA

THPTA

BTTAA

BTTP

DMSO

t-BuOH

Copper sulfate

Sodium ascorbate
TCEP

PF7845

PF7845-yne
BIA10-2474
BIA10-2474-yne
Pargyline

Pargyline-yne

MJN110

MJN110-yne

Yeast tRNA

Deionized formamide
HCR probe hybridization buffer
HCR probe washing buffer
HCR amplification buffer
DAPI

RapiClear, Rl 1.45
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Click Chemistry Tools

Click Chemistry Tools

TCI chemicals

Sigma Aldrich

Click Chemistry Tools

Click Chemistry Tools
Sigma-Aldrich
Sigma-Aldrich

Sigma Aldrich

Sigma Aldrich

VWR

Cayman Chemical Company
Niphakis et al., 2012
Cayman Chemical Company
Huang et al., 2019

Sigma Aldrich

Krysiak et al., 2012

Cayman Chemical Company
Chang et al., 2013

Thermo Fisher Scientific
Millipore Sigma

Molecular Instruments
Molecular Instruments
Molecular Instruments
Sigma-Aldrich

Sunjin Lab

Cat#1300-5

Cat#1245-1

Cat#T72993; CAS#510758-28-8
Cat#762342; CAS#760952-88-3
Cat#1236-100; CAS#1334179-85-9
Cat#1414-100; CAS#1334179-85-9
Cat#D8418; CAS#67-68-5
Cat#360538; CAS#75-60-5
Cat#C1297; CAS#7758-98-7
Cat#A4034; CAS#134-03-2
Cat#103051-744; CAS#51805-45-9
Cat#19306; CAS#1020315-31-4
N/A

Cat#23157; CAS#1233855-46-3
N/A

Cat#M74253; CAS#555-57-7

N/A

Cat#17583; CAS#1438416-21-7
N/A

Cat#15-401-029

Cat#S4117

N/A

N/A

N/A

Cat#D9542; CAS#28718-90-3
Cat#RCCS005

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
30% Acrylamide/Bis Solution, 37.5:1 Bio-Rad Cat#1610159
Ammonium Persulfate (APS) Bio-Rad Cat#1610700
Temed Bio-Rad Cat#1610800
4x Laemmli Sample Buffer Bio-Rad Cat#1610747
40% acrylamide solution Bio-Rad Cat#1610140
2% Bis Solution Bio-Rad Cat#1610142

EMS 32% Paraformaldehyde Aqueous Solution
VA-044

EMS Perfusion Fixative Reagent (4% PFA)
SHIELD-ON solution

SHIELD BUFFER solution

SHIELD epoxy solution

N-butyldiethanolamine

Electron Microscopy Sciences
Fisher Scientific

Fisher Scientific

LifeCanvas Technologies
LifeCanvas Technologies
LifeCanvas Technologies
Sigma Aldrich

Cat#15714-S

Cat#NC0632395; CAS#27776-21-2
Cat#5033441

N/A

N/A

N/A

Cat#471240; CAS# 102-79-4

Critical commercial assays

Pierce™ BCA® Protein Assay Kits Thermo Scientific Cat#23227

Experimental models: Organisms/strains

Mouse: C57BL6J Jackson Laboratory #000664

Mouse: FAAH-/- Benjamin Cravatt lab N/A
(Cravatt et al., 2001)

Mouse: MAGL-/- Benjamin Cravatt lab N/A
(Schlosburg et al., 2010)

Mouse: Vgat-ires-cre Jackson Laboratory #016962

Mouse: Ai14 Jackson Laboratory #007908

Oligonucleotides

FAAH HCR probe Molecular Instrument N/A

SST B2 HCR probe IDT (Sylwestrak et al., 2016) N/A

Alexa Fluor 488 HCR B2 hairpin Molecular Instrument N/A

Alexa Fluor 488 HCR B1 hairpin Molecular Instrument N/A

Software and algorithms

Fiji-lImageJ

PrismX9

BioRender

Imaris9.2.1

Masshunter Quantitative Analysis software

Fiji

Graphpad

BioRender

OXFORD INSTRUMENTS
Agilent Technology

https://imagej.net/software/fiji/
https://www.graphpad.com/
https://app.biorender.com/
https://imaris.oxinst.com/

https://www.agilent.com/en/product/
software-informatics/mass-spectrometry-
software

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Li Ye (liye@

scripps.edu).

Materials availability

All unique/stable reagents generated in this study are available from the lead contact with a completed materials transfer agreement.

