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Abstract

Nearly all FDA approved drugs and bioactive small molecules exert their effects by binding

to and modulating proteins. Consequently, understanding how small molecules interact with
proteins at an atomic level is a central challenge of modern chemical biology and drug
development. Complementary to structure-guided approaches, chemoproteomics has emerged

as a method capable of high-throughput identification of proteins covalently bound by small
molecules. To profile noncovalent interactions, established chemoproteomic workflows typically
incorporate photoreactive moieties into small molecule probes, which enable trapping of small
molecule-protein interactions (SMPIs). This strategy, termed photoaffinity labelling (PAL), has
been utilized to profile an array of small molecule interactions, including for drugs, lipids,
metabolites, and cofactors. Herein we describe the discovery of photocrosslinking chemistries,
including a comparison of the strengths and limitations of implementation of each chemotype in
chemoproteomic workflows. In addition, we highlight key examples where photoaffinity labelling
has enabled target deconvolution and interaction site mapping.
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Introduction

Small molecules, including chemical probes, natural products, FDA-approved drugs, and
clinical candidates are widely employed tools used to manipulate and investigate biological
systems. Consequently, determining the physiologically relevant protein targets and modes
of action (MoA\) of these bioactive molecules is a central challenge of chemical biology,
pharmacology, and drug development programs. Complementary to structure-based and
genetic approaches (e.g. CRISPR-Cas9 screens!: 2), mass spectrometry-based proteomic
methods have emerged as favored tools for deconvolving the small molecule protein
interactome, distinguished by their high throughput nature and compatibility with in cell and
in vivo studies. Showcasing the utility of proteomics for target deconvolution, application

of the method Cellular Thermal Shift Assay (CETSA) to target deconvolution has revealed
the functional targets of anti-malarial drugs, cellular dynamics of cancer drugs,* ® and
streamlined the drug discovery process using high-throughput thermal profiling methods
such as System-wide Identification of Enzyme Substrates by Thermal Analysis (SIESTA).6
Affinity enrichment studies, using small molecules immobilized on resin have been
successfully adopted for target deconvolution studies, notably for assaying the kinome
(using kinobeads)”: 8 and chromatin-associated proteins (using BET bromodomain inhibitors
bound to resin).®

Proteomics is particularly well suited to deconvolve the protein targets of small molecules
that react irreversibly with amino acid side chains. Methods aimed at assaying such covalent
compounds can be grouped into two general categories (1) those that rely on mechanism-
based probes to assay specific classes of proteins (e.g. kinases,10: 11 proteases,12: 13
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and hydrolases,14-16 and (2) those that employ highly electrophilic probes that react
promiscuously with specific amino acid side chains.17-20

Activity based protein profiling (ABPP) is a hallmark example of a mechanism-based
approach. ABPP implements a chemical probe that contains both a warhead (e.g. epoxide
to react with mammalian histone deacetalases (HDACs),2! fluorophosphonate to react with
serine hydrolases, 14 vinyl sulfone to react with the proteasome,22-24 or acyloxymethyl
ketone to react with cysteine proteases?® 26) and an enrichment/visualization handle

(e.g. radiolabel, biotin, azide/alkyne, or fluorophore). While these probes were initially
employed primarily to fractionate the proteome based on a specific enzymatic activity,
subsequent utilization in a “competitive” format has allowed for inhibitor discovery and
target deconvolution, including for the clinical candidate molecule BIA 10-2474.27 For
readers less familiar with the distinction between direct labeling and competition studies,
in the former the probe is used to label and enrich proteins of interest, whereas in the

latter samples are pre-treated with either an active molecule or vehicle. Subsequently both
treated and control samples are labeled with the activity-based probes and labeling by the
molecule of interest is reported by a decreased fluorescent signal in gel-based studies or

a decreased MS1 signal during MS/MS analysis. Competition studies offer the advantage
of delineating high and low occupancy labeling events, whereas direct labeling studies can
prove particularly useful for identification of the precise sites of protein-probe interactions.

The advent of reactivity-based chemoproteomics began with the I1sotope-Coded Affinity Tag
(ICAT) reagents, which featured a cysteine-reactive electrophile and a biotin enrichment
handle.28 First used primarily to simplify complex proteomes by fractionation based on

the presence of cysteine residues, related reagents and workflows have subsequently been
applied to identify redox-sensitive cysteines, hyper-reactive or pK, perturbed cysteines2°
and small molecule ligandable or potentially druggable cysteines.1” With the advent of
additional electrophiles, such chemoproteomic studies have been extended to a number of
additional amino acid side chains, including lysine, 29 methionine,3° tyrosine,1° serine,31-33
and glutamate/aspartate.34-36 However, a key limitation of both reactivity- and activity-
based profiling methods is their reliance on covalent mechanisms of labeling, which by
definition exclude small molecules that interact reversibly with proteins of interest (POIs).

Photoaffinity groups serve as latent reactive groups unleashed only upon irradiation with
light. Therefore, incorporation of a photoactive moiety allows for irreversible trapping

of reversible interactions and by doing so enables the technical innovations of reactivity
and activity-based profiling platforms to be extended to dynamic and transient small
molecule-protein interactions (SMPIs). This method termed photoaffinity labeling (PAL)
commonly employs both a photoreactive group and enrichment handle on the small
molecule of interest (pharmacophore). When irradiated with light, the photoaffinity probe
covalently modifies nearby proteins, which can then be identified via protein enrichment
and MS analysis (Figure 1A,B). Beyond small molecules, photocrosslinking has also been
applied to capture protein-protein (using unnatural amino acid incorporation),37-40 protein-
oligonucleotide, 145 protein-cofactor,*6: 47 protein-lipid,*8: 4 and protein-carbohydrate
interactions.>%: 51 For several excellent prior reviews on these areas, we would direct the
readers to Murale’s review of protein-protein interactions (PPIs),>2 Peng’s and Laguerre’s
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protein-lipid photocrosslinking review,33: 54 Trads’ review of PAL for DNA-protein
interactions,>® and Wu’s review of trapping carbohydrate-protein interactions.5¢ These
methods have been extended to many organisms, including Mycobacterium tuberculosis,>’
Pseudomonas aeruginosa,®8 Staphylococcus aureus,>® and Caenorhabditis elegans.50

Here we aim to provide an in-depth update on the state-of-the-art developments in

PAL, including novel reactive groups and their applications to target deconvolution by
chemoproteomics with particular emphasis on efforts to map the precise interaction sites
and modes of action of small molecules. We also will provide a retrospective analysis of
the history of the field, including the pioneering efforts that led to the first applications of
photocrosslinkers to protein chemistry and biological systems. Finally, we will delve into
some of limitations of photolabeling strategies and will highlight future opportunities both
in the areas of new labeling strategies and mass spectrometry-based proteomic platforms,
which together should unlock the full potential of PAL to map SMPIs.

