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s of carbene-mediated
photoaffinity labeling in medicinal chemistry
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Pei-Yi Wanga and Song Yang *ab

Photoaffinity labeling (PAL) in combinationwith a chemical probe to covalently bind its target uponUV irradiation

has demonstrated considerable promise in drug discovery for identifying new drug targets and binding sites. In

particular, carbene-mediated photoaffinity labeling (cmPAL) has been widely used in drug target identification

owing to its excellent photolabeling efficiency, minimal steric interference and longer excitation wavelength.

Specifically, diazirines, which are among the precursors of carbenes and have higher carbene yields and

greater chemical stability than diazo compounds, have proved to be valuable photolabile reagents in a diverse

range of biological systems. This review highlights current advances of cmPAL in medicinal chemistry, with

a focus on structures and applications for identifying small molecule–protein and macromolecule–protein

interactions and ligand-gated ion channels, coupled with advances in the discovery of targets and inhibitors

using carbene precursor-based biological probes developed in recent decades.
1. Introduction

The identication of targets of active molecules and natural
products plays an important role in biomedical research and drug
discovery. As a result of current advances in mass spectrometry
and bioinformatics used in chemical probes, increasing numbers
of biological targets have been found and become clinical drug
candidates. However, most of them still remain unknown because
there is little understanding of the mode of action between probes
and relevant targets. The concept of photoaffinity labeling (PAL)
was originally introduced by FrankWestheimer in the early 1960s,1

and since then it has gradually emerged as a powerful tool for the
identication and localization of targets and corresponding
interaction sites in complicated biological systems,2 especially in
some cases such as low-abundance proteins and low-affinity
interactions that fail to survive disruptive washing steps.3,4 Four
common types of photoreactive group are used in PAL, namely,
aryl azides (AZs), benzophenones (BPs), diazirines (DAs)5,6 (New)
and 2-aryl-5-carboxytetrazoles (ACTs),7,8 which are classied in
accordance with their photochemically generated reactive species,
namely, nitrenes, diradicals, carbenes and carboxy-nitrile imines.
In addition, some photoreactive components of natural molecules
that can undergo photolysis to form highly reactive intermediates,
such as steroid enones (e.g., pyrones and pyrimidones9), various
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aryl chlorides, and several thioethers, have been utilized as probes
to avoid complications associated with fully synthetic probes.10 The
mechanisms of different types of photoaffinity labeling are simply
illustrated in Fig. 1. In particular, carbenes are highly reactive
species with extremely short lifetimes11 that can not only react with
various nucleophilic residues, but also be inserted into C–H or
O–H bonds. Carbene-mediated photoaffinity labeling (cmPAL) has
been increasingly used in target identication owing to the small
size of carbenes, high crosslinking efficiency, long excitation
wavelength, excellent chemical stability, less disruption of the
interaction interface and minimal damage to biological samples.
There are two major types of carbene precursor used in cmPAL,
namely, diazirine and diazo compounds, which have occupied
a uniquely important place in PAL. In particular, in comparison
with the latter, diazirines generate relatively more reactive car-
benes12,13 and have either relatively high thermal and chemical
stability2 or a much shorter lifetime when activated by photo-
irradiation. The potential of carbene precursors as photoreactive
groups, especially 3H-aryldiazirines with an absorption wavelength
ranging from 340 to 380 nm, was rst revealed in 1973 by Jeremy
Knowles.14 Since then, carbene precursor analogues of several
biologically important ligands such as amino acids, nucleic acids,
lipids, carbohydrates and steroids have been used as photop-
robes15 for ligand-binding sites to facilitate the formation of
a covalent bond in biological systems upon photoirradiation at
a certain wavelength. The boom in cmPAL, as well as the recent
development of various diazirine–compatible reactions12 and the
increasing commercial availability of diazirine derivatives, has
inspired equally innovative advances in research into small
molecule–protein and macromolecule–protein interactions and
ligand-gated ion channels. In the last few decades, a great deal of
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Proposed mechanisms of different types of photoaffinity labeling: (A) azide (AZ), (B) benzophenone (BP), (C) diazirine (DZ), (D) 2-aryl-5-
carboxytetrazole (ACT), and two “more natural” types, namely, (E) pyrimidone, and (F) pyrone. X ¼ C, N, O, or S.
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effort has been dedicated to characterizing many classes of
enzymes such as kinases, g-secretases, methyltransferases, met-
alloproteinases and histone deacetylases (HDACs) by using cmPAL
in combination with chemical probes, namely, affinity-based
probes (AfBPs), in which cmPAL is used to create covalent inter-
actions between the probe and an enzyme that does not employ
a catalytic nucleophilic amino acid within the ligand-binding site.
Interestingly, a large number of these enzymes are relevant to
human diseases and thus provide opportunities for the potential
diagnosis and therapy of cancer.