Data and code availability

® Microscope data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

@ Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse model

Mice were group-housed on a 12-hr light dark cycle and fed a standard rodent chow diet. Both male and female, 6-9-week-old WT
C57BL6J, FAAH-/- (Cravatt et al., 2001), MAGL-/- (Schlosburg et al., 2010) and VGAT-Ai14 mice were used. VGAT-Ai14 mice
were obtained by crossing VGAT-ires-cre mice with Ai14 mice. All experimental protocols were approved by the Scripps Research
Institute Institutional Animal Care and Use Committee and were in accordance with the guidelines from the NIH.

METHOD DETAILS

Sample collection

Inhibitors were administered to mice in a vehicle of 10% DMSO, 2% Tween-80 in saline for intraperitoneal (i.p.) injections. After drug
injection at designated dose and time, mice were heavily anesthetized with isoflurane and then transcardially perfused with ice cold
PBS followed by ice cold 4% PFA in PBS with sucrose. Mouse brains or other peripheral tissues were then dissected out and post
fixed in 4% PFA overnight at 4°C. Tissues were washed with PBS, embedded in 2% agarose and sectioned as 100-micron or
500-micron tissue sections by vibratome (Leica VT1000S). Tissue sections were stored in PBS with 0.02% sodium azide at 4°C
for further processing.

For in gel ABPP analysis, after anesthetizing, mice were decapitated and target tissues were harvested and flash frozen in liquid N»
without perfusion or fixation. Each mouse hemisphere and liver were washed with ice cold PBS oniice (2 x 1 mL) to remove excessive
blood. Tissues were homogenized in 1 mL PBS and sonicated for 10 min in ice cold water. Tissues were centrifuged (1000 g, 10 min,
4°C) and supernatant was then centrifuged at high speed (100,000 g, 45 min, 4°C). Supernatant was discarded and remaining pellets
were gently washed with ice cold PBS (2 x 0.5 mL). Pellets were resuspended by gentle pipetting and protein concentrations were
quantified by the Bio-Rad DC Protein Assay Kit. Proteomes were then diluted to 1.0 mg/kg forimmediate use or aliquoted and stored
at -80°C.

For quantitative PK studies, at each collection timepoint (1 h, 2 h, 4 h, and 24 h), blood was collected by cardiac puncture into EDTA
microtubes and mixed. Exactly 100 pL of blood was added to 400 pL of ice-cold acetonitrile to immediately inactivate blood esterase
activity. Mice were then perfused using ice-cold PBS for 2 minutes at 5 mL/min until perfusate ran clear. The brain was collected in
four sections (forebrain, cerebellum, brainstem, and backup forebrain) and snap frozen in liquid nitrogen. All acetonitrile-extracted
blood samples were centrifuged at 17,000 x G for 3 minutes and the supernatant was transferred to new tube and frozen at
—80 °C until bioanalysis.

In gel click chemistry ABPP assay

Click chemistry labeling of alkyne inhibitors was performed as previously reported (Niphakis et al., 2012). Click reaction buffer was
prepared by mixing CuSO,4 (50 mM in H,0, 1.0 ul/reaction), TBTA (1.7 mM in 1:4 DMSO/t-BuOH, 3.0 uL/reaction), freshly prepared
TCEP (50 mM in H,0, 1.0 ul/reaction) and 5-TAMRA azide (1.25 mM in DMSO, 1.0 pL/reaction). For every 50 uL tissue proteome
(1.0 mg/kg), 6 uL click buffer was added. Reaction mixture was gently mixed and kept in a dark drawer for 1 hour at RT. Reactions
were quenched by addition of SDS loading buffer (4x, 18 uL) and run on SDS-PAGE.

Tissue clearing

CLARITY

PFA fixed tissues were incubated in A1P4 hydrogel (1% acrylamide, 0.125% Bis, 4% PFA, 0.025% VA-044 initiator (w/v), in 1X PBS at
4°C for CLARITY embedding as previously published (Sylwestrak et al., 2016). Samples were kept overnight with gentle agitation to
allow sufficient monomer diffusion. Samples were flushed with nitrogen and degassed for 15 min at RT. After degassing, samples
were polymerized at 37°C for 4 hours with gentle agitation. Samples were removed from hydrogel and washed with 8% PBS-
SDS (pH=7.0) at 40°C for two days. After clearing, samples were washed with PBST (pH=7.0 with 0.2% Triton-X100, same for the
following) 3 x 10 min at RT to remove residue SDS. Samples were briefly washed with PBS and then stored in PBS with 0.02% sodium
azide at 4°C.