1. Photoaffinity Labeling Chemistries.

1.1 Discovery of Photoactive Groups.

The scientific roots of photoaffinity labeling for studying SMPIs can be found in chemical
photoregulation of enzymes and in applications of photoactivatable groups to chemical
modification of proteins. In one of the earliest applications of protein photochemistry,

the enzyme chymotrypsin was chemically modified with p-nitrophenyl diazoacetate to
generate the photocaged inactive diazoacetyl chymotrypsin.51 Upon exposure to UV light
(tungsten lamp or sunlight), chymotrypsin’s esterolytic activity was restored, supporting

a mechanism whereby the reactive carbene generated upon photolysis was quenched by
water and the acyl enzyme further hydrolyzed to regenerate the active enzyme and release
glycolic acid. As ~25% of the enzyme activity was not restored upon photolysis, irreversible
modification of chymotrypsin by the carbene was postulated. Shafer and coworkers further
analyzed the photoproducts of the diazoacetyl chymotrypsin reaction and found that
carboxymethyl serine and carboxymethyl tyrosine were two reaction products, further
supporting irreversible enzyme modification by a carbene intermediate.52

Demonstrating the generalizability and the broad scope of amino acids compatible

with this diazo labeling chemistry, covalent modification of the enzyme trypsin at an
alanine residue was achieved upon photolysis of a diazoacyl-modified trypsin.53 Detailed
mechanistic studies revealed that, upon exposure to UV light, a-diazo carbonyl compounds,
such as ethyl diazoacetate yield two major products, the carbene insertion into water

and a rearranged product analogous to the Wolf rearrangement of diazo ketones.54

Despite these initial promising findings, the widespread adoption of diazo compounds for
photolabeling was hindered by the notorious instability of this compound class.®® Also,

the requirement for adjacent carbonyl functionality—diazo compounds are known to show
light-independent protein reactivity, most notably towards cysteine thiols and the imidazole
ring of histidine,56: 87—proved problematic.

To circumvent these limitations, azides (Figure 2A) were developed as second-generation
PAL reagents. Looking beyond photocaged enzymes, Fleet and coworkers chemically
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modified both the bovine antibody gamma globulin and human serum albumin to contain

a 4-azido-2-nitrophenyl (NAP) group, with the objective of trapping interacting antibodies.
Using these modified proteins, immunoglobulin G (IgG) was identified as the primary
interacting antibody. Further studies utilizing radioactive NAP analogs revealed NAP
localization to the antigen-binding site.88 This chemistry was then extended to small
molecule-protein interaction mapping for acetylcholine, using an azide-functionalized
analogue, both in red blood cell membranes and in frog sartorius muscle cells.59 In
pioneering work aimed at studying protein-phospholipid interactions, Khorana demonstrated
the photolysis and crosslinking of azido-modified fatty acids.’? However, the use of azides
in photoaffinity labeling was hindered by the relatively short wavelength of light needed for
activation and long lifetime of the nitrene intermediate.

The emergence of the benzophenone (Figure 2B) and diazirine (Figure 2C) groups addressed
many of these limitations. The preparation and photodecomposition of aryl diazirines were
first evaluated by Knowles,”* and shortly thereafter 3-phenyl-3H-diazirine and adamanty!
diazirine photoprobes were applied to identify small molecule-lipid interactions,’2 which
revealed that the lipid-labeling capacity of diazirines was not quenched by glutathione, in
contrast with the thiol-sensitivity of the aryl azides. Following the promising application

of diazirines to label lipid bilayers, diazirine labeling was subsequently extended to

protein labeling using the probe 3H-adamantyl diazirine and the intrinsic membrane protein
glycophorin A, which revealed interaction with multiple sites in the hydrophobic region of
the protein.”

As the rapid quenching of carbenes by water was perceived as a limitation for protein
labeling studies, aryl ketones, which form diradicals upon UV irradiation were also
investigated as an alternative photolabel that demonstrated improved stability and inertness
towards water.”# Acetophenone and benzophenone (Figure 2B) were benchmarked against
aryl azide, using the peptide pentagastrin, with the model proteins bovine serum albumin
(BSA) and lysozyme.” Both ketone- and azide-based labels afforded comparable labeling,
with the benzophenone distinguished by decreased protein damage afforded by the longer
wavelength (320 nm) of light employed.

In addition to these three established photoreactive groups, considerable effort has also

been made to discover additional functionalities compatible with PAL. In one key example,
Battenberg and colleagues looked to nature and identified pyrones and pyrimidones (Figure
1B) as photoactivatable structural motifs naturally present in many natural products and
bioactive molecules. When photoactivated with 350 nm light, pyrones yield a reactive ketene
intermediate while pyrimidones afford either a bicyclic urea or isocyanate intermediate, all
of which are susceptible to nucleophilic crosslinking with adjacent amino acids.”®

Continuing in the theme of nature-inspired photoactivatable handles, another functional
group found in many natural products is the tetrazole moiety (Figure 1B). The photolability
and subsequent nucleophilic capture of the diaryltetrazole (DAT) was first reported by Rolf
Huisgen in 1961.76 Nearly forty years later, the tetrazole functionality was debuted as a
bioorthogonal group for bioconjugation, functioning via irreversible loss of nitrogen to form
a reactive nitrile imine species that is then trapped by an alkene through a 1,3-dipolar
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cycloaddition.”” This reactive intermediate could also be intercepted with carboxylate
functionalities and as such was proposed as a photoreactive group for PAL experiments.36. 78
A similar handle, the 2-aryl-5-carboxytetrazole (ACT; Figure 1B), was developed in parallel
and was reported to have higher crosslinking yield when compared with structurally
matched benzophenone and diazirine probes.”® In addition to DAT and ACT, other
photoreactive groups identified within the past five years include o-nitrobenzyl alcohols (o-
NBA,; Figure 1B), as lysine specific photoactivatable groups, and o-(hydroxymethyl)phenols
(o-HMP) as tryptophan specific groups.8 81 Upon irradiation at 365 nm, o-NBA forms a
reactive nitroso aldehyde species which can quickly react with proximal lysine side chains
and o-HMP generates ortho quinone methides, which react selectively with tryptophan
residues.