Several excellent reviews have extensively summarized the
eld of cmPAL and its application in the identication of targets
of natural products and bioactive compounds within the past
decade.15–20 In this highlight, we will briey introduce current
developments in cmPAL inmedicinal chemistry, with a focus on
synthetic methods and applications for understanding biolog-
ical molecule–protein interactions and ligand-gated ion chan-
nels, as well as the discovery of targets and inhibitors using
different diazirinyl biological probes that were developed
recently. By presenting specic examples, we show here that
cmPAL provides researchers with a distinctive set of chemical
tools to embark on the study of the identication of targets of
drug candidates with an unknown mode of action and the
functions of many of the uncharacterized classes of enzymes
that populate eukaryotic and prokaryotic proteomes.
Fig. 2 Structure of carbenes derived from diazo compounds or dia-
zirines upon UV irradiation.
2. Carbene-mediated PAL (cmPAL)

Carbenes are more reactive species than nitrenes with extremely
short lifetimes that can not only be inserted into C–H or O–H
bonds in proteins, but also react with various nucleophilic
This journal is © The Royal Society of Chemistry 2018
residues. As major precursors of carbenes, diazo compounds
and diazirines (Fig. 2) have occupied a uniquely important place
in photoaffinity labeling. Upon exposure to UV light at a certain
wavelength (350–380 nm), carbenes generated by diazo
compounds or diazirines are capable of spontaneously forming
a covalent bond with a neighboring molecule via insertion into
bonds such as C–H, O–H, N–H and C–C to stabilize the inter-
action between a biological target and a probe. The use of
cmPAL in enzyme modication was rst described in 1962,1

when Westheimer et al. reported the use of a diazoacetyl group
to inactivate chymotrypsin. Since then, there has been a steady
increase in the use of cmPAL for understanding enzymes, in
particular those with previously uncharacterized functions,
because of its distinct advantages. The employment of both
types of carbene precursor in AfBPs is illustrated below.

2.1. Diazo compounds

The diazo group has been widely used in the eld of organic
chemistry for over a century owing to its diverse reactivity,
including alkylation, carbene generation, nucleophilic addi-
tion, homologation, and ring expansion.21,22 Similarly, the diazo
group is particularly attractive as a photoprobe and has enabled
novel modications of proteins and nucleic acids23 (New)
RSC Adv., 2018, 8, 29428–29454 | 29429
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Fig. 3 Photochemical reaction of diazoketone 1 for photoaffinity labeling, including an insertion reaction and a Wolff rearrangement.

Scheme 1 Photochemical reaction of ethyl diazotrifluoropropanoate.

Fig. 4 Typical methods for preparing diazo compounds: (a) diazo
transfer; (b) diazotization; (c) decomposition or oxidation of hydra-
zones; (d) rearrangement of N-alkyl-N-nitroso compounds; (e) frag-
mentation of 1,3-disubstituted alkyl aryl triazenes; and (f) elaboration
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because of its small size and ease of introduction within a short
time.24,25 The rst example of PAL was achieved with a diazo-
acetate.1 Upon photoirradiation, the diazoketone 1 fragments
into molecular nitrogen and a highly reactive carbene, which
can undergo either a photolabeling process via bond insertion26