SHIELD

SHIELD processing was carried out as previously reported (Park et al., 2018). Tissue samples were incubated in SHIELD-OFF solu-
tion (25% dH,0, 25% SHIELD BUFFER solution, 50% SHIELD epoxy solution) at 4°C for 1 day with gentle agitation. Samples were
then transferred to an equivalent volume of SHIELD-ON buffer and incubated at 37°C with shaking for 24 hours. Samples were
washed with PBS 3 x 10 min at RT to remove residual SHIELD-ON buffer and then cleared with 8% PBS-SDS (pH=7.0) overnight
at 40°C. Samples were washed with PBST 3 x 10 min at RT to remove residue SDS. Samples were briefly washed with PBS and
then stored in PBS with 0.02% sodium azide at 4°C.

iDIsCcO

iDISCO was adapted from published protocols (Renier et al., 2014). All the washes with organic solvents were carried out at 4°C with
shaking. Fixed samples were washed in 20%, 40%, 60%), 80% methanol in H,0/0.1% Triton X-100/0.3 M glycine (B1N buffer, pH 7),
and then with 100% methanol twice. Samples were then delipidated with 100% dichloromethane (DCM), washed in 100% methanol
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three times, then in 80%, 60%), 40%, 20% methanol in B1N buffer. Each round of wash above was 15 min. Samples were then
washed with PBST 3 x 10 min at RT to remove residue organic solvent. Samples were briefly washed with PBS and then stored
in PBS with 0.02% sodium azide at 4°C.

fDISCO

fDISCO was adapted from published protocols (Qi et al., 2019). Samples were washed at RT with shaking. Fixed samples were
washed in 50%, 70%, 80% tetrahydrofuran (THF) in 25% Quadrol (in 1X PBS to adjust to pH 9), then 100% THF twice. Samples
were delipidated with 100% DCM, then washed with 100% THF three times followed by 80%, 70%, 50% THF. Each round of
wash above was 15 min. Samples were then washed with PBST 3 x 10 min at RT to remove residual organic solvent. Samples
were briefly washed with PBS and then stored in PBS with 0.02% sodium azide at 4°C.

CuBIC3.0

CUBIC protocol was adapted from the recent CUBICS.0 protocol (Tainaka et al., 2018). Samples were cleared with CUBIC-L buffer
(10% wt N-butyldiethanolamine, 10% wt TritonX-100 in dH,O) at 37°C for 4 hours. Samples were then washed with PBST 3 x 10 min
at RT to remove residual detergents. Samples were briefly washed with PBS and then stored in PBS with 0.02% sodium azide at 4°C.

CATCH labeling

For 100-micron sections labeling, the full CATCH reaction buffer contains: 5 uM AF647-picolyl azide, 150 uM CuSQO,, 300 uM BTTP,
2.5 mM sodium ascorbate, and 10% DMSO in PBS. Tissue sections were incubated in click incubation buffer (without sodium
ascorbate) overnight at RT. Tissues were then transferred to newly prepared incubation buffer and 100 mM freshly prepared sodium
ascorbate was subsequently added to initiate the reaction. After 1 hour at RT in the dark with minor agitation, the reaction was
quenched by addition of 4 mM EDTA in PBS (pH=8.0) and samples were washed 3 x 10 min with PBST. After removing click reaction
cocktail, samples were stained by DAPI (1:3000 dilution in PBS from 10 pM stock) for 15 min at RT and would be ready for RI matching
and imaging. They could also undergo further staining for cell type registration. For 500-micron sections, 300 uM CuSO,4 and 600 uM
BTTP were used for incubation and reaction. To achieve full labeling, tissues were incubated at 37°C for 2 days, and underwent
4 rounds of 1 h click reaction at RT.

Immunostaining

Samples were incubated with primary antibodies in PBST overnight at 4°C unless otherwise noted. Samples were then washed with
PBST, 3 x 30 min, RT and transferred to secondary antibodies diluted in PBST. Samples were incubated with secondary antibodies
overnight, RT and washed with PBST 3 x 30 min. For antibody elution, imaged slides were dismounted, and tissues were washed by
8% PBS-SDS (pH=7.0) at 60°C for 8 hours. Samples were then washed by PBST 3 x 10 min at RT to remove residual SDS and could
undergo the next round of staining.