1.2 Pros and Cons of Photoreactive Groups.

As the early photolabeling discovery efforts revealed, general instability and side reactivity,
particularly towards thiols, and requirement for protein-damaging wavelengths of light are
ubiquitous liabilities of photoactive groups. Thus, the choice of photoreactive group should
be guided by these potential limitations. As highlighted above, the diazo group, although
highly reactive, has generally been sidelined for protein labeling due to instability and
UV-independent labeling. Therefore, the primary photoactivatable groups used in protein
labeling studies are benzophenones, aryl azides, and diazirines. Here we will briefly
expound upon the mechanisms of labeling and the strengths and limitations of each
photolabel (Table 1, respectively), with the goal of providing a template for judicious label
selection for future studies. Photolysis of aryl azides (Figure 2A) using relatively short
wavelength light (300 nm) generates a singlet nitrene intermediate which can react with
nearby biomolecules via two pathways: (1) relaxation to a triplet nitrene and subsequent
C-H bond insertion or (2) ring expansive isomerization to either an dehydroazepine or
benzazirine, which are both susceptible to nucleophilic attack with lysine amines and
cysteine thiols, respectively.82 The relatively long half-life of the nitrene and ring expanded
species may result in an increased radius of labeling, compared with other groups. The
relatively short wavelength required to generate these species is known to cause protein
damage, especially since PAL experiments can require constant irradiation for a prolonged
period of time (e.g. 10 minutes).83 Despite these many limitations, aryl azides are still
widely used for protein labeling studies, likely in large part due to the compatibility of the
comparably small azide moiety with applications that preclude bulkier substitutions.

Addressing many of the limitations of aryl azides, benzophenones are widely adopted

for photolabeling. In contrast with aryl azides and the structurally related acetophenone
photolabel, the comparably long wavelength required for benzophenone photoactivation
(350-365 nm) decreases protein destruction.’# While the diradical formed upon irradiation
(Figure 2B) can react with water, this quenching is reversible, as dehydration will regenerate
the ground state benzophenone. Consequently, benzophenones can be repeatedly excited
over prolonged irradiation periods, affording increased protein labeling. Benzophenones

are typically straightforward to incorporate synthetically by coupling 4-benzoylbenzoic

acid to alcohol and amine groups. Due to its inherently large size, benzophenone-based
probes are not suited to applications intolerant of bulky substitutions. In addition, because
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benzophenone excitation is reversible, these moieties require significantly longer irradiation
times (e.g. 0.5-2 hours) and can act as photosensitizers leading to oxidative damage of
proteins.84

In many ways, aryl and alkyl diazirines (Figure 2C) are ideal alternatives to both
benzophenone and aryl azides. These functionalities are photoactivated with 350 nm light
and, upon irradiation, irreversibly eliminate N5 gas, resulting in a highly reactive carbene
species. Carbenes can non-specifically insert into R-H and C-H bonds.”2 Due to their many
beneficial features, diazirines are now ubiquitous in small molecule protein interaction site
mapping studies. Carbenes are generally highly reactive, affording comparably efficient
protein labeling after short irradiation periods, using longer wavelengths of light, which,

as described for benzophenones, decreases the risk of protein damage. Photoactivated
diazirines are reactive towards all twenty amino acid side chains as well as the peptide
backbone, although marked bias towards labeling of polar and nucleophilic amino acids has
recently been reported for alkyl diazirines.8®

This biased reactivity likely stems from an alternate photodegradation pathway where, upon
UV irradiation, the diazirine isomerizes to form a diazo species. This diazo species can
either lose N, and form the desired carbene or, in acidic media, become protonated to

the diazonium species which are known alkylating agents (Figure 2C). Nucleophilic amino
acid side chains, particularly carboxylates, are known to react with diazo and diazonium
species,86-88 which rationalizes the aforementioned biased amino acid reactivity of alkyl
diazirines. Whether aryl diazirines show comparable amino acid reactivity profiles to that
observed for alkyl diazirines remains unexplored, though we expect that the decreased
basicity of the aryl diazirines compared with their alkyl counterparts should disfavour
diazonium formation and afford a decrease in the polar amino acid bias.

Recently, O’Brien and coworkers demonstrated that dialkyl diazirines can proceed through
more than just these two defined pathways. Specifically, if the photoprobe contains a
carbonyl, upon photolysis the resulting carbene can intramolecularly cyclize forming
carbonyl ylides and oxocarbenium intermediates that can alkylate proximal biomolecules.
Alternatively these species can be quenched by solvent or through a 1,2-hydride shift
(Figure 2C).89 Another important liability to consider for probe development efforts is the
propensity of alkyl diazirines to modify proteins in a UV-independent manner. Exemplifying
this limitation, diazirine-containing analogues of S-adenosyl-L-homocysteine (SAH) were
found to label proteins during CUAAC bioorthogonal labeling.#’ It is intriguing to speculate
that the CUAAC reaction conditions catalyze the formation of the aforementioned diazo
species.

Incorporation of a difluoromethylene unit alpha to the diazirine is one notable strategy that
has been pursued to simultaneously decrease the size and increase the stability of diazirine
tags.%0 Exemplifying this strategy, by incorporating a difluoromethylene unit connecting
both the diazirine and alkyne Chang and coworkers obtained a difluoro photoreactive handle
with high stability and small size (6.9 A compared to the standard 9.4 A handle).%0 As an
added benefit, the difluoro substituent also accelerates both strain-promoted azide-alkyne
cycloaddition and CUAAC.%L: 92 Prior mechanistic studies analyzing the photoactivation of
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3-trifluoromethyl-3-phenyldiazirine revealed a product distribution that consisted of 65%
carbene and 35% diazoisomer, the latter being stable in mildly acidic conditions for 12
hours. Supporting the stability of the carbene, no internal rearrangement of the carbene

via fluorine migration was observed 93 However, recent benchmarking of this minimalist
difluoro (DF) tag revealed poor labeling efficiency relative to other diazirine reagents In
contrast, a terminal diazirine tag showed comparably efficient protein labeling with minimal
background reactivity.%*

2 The Advent of Affinity-Based Protein Profiling (AfBP) using Photoaffinity
Chemistry

Due to an absence of suitable enrichment strategies and limited mass spectrometry
capabilities, most early studies employing photoaffinity labels were restricted to in vitro
tagging of recombinant proteins. The move to more complex systems was first enabled
by combining radiolabeling with photoaffinity labeling,% comparable to early ABPP
studies, which incorporated radioisotopic labels into electrophilic probes.%8 Modified
proteins were then visualized by gel-based autoradiography and identified after fractionation
by MS analysis, as was shown for thiazolidinedione photoprobes.?” With the advent

of non-radioactive ABPP methods that rely on fluorophore-, biotinyl-,%8 or azide/alkyne-
visualization and enrichment handles, identification of the protein targets of chemical
probes was vastly streamlined. While protein targets were initially identified by Edman
degradation protein sequencing, advances in tandem mass spectrometry, including most
notably increased data collection speed and resolution afforded by the development of
the Orbitrap,?° obviated the need for substantial sample fraction and allowed for more
rapid identification of labeled proteins. Hence, the fields of activity- and affinity-based
chemoproteomics were born.