or a Wolff rearrangement,27 followed by nucleophilic attack on
the resulting ketene (Fig. 3). Both of these products can react
with neighboring functional groups and thus have a negative
impact on accurate photolabeling.13 To reduce the probability of
a Wolff rearrangement and stabilize the carbene, electron-
withdrawing groups can be introduced. This conclusion has
been conrmed by Chowdhry et al., who demonstrated that the
photolysis of ethyl diazotriuoropropanoate in methanol cau-
ses much less rearrangement and results in an efficient inser-
tion reaction with the O–H bond (Scheme 1).28 With high
stability and a maximum UV absorption at around 360 nm,
diazo compounds hold promising potential for use in photo-
labeling studies.29,30 This strategy has been a powerful
biochemical technique for mapping the architecture of
chymotrypsin,1 revealing antibody-binding sites,31 examining
the structure of lipid membranes,32 and identifying isoprenoid-
binding sites in proteins.33

The rst diazo compound was synthesized in the 19th
century.34,35 As a result of their broad reactivity and coexisting
functional groups, diazo compounds can present a challenge
with respect to their preparation and purication. Here, we have
summarized several typical synthetic methods for preparing
diazo compounds (Fig. 4).36 Among these, the preparation of
diazo compounds via the fragmentation of triazenes was origi-
nally described by Baumgarten37 and has been increasingly
used in recent years because of its mild synthetic conditions,
and thus facilitated more biological applications such as the
labeling of proteins and use as tunable reactants in 1,3-dipolar
cycloaddition reactions with cycloalkynes. A further effort was
made by Myers et al., who used azides as substrates and
29430 | RSC Adv., 2018, 8, 29428–29454
employed mild tetrahydrofuran–water conditions to synthesize
a variety of alkyl acyl triazenes. The ability of Staudinger-type
phosphines to produce diazo compounds also revealed that
these acyl triazenes undergo thermal or base-catalyzed frag-
mentation to form a-diazo compounds in high yields.36 Simi-
larly, Chou et al. described another transformation that utilized
an activated phosphinoester to convert an azide into a diazo
compound in a phosphate buffer at neutral pH and room
temperature. As azido groups can be easily introduced into and
retained in their ligands, the conversion between azides and
diazo compounds tolerates the presence of functional groups
relevant to chemical biology.38
of more readily available diazo compounds.

This journal is © The Royal Society of Chemistry 2018
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2.2. Diazirines

Diazirines were rst chemically synthesized in 1960,39,40 and
their structures were conrmed in 1962.41,42 A diazirine mole-
cule is a three-membered ring system containing two nitrogen
atoms and one carbon atom, which can be further categorized
into two types, namely, aromatic and aliphatic compounds,
depending upon whether the diazirine ring is attached directly
to an aromatic ring or to an aliphatic carbon atom, respectively.
Diazirines can be decomposed into molecular nitrogen and
a very short-lived singlet carbene under the inuence of light. In
addition to generating carbenes, they can undergo isomeriza-
tion to be transformed into linear diazo compounds (>30%),
which also generate carbenes or carbocations for labeling the
nucleophilic residues of proteins. A proportion of the highly
reactive singlet carbenes immediately form a covalent bond
with X–H (X ¼ C, N, O, or S) or C–C bonds derived from
a neighboring molecule via insertion under stable physiological
conditions. The other singlet carbenes can be transformed into
triplet carbenes, in which two electrons with parallel spins
occupy two different orbitals via intersystem crossing (ISC).
Singlet and triplet carbenes exhibit similar reactivity in
comparison with the corresponding nitrenes. The intrinsic
efficient reactivity of the singlet carbene with O–H bonds leads
to scavenging of the reactive species by water. The triplet car-
bene is initially converted into a radical intermediate, which
either undergoes an insertion reaction like the singlet carbene
when it reacts with an X–H bond or abstracts a second hydrogen
atom from a different C–H bond, which results in reduction.
The triplet carbene can be oxidized to the corresponding ketone
by molecular oxygen.13 In summary, the reactive species in
diazirine photolabeling are primarily the singlet carbene and
the diazo compound, of which the proportion depends upon
the chemical nature of the diazirine.15 Another main drawback
of diazirines is their complicated synthetic methods. Despite all
these factors, diazirines have increasingly been employed in
cmPAL as photoreactive reagents owing to their unique advan-
tages, which include smaller sizes, longer excitation wave-
lengths (350–380 nm) and higher photocrosslinking efficiency
than other photoreactive groups. On the other hand, in
comparison with diazo compounds, diazirines generate rela-
tively more highly reactive carbenes12,13 and have either rela-
tively high thermal and chemical stability2 or a much shorter
Fig. 5 Possible pathways and intermediates formed after photolysis of 3
carbene.