Hybridization Chain Reaction (HCR)

Samples were pre-incubated in probe hybridization buffer for 30 min at 37°C. Samples were then transferred to new probe hybrid-
ization buffer with 16 nM FAAH-B1 or 4 nM SST-B1 probe and incubated overnight at 37°C. Samples were washed by probe washing
buffer at 37°C, 3 x 30 min and then by 5 x SSCT (750 mM NaCl, 75 mM sodium citrate, 0.1% Tween-20 in H,0), 2 x 30 min, RT. Sam-
ples were pre incubated in amplification buffer for 30 min at RT. HCR hairpin was typically stored as 3uM, 12uL aliquots. For every
hairpin aliquot, 4 uL of 20 x SSC (VWR, 10128-690) was added. Hairpins were heated to 95°C for 90 seconds and cooled to RT in a
dark drawer. Hairpins were then added to new ampilification buffer to afford final hairpin concentration of 360 nM. Samples were then
transferred to hairpin containing amplification buffer and incubated overnight at RT. Samples were washed with 5 x SSCT, 3 x 30 min
and would be ready for imaging.

Confocal microscopy

Labeled samples were immersed in Rl matching media (RapiClear, 1.45 Rl), then mounted to a glass microscope slide. Tissues were
then imaged with the Olympus FV3000 confocal microscope with a 10X, 0.6 NA, water immersion objective (XLUMPIanFI, Olympus)
for global characterizations, or a 40X, 1.25 NA, silicone oil immersion (UPlanSApo, Olympus) for detailed cell type, mRNA expression
and subcellular compartment identification.

Drug in vivo concentration analysis

Compound concentration in blood and brain regions (forebrain and brainstem) was determined by LC/MS/MS. Acetonitrile-extracted
blood samples were prepared as described above and the blood calibration curves were made using blood from naive mice
quenched following the same protocol spiked with serial dilutions of the test article, ranging 0.1-5000 ng/mL.

To each frozen brain tissue, 3 volumes (in pL) of ice-cold acetonitrile:water 3:1 (vol:vol) was added by tissue weight (mg) for com-
pound extraction. Tissues were then homogenized for one minute at 30 Hz in a tissue lyser (Tissue Lyser Il, Qiagen) with one stainless
steel bead (5 mm diameter). Samples were incubated on ice for 45 minutes. Afterwards, samples were centrifuged at 2.400xgat4 C
for 15 minutes and supernatants were transferred to another tube. The forebrain and brainstem calibration curves were made using a
brain homogenate from naive mice (extracted following the same protocol than the samples) spiked with serial dilutions of the test
article, ranging 0.1-5000 ng/mL.
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10 pL of the extracts were injected onto an Agilent 1290 UPLC system equipped with a G7120A pumps, a G7129B autosampler and
a G1170A column manager (Agilent Technologies). Chromatographic separation was achieved using an Acquity UPLC BEH C18 Col-
umn (2.1 x50 mm, 1.7 um particle size, 130 A) coupled to an Acquity UPLC BEH C18 Column Guard (2.1 x 5 mm, 1.7 um particle size,
130 A) (Waters Corporation). Mobile Phase A was composed by Water/Acetonitrile 95:5 by vol. and mobile phase B was composed
by Acetonitrile/Water 95:5 by vol. 0.1% formic acid was added to both mobile phases. Gradient started with 0% B that was kept for
0.5 min before being increased linearly to 100% B in 4 min. Afterwards, solvent B was kept at 100% for 1 min, before switching to the
initial conditions in 0.1 min. System was allowed to equilibrate for 1.4 minutes before next sample injection. Flow rate was kept at
0.6 mL/min. Column was heated at 50 °C.

Analytes were quantified using a 6460 triple quadrupole mass spectrometer equipped with an electrospray Jet Stream source
(Agilent Technologies) operated in dynamic multiple reaction monitoring (dMRM) mode. The quantitative and qualitative transitions
for each compound were optimized using the authentic standards in the Optimizer software (Agilent Technologies): MJN110 (Quant:
462.1 » 235, CE=10; Qual: 462.1> 165, CE=45), MJN110-yne (Quant: 452.1 - 225, CE=10; Qual: 452.1-> 189.6, CE=45), PF7845
(Quant: 456.2> 335.1, CE=22; Qual: 456.2> 122, CE=30) and PF7845-yne (Quant: 470.2-> 349.2, CE=18; Qual: 470.2-> 320.2,
CE=30). The following parameters were kept constant for all transitions: Fragmentor=140, Cell Accelerator Voltage=4, Polarity=Pos-
itive. Total cycle time was 500 ms. Source parameters were kept as follows: Dry Gas Temperature=350 °C, Dry Gas Flow=11 L/min,
Sheath Gas Temperature=350 °C, Sheath Gas Flow=11 L/min, Nebulizer= 50 psi, Noozle voltage= 1500 V (positive) and Capillary=
3500 V (positive).