2.1 AfBP chemoproteomics to identify the protein targets of small molecules.

Affinity-based chemoproteomic studies using small molecule photoprobes all rely on

the same general workflow (Figure 3). First cells or cell lysates are labeled with the
photoactivatable reagent. The system is then subjected to ultraviolet (UV) irradiation and the
modified proteins can be visualized by SDS-page and in-gel fluorescence and/or identified
by MS/MS analysis after enrichment and sequence-specific proteolytic digestion. In one

of the first examples of such affinity-based protein profiling, hydroxamate photoprobes
featuring a benzophenone and fluorophore/enrichment handles, were used to profile matrix
metalloproteinases (MMPs) in complex proteomes. Using these probes, a comparison of
invasive and non-invasive cancer cell proteomes revealed differential expression of several
MMPs, including neprilysin, highlighting the utility of AfBP to identify potential therapeutic
targets.100 Complementary to this study, a similar report demonstrated that tetrapeptide
AfBPs that featured hydroxamate functionality together with diazirine or benzophenone
photoreactive groups could be used to identify MMPs, including the unique recognition
sequences of individual enzymes.191 The utility of this substrate fingerprinting strategy

was further demonstrated by combining a ‘cocktail’ of AfBPs with mass spectrometry
identification to profile MPs in cancer proteomes.102
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In addition to mapping MMP interactions, affinity-based chemical proteomics has proven
valuable for uncovering the protein targets of a wide range of other small molecules.

For example, the anti-cancer candidate compound Arenobufagin, a steroid component of
toad venom that is widely used in traditional Chinese medicine and naturally contains a
pyrone group, has been studied using this approach. Similarly, Encequidar (HM30181),

a P-glycoprotein inhibitor, contains a photoactive tetrazole. Capitalizing on the presence
of these groups, Ma and coworkers conducted chemoproteomic analyses of the targets of
both HM30181 and Arenobufagin,193 which identified Poly [ADP-ribose] polymerase 1
(PARP1) as a functional off-target of Arenobufagin potentially responsible for its toxicity.
In a similar fashion, malate dehydrogenase 2 (MDH2) was identified as a functional target
of a previously identified HIF-1a inhibitor LW, using a clickable diazirine probe bearing
the aryloxyacetyl-amino benzoic ester scaffold of LW6.194 The utility of PAL for mode-of-
action studies was further showcased by the discovery, of the FOF1-ATP synthase as the
active target for the anti-trypanosomal activity of bis-tetrahydropyran 1,4-triazole (B-THP-
T).105

Building upon these earlier studies, Parker and coworkers combined photoaffinity labeling
with fragment based screening—a method that uses small minimalized compounds as
scout molecules and initial leads for mapping potentially druggable sites on proteins!06: 107
—to generate a chemoproteomic map of the protein interactions of a 15-member

fully functionalized fragment (FFF) library.198 A key finding from this study was the
identification of >400 protein-ligand interactions, including 83% of proteins without
previously identified ligands in the DrugBank,109 supporting that this form of proteome-
wide affinity-based interaction mapping can discover new druggable pockets in proteins
previously inaccessible to small molecule binding. This study also demonstrated that FFFs
are useful for phenotypic screening applications, enabling rapid target deconvolution of

hit molecules. By screening the FFF library in an adipogenesis assay, hapthyl-compound
25 was identified to promote adipogenesis. Chemoproteomic enrichment studies revealed
progesterone receptor membrane component 2 (PGRMC?2) as the functional target
responsible for this activity, which was further verified using genetic approaches. Extension
of the FFF method to map the interactions of 16 chiral FFF probes (8 (R) and 8 (S)) revealed
108 enantiomer-specific protein interactions.110

In further extensions of this methodology, PAL-chemoproteomic analysis recently revealed
that carbonic anhydrase is an off target of MCC950, an NLR-family inflammasome pyrin
domain-containing 3 (NLRP3) inhibitor.111 A PAL-chemoproteomic approach was also
recently used to confirm the cell-based on-target activity of peptidomimetic RAS ligands.112
Recent work using a pyridine photoactivatable group has been applied to assay the targets
of INJ-40411813, a metabotropic glutamate receptor subtype 2 (mGlu2) modulator that

was withdrawn from clinical trials due to adverse effects.}13 As shown in Table 2, the
interactomes of a wide range of drugs, lipids, metabolites, and co-factors have been

profiled by photoaffinity labelling, showcasing the generalizability of the method, as will

be described in more detail in the following sections.

The choice of mass spectrometry-based enrichment and quantification strategies are relevant
for all AfBP analyses described in this review. While early studies relied on spectral
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counting to identify bona fide ligands, the advent of stable isotope labeling with amino acids
in cell culture (SILAC) allowed for more precise stratification of interactions, particularly
for proteins only identified by several tryptic peptides, such as low abundance proteins.114
In these studies, cells are isotopically labeled with either light (24N-, 12C-) or heavy light
(15N-, 13C-) lysine and arginine and then the relative enrichment quantified on the MS1
level, comparing heavy and light chromatographic peak areas. A distinct disadvantage of
SILAC is that many cell lines, most notably primary cells, are not amenable to metabolic
labeling. As an alternative strategy, fully functionalized enrichment handles that incorporate
an isotopically enriched azido acetate for click capture, diphenylsilane cleavable linker,

and biotin moiety for enrichment, have been found to enable quantification of photo-
affinity labeled peptides.11® The incorporation of isobaric tandem mass tags (TMTS) into
chemoproteomic workflow has also recently enabled increased sample throughput and data
reproducibility.110

2.2.1 Drugs and Clinical Candidates.—Target deconvolution and mode-of-action
studies are an essential part of modern drug development pipelines that together help

to establish the safety and efficacy of clinical candidates. Among the many available
techniques often employed to establish the protein binders of clinical candidates (e.g.
CETSA, genetic screens, and affinity capture), PAL, particularly when coupled to a
chemoproteomic readout, has emerged as a favored approach for small molecule interactome
mapping efforts. Application of PAL has revealed the on- and off-target activity of a number
of clinical candidates and even FDA-approved drugs (Table 2).

While BACE1L (B-site APP-cleaving enzyme 1 inhibitors have received considerable
attention as promising candidates for treatment and prevention of Alzheimer’s disease,

most BACE inhibitors, including Amgen preclinical candidate AMG-8718 and Lilly & Co.
clinical candidate LY2811376, have been withdrawn from development due to toxicity and
BACE1-independent activity. Zuhl and coworkers3® applied a chemoproteomic strategy,
using a benzophenone probe, to inform the mechanism of ocular toxicity of the Pfizer BACE
inhibitor PF-9283 (Figure 4A), designating Cathepsin D as a major off-target of PF-9283
and the primary driver of its ocular toxicity.