This journal is © The Royal Society of Chemistry 2018
lifetime when activated by photoirradiation. Hence, diazirines
have largely superseded diazo compounds as photoreactive
reagents on account of their improved chemical stability in the
dark and higher photochemical responsiveness. Furthermore,
the recent development of various diazirine-compatible reac-
tions,12 coupled with the increasing commercial availability of
diazirine derivatives, now allows their more widespread use in
cmPAL. Diazirines have been increasingly regarded as among
the most promising photolysis reagents. Attention has been
given to different types of diazirinyl analogues with different
biologically important ligands such as amino acids, nucleic
acids, lipids, and so on, which are discussed below.

2.2.1 Aromatic diazirines. The potential of diazirines as
photoreactive groups, in particular that of 3H-aryldiazirines
(Fig. 5), was rst revealed in 1973 by Jeremy Knowles.14 Aromatic
diazirine derivatives, especially triuoromethylphenyl diazirine
(TPD) derivatives,43 in which the diazirine group is directly
attached to an aromatic ring, have been developed to address
some of the limitations associated with alkyldiazirines, one of
which is low crosslinking efficiency because of the rapid isom-
erization of the photogenerated carbene intermediates into
diazo isomers.43 Furthermore, several studies have indicated
that aromatic diazirines tend to photogenerate more carbenes
than alkyldiazirines.44–46 In comparison with other diazirines,
TPDs display much higher chemical stability under a wide
variety of conditions, including strongly acidic, strongly basic,
oxidizing and reducing agents.12 This is because the electron-
withdrawing nature of the triuoromethyl group and phenyl
group located at the a-position of the diazirine moiety can not
only prevent the carbene from undergoing rearrangements but
also strongly stabilize the photogenerated diazo isomer under
normal photolysis conditions. With a maximum absorption at
around 360 nm, aromatic diazirines minimize damage to the
targeted biological system. Aromatic diazirines are quite bulky
in comparison with small diazirines but can be incorporated
into molecules with a structure similar to that of naturally
occurring compounds to address this issue; thus, the biological
activity of the modied ligand and the crosslinking efficiency of
cmPAL-based probes are not impaired too greatly. In general,
aromatic diazirines preferentially react with O–H bonds rather
than C–H bonds.47,48 One shortcoming of TPDs is that aromatic
diazirines can react with N–H bonds and generate enamines as
-aryl-3H-diazirines and representation of the electronic states of the

RSC Adv., 2018, 8, 29428–29454 | 29431
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Scheme 2 Synthetic routes to the aromatic diazirine 10 from the aromatic bromide 2 or the aromatic formaldehyde 3.
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a side product, which are subject to further hydrolysis with
concomitant loss of the labeling targets.49 Collectively, TPDs are
currently preferred as the most promising photolabeling
reagents that have been developed, although their synthetic
routes have been intricate thus far.

Although TPDs appear to be the most promising photo-
reactive reagents for cmPAL, their introduction into different
chemical probes in a simple and convenient manner remains
challenging and constitutes the major hindrance to their prac-
tical use.2,12 A great deal of work has been invested in improving
Table 1 Summary of steps in the synthesis of aromatic diazirines. MsC
dimethyl-4-aminopyridine

Step Synthetic conditions

A1 n-BuLi, ether, CF3COOEt, �78 �C, 2
n-BuLi, THF, CF3COOMe, �78 �C, 2
Mg, CF3COR, R ¼ piperidinyl
Mg/CF3COOH or n-BuLi/CF3COR, R ¼

A2 (1) TMS-CF3, catalytic TBAF, THF; th
(2) Dess-Martin periodinane, TFA, CH
(1) TMS-CF3, K2CO3, DMA, rt, 2 h
(2) 1 M HCl, rt, 1 h
(3) Dess-Martin, CH2Cl2, rt, 8 h