Compound concentrations were calculated by extrapolating the integrated area under the curve with the calibration curves for
each particular compound prepared in the same matrix than the samples using the Masshunter Quantitative Analysis Software
(Agilent Technologies).

QUANTIFICATION AND STATISTICAL ANALYSIS

Images were typically acquired with 10 um intervals and analyzed with Fiji-Imaged for 2D quantifications. 3D drug binding was visu-
alized by Imaris 9.2.1. All images were stored and processed as TIFF format.

Signal profile analysis

A 40-micron straight line was drawn across a pyramidal cell in cortex layer V on tissue surface as previously reported (Pan et al.,
2016). Signal profile was plotted along the line and data was recorded that included background, drug positive membrane pixels
and nucleus. The plotted data was then normalized by dividing each value by the average intensity of all intensity values on the
same line.

Click labeling signal analysis

Individual drug positive cell intensity was quantified as previously reported (Pan et al., 2016; Qi et al., 2019). A 150 x 150 pixel (pixel
size 0.414 um) ROI was generated on tissue surface in cortex layer V and an auto threshold was applied to measure the mean drug
positive pixel intensity as /5ignai. The mean intensity of the remaining pixel is used as background intensity as /packground- The mean
labeling intensity is calculated as liabeling = /signal — /background- The signal to background ratio as a function of tissue depth was
calculated as the ratio of /signai @nd lpackground @S Previously reported (Sylwestrak et al., 2016).

Regional drug abundance analysis

Images were stacked with max z projection covering the whole coronal brain section. Different ROls were drawn to outline individual
brain regions based on a mouse brain atlas (The Mouse Brain in Stereotaxic Coordinates, Second Edition) and their average intensity
were recorded. Intensity values were then normalized to the average intensity of vehicle samples in the respective brain region.

Fluorescence intensity correlation analysis

To quantify the correlation of FAAH and MAO-A immunostaining signal and drug signal, images were first stacked by max intensity
projection (MIP) to obtain a single plane image. The image was then compressed 10 times to obtain final pixel size of 24.9 um. The
whole tissue was then outlined by applying a threshold in the immunostaining channel and each X-Y coordinate intensity was saved in
both channels. Intensity values for each pixel were then normalized to the average intensity of each measurement and plotted. Single
linear regression was applied to analyze pixel wise signal correlation.

Drug binding capillary analysis

To quantify drug binding abundance in relation to the proximity to the nearest blood vessel, the pyramidal cell layer in CA1 and gran-
ular cell layer in DG were first cropped out. A threshold was applied to quantify the average nucleus (drug negative) pixels intensity as
background intensity. Then different ROIs were cropped out based on distance to the nearest blood vessel and the same threshold
value was applied to quantify average intensity in non-nucleus pixels. Average labeling intensity was then obtained by subtracting the
average non-nucleus pixel intensity by the background intensity.
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Subcellular compartment intensity analysis

For MJN110-yne characterization, images were acquired at 5 um from the tissue surface where the highest immunostaining signal
can be observed. Different cellular compartments were identified by applying a threshold in immunostaining signal and mean drug
labeling intensity was measured in the selected threshold region. Three random squares were drawn in nucleus in different cells and
their average intensity was used as background. The recorded intensity value in soma or axonal terminal was then subtracted by the
intensity in the nucleus for background adjustment. Data was then normalized to the average intensity of the control group as indi-
cated in each figure legends.

Unless otherwise specified, statistical analysis was evaluated with Graphpad Prism 9 using ordinary one-way and two-way ANOVA
(*p<0.05;* p<0.01; ** p <0.001; *** p < 0.0001), followed by Tukey’s multiple comparisons test, Sidak’s multiple comparisons test
or Dunnett’s multiple comparisons test. All data presented as mean + SD with N given in figure legend as biological replicates unless
otherwise noted. Brain wide correlation of immunostaining and drug intensity was evaluated with simple linear regression model and
R squared was calculated for each drug. For intensity ratios across different subcellular compartments, unpaired Mann-Whitney
(Wilcoxon rank-sum) test was used. Drug PK analysis was performed with t test.
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Figure S1. Development of CATCH to image small-molecule drug binding, related to Figure 1

(A) Chemical structures of PF7845 and PF7845-yne.

(B) Direct click reaction in conventional histology paraformaldehyde (PFA) fixed samples (PF7845-yne, 1 mg/kg, 4 hi.p.) under identical click reaction conditions in
CC-ABPP. Images represent S1. Scale bars, 20 um.