PAL labeling strategies have proven informative for assessing the selectivity of kinase
inhibitors, which is particularly important given the high sequence and structural homology
of the 700+ members of the kinase family. For example, chemoproteomic profiles using
diazirine and benzophenone analogues of Dasatinib (Figure 4B), an FDA approved Bcr-Abl
inhibitor used to treat chronic myelogenous leukemia, revealed 84 Dasatinib interactors,
including both kinase and non-kinase proteins.11® Consistent with this promiscuity,
Dasatinib-mediated inhibition of Src and c-Kit have been implicated as contributing to
Dasatinib’s anti-cancer efficacy.13” Similar studies have also been conducted to analyze

the interactomes of non-steroidal anti-inflammatory drugs (NSAIDs), including celecoxib,
naproxen, and indomethacin (Figure 4C). Roughly seven hundred protein interactors were
identified between the three probes with an overlap of only 187 interactors between the
three, supporting substantial promiscuity. Curiously, the interactomes observed for two cell
lines (K562 and Jurkat) were largely distinct, supporting the importance of assaying multiple
cell types, including those with disease- and side-effect relevance.11°
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In more recent work, Tripeptidyl-peptidase 1 (TPP1) was identified as a new target of
the triple angiokinase inhibitor Nintedanib, which may in part rationalize the efficacy of
this molecule for a number of indications, including lung carcinoma and interstitial lung
diseases.120

Looking beyond clinical candidates, photolabeling strategies have also extended

to traditional medicines and psychoactive natural products. For A-8 and A-9
tetrahydrocannabinol (THC), chemoproteomic analysis using a THC-diazirine probe
captured not only the CB1 receptor but also four additional high-affinity interactors, Reep5,
Mtch2, Gnb1, and Cox4il 117, These additional binders may help to rationalize some of the
adverse effects of long-term THC usage, most notably memory loss, which in term should
help to guide the usage of THC in indications where it has proven efficacious, such as
moderating the pain of multiple sclerosis (MS) 138, cancer, and AIDS.13°

2.2.2 Lipids.—In addition to traditional small-molecule drugs, PAL has proven to

be a useful method for identifying lipid-protein interactions, including for sterol,#8
sphingolipids,*9- 125 phospholipids,126: 127 and fatty acids.50: 121 When compared with
conventional methods'4%-142 for mapping protein-lipid binding events (e.g. radiolabeling
or limited proteolysis), PAL-lipid probes offer several unique advantages, including
compatibility with cell-based studies and stratification of high- and low-affinity binders
in vivo. Using three photo-sterol probes, cis-, trans-, and epr- (Figure 5A), Hulce and
coworkers identified over 800 cholesterol-protein interactions in HeLa cells.*8 Of these
800 interactions, 265 were also competed by pretreatment with excess cholesterol, further
supporting their high affinity and cholesterol-specific nature.

Niphakis and coworkers next sought to extend this methodology to additional lipid-protein
interactions. In this report, lipids probes featuring arachidonoyl-, oleoyl-, palmitoyl-, and
stearoyl- acyl chains were prepared incorporating both diazirine and alkyne functionalities
(Figure 5B).121 The authors generated a map of lipid-protein interactions by comparing
the protein targets of each lipid probe both with direct enrichment and competition studies
using a SILAC chemoproteomic platform. A key finding from this study was a propensity
for lipid binding by proteins that have known drug-binding activity. Consequently, lipid
photoaffinity probes can be used to assay target engagement of active small molecules.

As a demonstration of this screening capacity, flurbiprofen, a PTGS1 and PTGS2 inhibitor
was found to competitively block lipid probe labeling for both enzymes. The Lipid-Protein
Interaction Profiling (LiPIP) platform expanded on this concept of lipid probes for small
molecule target deconvolution, using fatty-acid based probes'2! to profile the ligandability
of small-molecules.143 As a demonstration of the utility of this approach, LiPIP uncovered
the targets of multiple small-molecule drugs, including the antidiabetic agent KDT501.
When compared with other PAL-labeling strategies, LiPIP offers the distinct advantage of
eliminating the need for synthesis of custom probes for each active small molecule.

Looking to the future, one key, and as yet to be not fully addressed, challenge for the

study of lipid-protein interactions is the transient nature of these binding events and
relatively fast kinetics of many lipid-mediated signaling cascades. Trifunctional lipid probes
that contain a photocaging group, photocrosslinker, and enrichment handle represent an
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intriguing option to address these challenges, allowing for sequential photo reactions in
cells (first uncaging and then photocrosslinking; Figure 5C). Exemplifying this premise,
trifunctional sphingosine (TFS), trifunctional diacylglycerol (TFDAG), and trifunctional
fatty acid (TFFA) probes have all been employed for protein interaction identification
subcellular localization analyses. Application of the TFS probe to Niemann-Pick disease
type C (NPC) cells identified late endosomal/lysosomal vesicles as the site of sphingosine
storage in this cell line.#? in a similar manner, photocaged phosphatidylinositol bis- and
trisphosphate (PIP) probes have enabled the de novo identification of lipid binding proteins
involved in PIP transport to the plasma membrane.144

2.2.3. Metabolite/Cofactor.—Much like lipids and small molecules, metabolites and
protein cofactors are ripe for photoaffinity interactome analysis. The compatibility of
photoaffinity labeling studies to cell-based assays sets them apart from other useful methods,
including limited proteolysis,145 146 thermal proteome profiling,147- 148 and resin-based
affinity capture studies.14°

The kinome is a large 700+ member family that has been extensively profiled using
photoaffinity, covalent active site directed, and reversible probes. Both the desthiobiotin-ATP
developed by Activx1010 and Kinobeads'5! have been used extensively for small molecule
screening and functional studies. Complementary to these platforms, photoaffinity probes
targeting kinases fall into several main categories. First, there are pan kinase probes,

which bind promiscuously to large swaths of the kinome (e.g. staurosporinel®2: 153) A
second group are probes that target specific classes of kinases (e.g. certain tyrosine, serine/
threonine or metabolic kinases including lipid kinases 14 195 (e.g. Dasatinib, discussed
above). Placement of the photoactive group in both of these classes of probes has proven
critical for achieving sufficient photocrosslinking.’8: 196158 And the final category of kinase
photoprobes, which we will discuss in more detail here, are those that have modified
gamma-phosphate (in ATP) that are used to capture specific phosphorylation events of
kinase-interacting proteins. For a comprehensive recent review of the first two categories of
kinase photoaffinity probes, we would direct the readers to Korovesis’ review.159

Given the promiscuity of many kinases and transient nature of most kinase-substrate
interactions, mapping the substrates of a particular kinase remains a particularly important
and challenging problem. While bump-and-hole strategies'60 can address this problem,
they are by definition low throughput, relying on production of an engineered kinase and
non-natural ATP analogue. As an alternative approach, photoaffinity analogues of ATP,
modified on the gamma-phosphate can be used to annotate kinase-substrate interactions.