B1 NH2OH, NaOH, EtOH, reux, 21 h
NH2OH$HCl, pyridine, EtOH, 60 �C,
NH2OH$HCl, NaOH, EtOH, reux, 16

B2 1 M LiN(TMS)2 in THF, toluene, 0 �C
C MsCl, TEA

TsCl, pyridine, reux
TsCl, TEA, N,N-dimethylaminopyridi
TsCl, DMAP, TEA, CH2Cl2, rt, 45 min

D1 NH3 (l), CH2Cl2, �78 �C
NH3 (l), ether, �78 �C/rt or rt
NH3 (l), 80 �C, 20 h

D2 NH3 (l), LiNH2, rt, 11 h
M MeOH, 18 h

N (1)

in THF, 0

(2) piperidine

E Ag2O, ether, 23 �C, 3.5 h
tert-BuOCl, TEA
I2, TEA, CH2Cl2 or MeOH, 0 �C
MnO2, ether or CH2Cl2, rt
(COCl)2, DMSO, DCM, �78 �C

29432 | RSC Adv., 2018, 8, 29428–29454
their synthesis (Scheme 2). The general strategy for preparing
an aromatic diazirine analogue 10 comprises the conversion of
a ketone derivative 4, which can be obtained from an aromatic
bromide 2 or an aromatic formaldehyde 3, into the corre-
sponding ethanone oxime 5. The hydroxy group in 5 can be
activated to form a good leaving group by using either p-tosyl
chloride (TsCl) or mesyl chloride (MsCl) to give a tosyl oxime 6.
Aer treatment with NH3 (l), the tosyl oxime 6 is converted into
a diaziridine 9 and then oxidized to 10. Another synthetic
strategy includes the direct conversion of the tosyl oxime 6 into
l: mesyl chloride; Py: pyridine; pTsCl: p-tosyl chloride; DMAP: N,N-

Ref.

h 49,53
h 54

55
OMe, piperidinyl 20

en aqueous HCl 56
2Cl2

57

49
4 h 53–58
h or pyridine, 70 �C, 3 h 59

51
49
2,53,54,56,59

ne, CH2Cl2, 0 �C, 45 min 55
57
49,54,55
53,56,57,59
58
50,57,59
51

�C 51

49,54
2,55
56,58,59
53,57
60

This journal is © The Royal Society of Chemistry 2018
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an aromatic diazirine under the following conditions: either
using liquid NH3 at 80 �C or with LiNH2 (ref. 50) (Table 1). The
diaziridine can also be made using an ammonia-free synthetic
method, which signicantly requires less time to prepare
TPDs.51 The phenyl ketone 4 reacts with lithium bis(-
trimethylsilyl)amide to give an N-TMS-ketimine 7, which is then
subjected to solvolysis with methanol to provide an imine 8 in
good yields, followed by treatment with o-mesitylenesulfonyl
hydroxylamine, which was synthesized according to the meth-
odology reported by Tamura et al.,52 to give the corresponding
diaziridine. Details of the reagents and conditions in the
syntheses of the aromatic diazirine 10 are summarized in
Table 1.

2.2.2 Alkyldiazirines. Increasing numbers of researchers
are using alkyldiazirines for photolabeling studies, despite
initial apprehensions due to their extremely small size,
although TPDs appear to come closest to satisfying the chemical
and biological criteria required for ideal photoprobes.43 Typi-
cally, 3H-diazirine, which is the simplest form of diazirine,
when the ring system has been directly attached to alkyl carbon
atoms has been used to probe different states of proteins.61–63

The use of alkyldiazirines has been limited in the past, mainly
for the reasons that they are prone to generate smaller amounts
of carbenes upon UV irradiation and have moderate cross-
linking efficiency owing to the side products from rearrange-
ment reaction. Furthermore, the diazo compounds derived
from alkyldiazirines are liable to generate carbocations that can
react with nucleophilic side chains in amino acids, which leads
to non-specic photolabeling. Nevertheless, all these limita-
tions of alkyldiazirines can be compensated for by their
extremely compact sizes, which make them highly attractive in
cases in which the drug–target interactions are sensitive to the
size of the photoprobe. Furthermore, one of the most essential
challenges in cmPAL is that the probe, which is a derivative of
the drug or natural product, must retain most of the original
biological activities of the original compound and exhibit little
alteration in binding to the native target aer modication. A
smaller probe size is desirable to minimize the chance that the
crosslinking group will disrupt the interaction interface and
cause a signicant decrease in affinity with the target molecule.
This therefore calls for the development of “minimalist” linkers
in which both the photoactivatable group and the detection
moiety are made as small as possible so as to provide
Scheme 3 Schematic of the syntheses of the minimalist alkyne linkers L
DIBAL: diisobutylaluminium hydride.