(C) Chemical structures of click reaction ligands used in the study. The first-generation click reaction ligand TBTA has relatively poor solubility and requires use of
high Cu concentration for efficient labeling. Second generation ligand THPTA and newer generation ligands BTTP, BTTAA all featured improved solubility, and
allowed substantial lower Cu usage while maintaining high labeling efficiency. TBTA, Tris(benzyltriazolylmethyl)amine; THPTA, Tris-hydroxypropyltriazolylmethyl-
amine; BTTAA, Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine; BTTP, 3-[4-({bis[(1-tert-butyl-1H-1,2,3-triazol-4-yl)methyllamino}methyl)-1H-1,2,3-triazol-1-yl]
propanol

(D) Fluorescence intensity of click reaction with ascending Cu®* concentration. Intensity normalized to vehicle 50 uM. Four tissue blocks for each condition, two
fields of views from each tissue block (two-way ANOVA, Sidak’s multiple comparisons test).

(E) Click reaction with individual component removed. Only when all the components are present can the reaction proceed. Images represent S1. Scale
bars, 20 pm.

(F) Fluorescence intensity in the absence of different click reaction components. Intensity normalized to the average intensity of vehicle full buffer sample. Two
tissue blocks for each condition, two fields of views from each tissue block (two-way ANOVA, Sidak’s multiple comparisons test).

(G) Zoomed-out view of PF7845-yne binding in hippocampus and cortex (1 mg/kg, 4 h) via intraperitoneal (i.p.), oral, and subcutaneous (s.c.) delivery. Scale
bars, 400 um.

(H and I) Quantification of fluorescence intensity in S1 (H) and hippocampus CAT1 (I). Intensity normalized to i.p. samples. n = 3 mice for each condition, two fields
of views from each mouse (one-way ANOVA, Tukey multiple comparisons test).

(J) PF7845-yne in the liver, lung, and small intestine with FAAH immunostaining. Scale bars, 50 pm.

Data points represent mean + SD. ns: not significant; **p < 0.01; ***p < 0.0001.
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Figure S2. Brain-wide CATCH specificity validation, related to Figure 2

(A) Full coronal views with zoomed-in views of PF7845-yne (1 mg/kg, 4 hi.p.) binding. For pretreatment test, the non-alkyne PF7845 (1 mg/kg, 4 hi.p.) was injected
prior to PF7845-yne (1 mg/kg, 4 h i.p.) to block target engagement. Zoomed-in images represent S1, cingulate cortex (Cg), BLA, V1. Scale bars, 100 um.

(B) Full coronal views with zoomed-in views of PF7845-yne (1 mg/kg, 4 hi.p.) binding in both wild-type and FAAH—/— mice. Zoomed-in images represent S1, Cg,
BLA, and V1. No alkyne drug labeling observed in FAAH—/— mice. Scale bars, 100 um.

(C) Quantification of fluorescence intensity across different brains regions in FAAH—/— test. Intensity is normalized to the vehicle samples in each region. No
significant difference between vehicle and FAAH—/— mice. n = 3 mice for each condition, two field of views generated from each mouse (two-way ANOVA, Tukey
multiple comparisons test).

(D) 3D rendering of PF7845-yne mapping in S1 of 500-um CLARITY sections. Scale bars, 50 pm.

(E) Quantification of drug labeling intensity and ratio of signal to background as a function of depth in tissue. Intensity normalized to average of surface intensity.
Three tissue blocks included in the analysis, error bar indicates SD.

Data points represent mean + SD. ns: not significant; ***p < 0.0001.
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Figure S3. Brain-wide drug-binding mapping, related to Figure 3

(A) Chemical structures of BIA10-2474, pargyline, and their alkyne analogs.

(B) Sagittal view of MAO-A expression with PF7845-yne (1 mg/kg, 4 hi.p.), and pargyline-yne (20 mg/kg, 4 hi.p.) drug mapping. Pargyline-yne binding in the pons
and hypothalamus were highlighted with zoomed-in views. Pargyline-yne labeling in pons is correlated with high MAO-A expression, whereas its binding in the
hypothalamus may primarily reflect MAO-B inhibition. Scale bars, 1 mm.

(C and D) Quantification of pixel-wise FAAH immunostaining intensity with pargyline-yne (C), and PF7845-yne (D) labeling intensity. Simple linear regression with

R-squared values quantified.
(legend continued on next page)
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(E) BIA10-2474-yne (5 mg/kg, 4 hi.p.) binding in both wild-type mice and FAAH—/— mice. Note in CA1 and S1, the absence of target enzyme FAAH abolished both
PF7845-yne (5 mg/kg, 4 h i.p.) and BIA10-2474-yne binding. Scale bars, 500 um. 5 mg/kg dosing was used for both drugs to maximize the contrast of target
visualization.