In the method kinase catalyzed crosslinking and streptavidin purification (K-CLASP),
Dedigama-Arachchige and coworkers built upon their earlier studies that developed ATP-
aryl azide (ATP-AA) and ATP-benzophenone (ATP-BP) photoprobes!33: 134 to identify
both the kinase and interacting proteins associated with specific phosphorylation events. In
K-CLASP, cell lysates are treated with both a biotinylated synthetic substrate peptide and the
ATP-AA photoprobe. After UV irradiation, the proteins bound to the peptide are enriched,
proteolyzed and sequenced by LC-MS/MS. Using a well characterized protein kinase A
(PKA) substrate peptide, the authors identify 324 interacting proteins, including the known
interactors PKA, CHEK1, and MAP2K7.161 Low crosslinking efficiency and promiscuity
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of labeling are limitations of K-CLASP that have in part been addressed by conceptually
related methods that rely on covalent trapping using a methacrylate ATP analogue.162. 163

Beyond the kinome, photoaffinity capture methods have been extended to numerous

other metabolites and cofactors, including nicotinamide dinucleotide (NAD), S-
adenosylmethionine (SAM), and peptidoglycan fragments. NAD photoaffinity probes have
been applied to capture poly-ADP-ribose polymerases (PARPs) and other NAD+/NADH
binding proteins. Sileikyté and coworkers investigated the NAD interactome using two
clickable benzamide-adenine-dinucleotide (BAD) diazirine probes, 2-ad-BAD and 6-ad-
BAD (Figure 6A). Chemoproteomic comparison of the proteins labeled by these two
probes revealed that 2-ad-BAD bound PARP 1 and 10, whereas 6-ad-BAD did not afford
appreciable crosslinking with any PARPs. Collectively these probes enriched 74 total
proteins consisting of NAD+/NADH/NADP+/NADPH, ATP, AMP, GTP, ADPr, and FAD
binders. This study highlights the importance of the positioning of the photoreactive group
(2-Ad-BAD vs 6-Ad-BAD) as shown by the relatively small overlap in targets enriched by
each probe, with a combined 74 proteins enriched but only 10 shared targets.46

Another cofactor extensively studied using PAL is S-adenosylmethionine (SAM), a methyl
donor involved in methylation of proteins, lipids, and nucleic acids. Most photoaffinity
probes have been derived from S-adenosylhomocysteine (SAH), the demethylated product
formed from SAM-dependent methylation. Initial affinity-labeling experiments using
probes derived from SAH and methyl transferase (MT) inhibitors identified a handful of
MTs.164. 165 Using a suite of four photoaffinity SAH probes to profile human cell lysates
and cancer cell lines, Horning and coworkers successfully enriched ~25% of the 200+
known and predicted human MTs in cancer cell proteomes (Figure 6B).#’ Nearly all (~90%)
of the 50+ significantly enriched targets were MTs or MT-associated proteins. These results
provide a strong basis for future development and application of optimized photoaffinity
probes to functionally characterize MTs, MT complexes, and MT inhibitors.

The use of photoaffinity-based metabolite and cofactors probes has also been extended

to the study of microbial metabolite-host interactions. To understand how host cell

detection of peptidoglycan (PG) fragments triggers an inflammatory response, Wang and
coworkers synthesized PG diazirine-photoaffinity reporters, which were based on two

PG fragments common in many bacterial species: y-D-glutamyl-meso-diaminopimelic

acid (iE-DAP) or muramyl-dipeptide (MDP; Figure 6C).12° Both iE-DAP and MDP
photoaffinity reporters selectively crosslinked human nucleotide-binding oligomerization
domain-containing protein 1 and 2 (NOD1 and NOD2), consistent with the previously
reported activation of these NOD receptors.166: 167 Unexpectedly, the MDP probe was also
found to crosslink ARF GTPases, hinting at a putative function of these proteins in the
innate immune response. Given the significance of the PG and other bacterial cell wall
components for modulating host-pathogen interactions and for determining the efficacy, or
lack thereof, of many antibiotics, we expect that future studies using both the PG and related
probes should inform additional bacterial metabolite-protein interactions relevant to immune
evasion and antibiotic resistance.
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2.3 High resolution mapping of small molecule binding sites with photoaffinity labeling.

Mapping of precise interaction sites in proteins is a particularly important opportunity

for PAL. Binding site information is useful for deciphering the mode of action of lead
compounds, for informing how compound binding impacts protein function, and for guiding
medicinal chemistry efforts to improve the potency and selectivity of lead compounds. At
face value, mapping specific interaction sites via PAL appears straightforward, requiring
simply the enrichment and MS/MS analysis of crosslinked tryptic peptides. However,

only a subset of PAL probes have proven compatible with interaction site identification
(Table 2). Such analyses are often complicated by the low efficiency of crosslinking,
unpredictable fragmentation of crosslinked peptides, and the increased hydrophobicity of
labeled peptides, which further complicates enrichment and identification. PAL interaction
site identification has however functioned well for smaller probes. For example, by
employing their previously developed SIM-PAL platform with a modified biotin capture
handle, Miyamato and coworkers identified Prostaglandin E Synthase (PTGES) as one

of eight significantly enriched interacting proteins with their photo-celecoxib probe. Then
using recombinant PTGES, the binding site was uncovered through PAL and MS analysis
with a total of 27 peptide spectral matches of the photo-celecoxib-conjugate. Through
competitive displacement experiments, with a known PTGES inhibitor, licofelone, the
authors validated the binding site of celecoxib being in proximity to His-53.116

Flaxman and coworkers then applied this same approach towards binding site identification
of the macrocyclic lactone rapamycin. Rapamycin was previously known to act as a
molecular glue stabilizing a protein-protein interaction between FKBP12 and the FRB
domain of mTOR. Using a photoaffinity probe with a diazirine handle on C40 of rapamycin
the authors found modification on residues 75-110 of FKBP12 and residues 10-22 of

FRB. Predicted residues of interaction, D79 of FKBP12 and E18 of the FRB domain,

were mutated to alanine which resulted in significant decrease in labeling implicating these
residues as major hits of the rapamycin probe. Further molecular dynamics simulations
informed by these experimental results found a 5 A distance between rapamycin and either
protein with a labeling radius of 9 A 168