This journal is © The Royal Society of Chemistry 2018
a chemically suitable modality for detecting covalent protein–
probe interactions in vivo. Since the concept of the “minimalist
linker” was rst introduced by Yao et al. in 2013,64 both a dia-
zirine and a clickable moiety have been concurrently incorpo-
rated into a single alkyl chain (L1–3, Scheme 3).64,65 This strategy
has been demonstrated to be a remarkably efficient method for
cmPAL and cell imaging. Very recently, a suite of “minimalist
linkers” containing alkyldiazirine units and different bio-
orthogonal tags have been developed to nd targets of BRD4
inhibitors and obtain better insights into how a tag might affect
the overall performance of a probe66 (New). In another case,
a derivative of a non-steroidal anti-inammatory drug (NSAID),
namely, a photo-NSAID, containing a “minimalist linker” was
used to study NSAIDs. Such a strategy not only enables the
characterization of binding site hotspots for NSAIDs but can
also map global binding sites for virtually any molecule of
interest67 (New).

In a similar way to aromatic diazirines, the main strategy for
the synthesis of alkyldiazirines comprises starting from an
aliphatic ketone, modifying it to form an alkyldiazirine and
preparing diazirine precursors without oximation and tosyla-
tion. The syntheses of three commonly used alkyldiazirine-
based linkers are described here. An alkyl ketone directly
reacts with ammonia and an aminating reagent such as a chlo-
ramine or hydroxylamine-O-sulfonic acid to give the corre-
sponding diaziridine. Aer oxidation of the corresponding
diaziridine with a variety of oxidants, such as Ag2O, I2/TEA or
CrO3, the desired diazirine L1 is prepared (Scheme 3). In addi-
tion, a simple base-mediated one-pot reaction can also be used
to prepare L1. It was demonstrated that the intermediate can be
directly converted into the diazirine aer the addition of KOH
under air68,69 (New). The synthesis of L2 from L1 was accom-
plished by treatment with commercially available ethyl diazo-
acetate and a catalytic amount of Rh2(OAc)4, and further
reduction of the C-3 ester in L2 by DIBAL afforded L3 in an
excellent yield65 (Scheme 3).

3. Applications of cmPAL for biological
molecule–protein interactions and
ligand-gated ion channels

The chemical and thermal stability of carbene precursors allows
sophisticated derivatization of the corresponding biological
1–3: HOSA: hydroxylamine-O-sulfonic acid; [O]: Ag2O, I2/TEA or CrO3;
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probes, which can be further categorized according to the type of
parent ligand molecule. The development of different cmPAL
labels enabled a simple strategy for linking photoreactive groups,
especially diazirines, to important classes of biological ligands
such as amino acids, nucleic acids, lipids, carbohydrates,
steroids and other small molecules to produce the corresponding
diazirinyl photoprobes. Specic examples of the use of cmPAL for
studying small molecule–protein and macromolecule–protein
interactions and ligand-gated ion channels are discussed.
3.1. Protein–protein interactions

Because PAL can detect participants in non-covalent interac-
tions spatioselectively, photoreactive amino acids have emerged
as a critical tool for studying protein–protein interactions (PPIs)
directly in a complex proteome70 (New). The similarity between
photoreactive amino acids and the corresponding natural
amino acids makes them elude the stringent identity control
mechanisms during protein synthesis and be directly incorpo-
rated into proteins during cell culture by the native mammalian
translation machinery for protein biosynthesis.71 Several dia-
zirine analogues of amino acids have been widely incorporated
into proteins to probe PPIs, which thereby allows the global
identication of interacting proteins in living cells.