(F) Full coronal sections at Bregma-4.4 with zoomed-in views at periaqueductal gray (PAG) and reticulotegmental nucleus of the pons (RtTg). BIA10-2474-yne
(5mg/kg, 4 hi.p.) binds to large cellular structures in wild type, but not FAAH—/— mice PAG, suggesting primarily on-target binding in PAG. Cellular structures can
be found in RtTg in FAAH—/— mice treated with BIA10-2474-yne, indicating off-target binding. Image brightness/contrast is optimized for each brain region for
better visualization. Scale bars, 100 pm.
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Figure S4. Brain-wide drug-binding cell-type identification, related to Figure 4

(A and B) PF7845-yne (5 mg/kg, 4 hi.p.), BIA10-2474-yne (5 mg/kg, 4 hi.p.), and pargyline-yne (20 mg/kg, 4 hi.p.) binding co-stained with NeuN for neuron (A) and
lectin for blood vessel (B) in various brain regions. Images represent M1, Pir, IG, hippocampal CA1, VPM, hypothalamus, and V1. Scale bars, 10 um.

(C) PF7845-yne binding co-stained with glial fibrillary acidic protein (GFAP) for astrocyte, parvalbumin (PV), and somatostatin (SST) for inhibitory interneurons and
Ctip2 for excitatory projection neurons. Images represent S1. Scale bars, 10 um.

(D) Quantification of marker-positive cell overlap with PF7845-yne positive cell. No overlap found for GFAP, PV, and SST. 87.0% + 2.1% (mean + SD) projection
neurons have PF7845-yne binding. n = 3 mice for each condition.

(E) PF7845-yne binding in VGAT-Ai14 mice. VGAT-Ai14 mice express TdTomato in VGAT-positive inhibitory neurons. Images represent S1. Scale bars, 10 um.

(legend continued on next page)
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(F) Quantification of VGAT-positive inhibitory neurons overlap with PF7845-yne-positive cell. No inhibitory neurons found to have PF7845-yne binding. n = 3 mice
for each condition.

(G) Pargyline-yne binding co-stained with parvalbumin (PV) and somatostatin (SST) for inhibitory interneurons. Images represent hypothalamus. Scale
bars, 10 um.

(H) Quantification of marker-positive cell overlap with pargyline-yne positive cell. No overlap found for PV and SST. n = 3 mice for each condition.

(I) Pargyline-yne binding in VGAT-Ai14 mice. Images represent S1. Scale bars, 10 um.

(J) Quantification of VGAT-positive inhibitory neurons overlap with pargyline-yne-positive neurons. 82.8% + 4.5% (mean + SD) pargyline-yne-positive neurons
are inhibitory. n = 3 mice for each condition.

(Kand L) In situ expression profile of TH (K) and MAO-A (L) from Allen Brain Atlas. High TH expression can be found in ventral tegmental area (VTA) and substantial
nigra (SNr), representing dopaminergic neuron in the region. Sparse TH and MAO-A expression can be found in LC, representing NA neurons in the pons.

(M) Zoomed-out sagittal view for Figure 4E showing high TH expression in dopaminergic neurons in VTA and SNr, together with registered pargyline-yne-positive
cells in LC representing NA neurons. Scale bars, 500 pm.
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Figure S5. MJN110-yne mapping validation in different subcellular compartments, related to Figure 5

(A) Chemical structures of MUN110 and MJN110-yne.

(B) Pretreatment by parental non-alkyne MJN110 (5 mg/kg, 4 hi.p.) prior to MUN110-yne injection (5 mg/kg, 4 hi.p.). MAGL engagement is marked by presynaptic
marker synapsin. Synapsin overlapping signal is absent in MUN110 pretreatment samples. Scale bars, 10 um.
(C) MUN110-yne (5 mg/kg, 4 h i.p.) mapping validation in MAGL—/— mice. Absence of MAGL abolishes MJUN110-yne binding at presynaptic site. Scale

bars, 10 pm.

(D) High-resolution imaging of CA3 presynaptic terminals and CA1 soma. Zoomed-in of MAP2 and synapsin-positive pixels are highlighted in box. Scale

bars, 10 pm.