Efforts to map the cholesterol-protein binding sites further showcase the challenges
associated with deciphering the complex fragmentation patterns of larger crosslinked
molecules. Using a PAL strategy, Budelier and coworkers mapped the cholesterol binding
site in the voltage-dependent anion channel-1 (VDAC1),169 a mitochondrial protein required
for mitochondrial respiration and apoptosis.1’%: 171 By combining this labeling data with
mutagenesis and molecular modeling, cholesterol was proposed to bind with the aliphatic
tail 3.5 A from Glu73 and the steroid ring 2.5 A from Thr83. While a promising approach
for the study of recombinant proteins in vitro, cholesterol-PAL has yet to be extended

to, and is likely incompatible with, cell-wide binding studies, due to a requirement for
manual interpretation of MS/MS spectra. Further showcasing the complexity of such
mapping studies, Budelier and coworkers found that KK174, one of their two structurally
related diazirine cholesterol probes (KK174 and LKM38), produced a long half-life reactive
species, which confounded interaction site identification efforts with that probe.
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In these examples, understanding how these small molecules exert their intended effects

is the primary focus. However, characterizing off-target effects is an equally important
criterion in the drug-development process. Li and coworkers developed and applied a
photoreactive probe labeled LK2-P1 to inform the off-target activity of the Parkinson’s
disease (PD) inhibitor LRRK2-IN-1. Proliferating cell nuclear antigen (PCNA) was
significantly enriched by LK2-P1, confirming this protein as an off-target of LRRK2-IN-1.
The interaction site was pinpointed to Glu238, using recombinant PCNA labeled with
LK2-P1. Molecular docking studies suggest the aminopyridine moiety of LRRK2-IN-1 is
in proximity to the interdomain connecter loop (IDCL) region which is responsible for
interacting with binding proteins.12 Since PCNA plays a major role in DNA synthesis,
the authors hypothesized that complexing PCNA with LRRK2-IN-1 significantly decreases
its binding with DNA polymerase delta (Pol d) and epsilon (Pol e) thus reducing DNA
replication and synthesis. This model was supported by immunoprecipitation studies
measuring Pol & and Pol e binding affinity for LRRK2-IN-1 treated cells.173

Such interaction site mapping has also been successful using benzophenone probes. Using
a benzophenone-functionalized analogue of the HIV drug Raltegravir, the drug’s interaction
site was localized to the active site of the HIV-1 integrase enzyme. 174 Further molecular
dynamics and docking studies revealed several key amino acid residues that stabilize this
probe-protein interaction. As with most of the aforementioned studies, the interaction site
identified was limited to in vitro studies using recombinant protein, which further highlights
the technical challenges associated with identifying crosslinked peptides, particularly in
more complex samples.

2.4 Other Photolabeling strategies

The use of photocatalysts for proximity labeling applications represents an exciting
emerging strategy for small molecule target deconvolution applications. Pioneering work
by Kodadek and colleagues revealed that the combination of a ruthenium photocatalyst
and visible light could be harnessed to crosslink proteins through the excitation of
tyrosine residues.1’® Looking beyond protein-protein crosslinking, Nakamura and coworkers
demonstrated the utility of photocatalysts for small molecule protein interaction mapping.
In this work a ruthenium photocatalyst appended small molecule was used to catalyze the
crosslinking of tyrosine residues to the dimethyl-1,4-phenylenediamine radical trap17® A
recent study, Nakamura employed a ruthenium based photocatalyst (Figure 7A) to excite
molecular oxygen. The photogenerated singlet oxygen labels nearby histidine residues in
a [4+2] manner followed by nucleophilic attack with methyl-arylurazole (MAU). By using
an enrichment handle substituted MAU, labeled His residues can then be identified via
purification and MS analysis.}7”

This general concept has been built upon by MacMillan and coworkers who recently
demonstrated that Dexter energy transfer from an excited iridium catalyst appended to
an antibody (Figure 7A) could efficiently photoactivate proximal diazirines to carbenes,
affording labeling of antibody-adjacent proteins (Figure 7B). When compared with
APEX-based methods, this photolabeling offers the distinct advantage of more precise
microenvironment map of the target protein due to the significantly shorter half-life of a
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carbene as compared to a phenoxyl radical.1”® This approach has recently been extended
to small molecule-protein mapping.17® Looking to the future, we can envision a range
of applications for these photocatalytic labeling strategies, including in small molecule
screening and target deconvolution, particularly for low abundance and tough-to-detect
proteins. The large size of these catalysts may prove confounding for some such studies,
possibly by altering the interactomes or subcellular distribution of labeled probes.

Conclusions and Future Prospects

Deciphering the protein-small molecule interactome is an essential step for both functional
biology and drug development. Photoaffinity labeling, particularly when combined with a
chemoproteomic readout, is a powerful approach to gain high-throughput insight into where
and when such interactions occur. As reviewed here, a number of photoactivatable groups
(Table 1) have already been applied to such interactomic studies, including for mapping
small molecule, drug, lipid, metabolite and cofactor interactions. As demonstrated by the
breadth of interactions profiled by photoaffinity labeling (Table 2), this field is rapidly
evolving with numerous recent reports of novel probes and interactomic studies.

Choice of photoaffinity label is an essential component of the design and successful
execution of these studies. The workhorse reactive groups for such studies are the aryl
azides, benzophenone, and aryl and alkyl diazirines, which each offer unique strengths

and limitations. Aryl azides are distinguished by their relatively small size. However, the
relatively short wavelength of light required for activation and propensity to rearrange to
form longer half-life species has largely sidelined the aryl azide in favor of the latter two
photoactivatable groups. The ubiquity of the benzophenone moiety in pharmaceutical target
deconvolution campaigns is a testament to this group’s general utility for chemoproteomics.
Similarly, the diazirine has seen widespread adoption in chemoproteomic studies, chosen

in part due to its small size, promiscuous reactivity and the generally short half-life of the
reactive carbene—importantly, recent work8? has revealed that diazirines can release both
short and long half-life reactive species, which may complicate their use in studies aimed

at pinpointing precise interaction sites. Additional factors that should guide photoreactive
group selection include 1) the presence of naturally occurring photoactivatable moieties (e.g.
pyrone, pyrimidone, or tetrazole that are often found in natural products); 2) the presence
of specific amino acids in a binding site (e.g. Glu/Asp) that favour reactivity with certain
photoactive groups; and 3) if a putative target shows poor reactivity towards a specific
photoactive groups, alternatives should be considered, including the use of photocatalyst-
based labelling strategies.1"®

An ideal photoactivatable group would be small, afford high labelling efficiency (potentially
through repeated photoactivation), rely upon relatively long wavelength light to decrease
protein damage, and react promiscuously with nearly all amino acid side chains as well as
with the peptide backbone. Several intriguing alternatives to these ubiquitous photolabels
have emerged, including 2-Aryl-5-carboxytetrazole (ACT)118 and thienyl-substituted a.-
ketoamide,180 with the former reacting with carboxylates specifically and the latter
distinguished by its relatively small size, reversible activation, and low hydrophobicity.18L.
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As shown in Table 1, the unique features of each photoaffinity label should be considered
when selecting an appropriate labeling strategy for probe development efforts.