(legend continued on next page)
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(E) Quantification of ratios between soma and presynaptic terminal fluorescence intensities. Ratios were calculated based on the mean 1-mg/kg local presynaptic
terminal intensities. n = 3 mice for each group; two fields of view generated from each mouse (two-tailed unpaired Mann-Whitney test).

(F) MUN110-yne (20 mg/kg, 4 hi.p.) labeling after pretreatment with PF7845 (1 mg/kg, 4 hi.p.) to block FAAH. Figures showing CA3 synapse and CA1 soma with
zoom-ins for synapsin and MAP2-positive pixels.

(G) Quantification of ratios between CA3 presynaptic terminal and CA1 soma intensities. Ratios were calculated based on the mean intensity of no pretreatment
samples in each region. n = 3 mice for each group, three fields of view generated from each mouse (two-tailed unpaired Mann-Whitney test).

Data points represent mean + SD. ns: not significant; **p < 0.01; ***p < 0.0001.
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Figure S6. PF7845 dose and time-dependent binding profile characterizations, related to Figure 6

(A and B) Forebrain to blood ratio (A) and forebrain to brainstem ratio (B) at peak parental drug time point in forebrain (4 h for PF7845/PF7845-yne, 1 h for
MJN110/MJN110-yne). No significant difference found between parental drug and the alkyne drug. n = 3 mice for each condition (two-tailed unpaired t test).
(C) Quantitative PK analysis for PF7845 and PF7845-yne in blood, forebrain, and brainstem. PF7845-yne shows lower in vivo concentration in blood and tissue.
n = 3 mice for each condition, error bar indicates SD.

(D) Quantitative PK analysis for MJN110 and MJN110-yne in blood, forebrain, and brainstem. MJN110-yne shows higher in vivo concentration in blood and tissue.
n = 3 mice for each condition, error bar indicates SD.

(E and F) In-gel CC-ABPP characterization of PF7845-yne binding in brain (E) and liver (F) membrane proteomes at ascending doses (4 hi.p.).

(G) Zoomed-out views of PF7845 blocking at indicated dose followed by PF7845-yne injection (1 mg/kg, 1 hi.p.) in hippocampus and cortex. Scale bars, 500 pm.
(H-J) Quantification of fluorescence intensity upon dose-dependent PF7845 blocking in S1 (H), CA1 (1), and DG (J). Signal normalized to the mean intensity of
samples without blocking. n = 3 mice for each condition, two field of views from each mouse (one-way ANOVA, Tukey multiple comparisons test).

(K) Quantification of fluorescence intensity in Figure 6B upon dose-dependent PF7845 blocking in DG. Signal normalized to the mean intensity of samples
blocked by 0.01 mg/kg PF7845. n = 3 mice for each condition, two field of views from each mouse (one-way ANOVA, Tukey multiple comparisons test).

(L) Zoomed-in views from samples blocked by 0.01 and 0.02 mg/kg PF7845. Samples were co-stained with lectin to visualize blood vessels. Images represent
DG. 0.02 mg/kg blocked images were enhanced for better visualization. Dashed line indicates low drug-binding regions. Scale bars, 40 um.

(M) Quantification of fluorescence intensity in hippocampus DG at different distance to the nearest blood vessel. Intensity normalized to pixels within 15-20 um to
blood vessel. n = 3 mice for each condition. Error bar indicates SD (one-way ANOVA in each dose).

(N) Quantification of fluorescence intensity in Figure 6H of drug binding in DG. Signal normalized to the mean intensity of vehicle control. n = 5 mice for each
condition (one-way ANOVA, Tukey multiple comparisons test).

(O) PF7845-yne co-staining with lectin to visualize blood vessels. Images represent DG. Dashed line indicates high drug-binding regions. Scale bars, 40 pm.
(P) Quantification of fluorescence intensity in hippocampus DG at different distance to the nearest blood vessel. Intensity normalized to pixels within 5 pm to blood
vessel. n = 3 mice for each condition. Error bar indicates SD (one-way ANOVA in each dose).

(Q) Zoomed-out views of PF7845 blocking for indicated time followed by PF7845-yne injection (1 mg/kg, 1 hi.p.) in hippocampus and cortex. Scale bars, 500 pm.
(R-T) Quantification of fluorescence intensity of upon time-dependent PF7845 blocking in S1 (R), CA1 (S) and DG (T). Signal normalized to the mean intensity of
samples with 1 h blocking. n = 3 mice for each condition, two field of views from each mouse (one-way ANOVA, Tukey multiple comparisons test).

Data points represent mean + SD. ns: not significant; **p < 0.01; ***p < 0.0001.
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