As highlighted here and previously covered extensively by Flaxman’s prior review, a key
challenge for photoaffinity labeling is capturing precisely where these interactions occur.182
Low crosslinking efficiency and functional group selectivity are challenges for developing
new photoreactive species. Often, there is a tradeoff between the two (as seen with ACT),
which offers high crosslinking efficiency and reactivity limited to acidic side chains. In
addition, recent literature suggests diazirines, the gold standard, also show a pronounced
bias towards reacting towards a subset of amino acid side chains and are therefore not as
promiscuous as previously thought.8° This biased reactivity almost certainly complicates
pinpointing binding sites particularly when further confounded by the propensity of some
diazirines to rearrange into more long half-life reactive species. Further complicating
matters, the position of the crosslinker has proven repeatedly to be a key driver of the protein
targets captured by PAL studies, as exemplified by the low overlap between the targets
captured by 2-Ad-BAD and 6-Ad-BAD.*8 It remains unclear whether these differences in
interactions are due mainly to blockade of binding by the photoactivatable substituent or by
poor positioning of the photoactivatable group relative to reactive to reactive side chains or
the peptide backbone. The nature of the protein target can also impact the relative success
of binding site mapping efforts. Interaction site identification for transmembrane proteins,
distinguished by their low abundance and hydrophobicity, may be hindered by lower
crosslinking efficiency and in some cases will require optimization of sample preparation
workflows, including proteolytic digest using multiple or alternative sequence specific
proteases. Even for relatively successful studies that yield labelled peptides, efforts to build
a high confidence binding model may be confounded both by any ambiguity surrounding
the precise sites of labelling within a peptide and the identification of multiple modified
peptides that support multiple potential binding modes.183 184 Fyture studies that can more
robustly capture crosslinked peptides in complex biological setting for larger molecules will
likely shed light on approaches to address these important challenges.

The complicated fragmentation pattern of crosslinked peptides, particularly those modified
by larger probes adds an additional layer of complexity to interaction site identification. As
show for mapping cholesterol’s binding to VDAC16% and Rapamycin’s binding to FKBP12
and the FRB domain of mTOR,168 Jow throughput manual interpretation of MS/MS spectra
is still a mainstay of these workflows. The fragmentation of larger molecules is often
unpredictable, which has largely hindered efforts towards high throughput data analysis.

We expect that advances in proteomic search algorithms, including readily available open
search algorithms (e.g. MSFragger!®5) and offset searches, such as those performed for
glycoproteomics, 8 likely will, at least in part address these challenges. Complementary

to these computational innovations, we envision that the development of new photoaffinity
handles, including those that react with higher efficiency and those that can be cleaved either
chemically or during MS/MS analysis will further facilitate interaction site mapping.

Beyond small molecule-protein interactions, there is tremendous potential for photoaffinity
labeling in assaying nearly all biomolecular interactions. As reviewed here, this technology
has already seen widespread use in lipid-, metabolite-, and cofactor-binder identification
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studies. The study of protein-protein interactions using PAL labeling strategies has

seen some traction using unnatural amino acid incorporation. As with small molecule
interactions, pinpointing the specific sites of binding for crosslinked peptides has proven
extremely challenging. We expect that the use of recently developed trifunctional amino
acids that incorporate a photocrosslinker, cleavable linker and an enrichment handle and are
readily incorporated into proteins through genetic code expansion, should in part address
this challenge.187 Such interactomic analyses will likely also be further facilitated by the
recently developed iridium and ruthenium-based photocatalytic labelling platforms.177: 178
Taken together, the rapid and widespread adoption of PAL chemistries, particularly when
combined with chemoproteomics, is a testament to the significance of the approach, both for
functional biology and chemical probe and drug development campaigns.
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Figure 1.
(A) Shows general workflow for photoaffinity labeling (PAL) between pharmacophore

(shown in black) and protein of interest (POI, shown in red) (B) Structures of commonly
used photoreactive groups.
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Figure 2.
(A) Photolysis of aryl azide to a singlet nitrene, which can either relax to a triplet nitrene

or isomerize to a dehydroazepine or benzazirine. (B) Photolysis of benzophenone to a triplet
diradical. (C) Photolysis of diazirine to a carbene or diazo species, which can subsequently
lose nitrogen to form the reactive carbene or gain a proton to form a diazonium species. The
carbene from alky! diazirines can further self-quench via a 1,2 H-shift. Alternatively, if the
handle bears a carbonyl the carbene can undergo cyclization forming a carbonyl ylide or
oxocarbenium species.
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ﬂ
Non-Competed
Proteins

General workflow for photoaffinity-activity-based chemoproteomics. 1) Cells are incubated
with photoprobe, irradiated, and lysed. 2) Labeled proteins can be fluorescently labeled

and imaged on gel. 3) Alternatively, labeled proteins can be enriched w/ a capture handle
(e.g. biotin) digested and identified through MS/MS analysis. For both the gel-based and
MS-based assays, blockade of probe labeling by pre-treatment with an untagged competitor

molecule prior to irradiation can facilitate delineation of high and low affinity binding

events.
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Figure 4.

Structure(s) of photoreactive probes of (A) PF-9283, (B) Dasatinib, and (C) NSAIDs.
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Structure(s) of (A) trans-sterol probe, (B) fatty acid probes and (C) sphingolipid probe.
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Structures of photoreactive probes of (A) NAD+ analog, (B) SAH, and (C) MDP.
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Figure7.
(A) Structures of microenvironment mapping photo catalyst (left) and singlet oxygen

photocatalyst (right).177 178 (B) Mechanism of microenvironment mapping via dexter
energy transfer.
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Comparison of different photoreactive groups

Table 1.

Photoreactive Group Activation Wavelength  Reversibility of Excited State  Functional Group Selectivity —Refs
Aryl Azide (1) 300 nm Irreversible Non-Specific 68, 69
Benzophenone (2) 350 nm Reversible Non-specific 7
Diazirine (3) 350 nm Irreversible Non-specific 7,73
Pyrone and Pyrimidone (4) 350 nm Reversible Nucleophilic s
2-Aryl-5-carboxytetrazole (5) 302 nm Irreversible Carboxylate &
o-Nitrobenzyl alcohol (6) 365 nm Irreversible Amine 18,80
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