Three diazirine-containing amino acids, namely, photo-Met,
photo-Leu and photo-Ile (11–13, Fig. 6), which resemble natural
methionine, leucine and isoleucine except for the presence of
a diazirine ring in the side chain, were efficiently incorporated
into proteins by mammalian cells to study membrane protein
complexes in living cells,71,72 covalently detect MH2–MH2
domain interactions in proteins,73 inhibit the expression of
a vascular cell adhesion molecule (VCAM) in a fungal cyclo-
depsipeptide,74 and map the protein interaction network of
human protein kinase D2 (PKD2), which is an enzyme that
belongs to the family of serine/threonine kinases and is
involved in multiple biological processes.75 It was demonstrated
that insights from structural proteomics can be used to
generate CaM-insensitive mutants of targets of CaM for func-
tional studies in vitro or ideally in vivo via the incorporation of
synthetic photo-Met.76

In another study, a derivative of L27-11 containing photo-Pro
(14, Fig. 6) was reported to label LptD, which is an outer-
membrane protein widely distributed in Gram-negative
bacteria, against Pseudomonas aeruginosa77 and enable the
Fig. 6 Diazirine analogues of amino acids.

29434 | RSC Adv., 2018, 8, 29428–29454
study of its essential function in the bacterium.78 Similarly, two
proline-based diazirinyl amino acids, namely, JB-95 (ref. 79) and
DYN5,80 were developed to study several b-barrel OM proteins,
including BamA and LptD,79 and nd the potential target, which
was found to be the sensor ParS.80

Another synthetic amino acid with a triuoromethyldiazirine
moiety attached to phenylalanine, namely, Tmd-Phe (15, Fig. 6),
was rst prepared by Nassal in 1984.81 Aer the successful
identication of calmodulin (CaM) using Tmd-Phe in a calcium-
dependent manner,82 Tippmann et al. extended the use of Tmd-
Phe to label the amber codon, which gave a highly efficient and
precise response in E. coli.83 In a subsequent study, in order to
nd novel complexes of proteins with Grb2 and map PPIs in
living cells, Tmd-Phe was incorporated into multiple sites
(N103-L112) in the SH2 domains of Grb2 (ref. 84) and was
specically crosslinked with EGFR aer stimulation by EGF.85 In
addition, some Tmd-Phe derivatives also have sufficient affinity
for the sweet taste receptor to identify the binding sites of
ligands in the sweet taste receptor.86

Photo-Trp (16, Fig. 6) is a new photoactivatable amino acid
designed to be incorporated into tryptophan-containing
peptides for cmPAL. Two types of photo-Trp, namely, 5- and 6-
triuoromethyldiazirinyltryptophan, acted as skeletons for the
comprehensive synthesis of various bioactive indole metabo-
lites and were used in biological functional analysis via
cmPAL.87 Furthermore, a Boc-protected version of photo-Trp,
which carried a diazirinyl substituent at the 6-position of the
indole ring, was used to target the cytotoxic marine natural
product hemiasterlin.88

Two lysine-based diazirinyl analogues (17 and 18, Fig. 6)
were developed to efficiently photocrosslink a test model
protein in vitro and in vivo89 and identify proteins that recognize
PTMs of lysine, including ‘readers’ and ‘erasers’ of histone
modications,90 respectively. In another case, genetically enco-
ded photo-lysine was used as an unmodied “control probe” in
conjunction with the photoaffinity label crotonyllysine to study
the specicity of an effector of interest toward the correspond-
ing PTM of lysine, which enabled the investigation of PPIs
mediated by the lysine PTM between the full-length H3 protein
and its epigenetic regulatory effectors.91

From these studies, we can see that the development of new
photoreactive amino acids of which the structures and properties
closely resemble those of natural amino acids may help to
address difficulties in the identication of PPIs in living cells.
This journal is © The Royal Society of Chemistry 2018
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3.2. Nucleic acid–protein interactions

Since nucleic acid analogues that carried a diazirine unit were
successfully used for cmPAL, increasing numbers of photolabile
nucleoside, nucleotide and oligonucleotide analogues contain-
ing diazirines have been developed for studying nucleic acid–
protein interactions.

The simplest nucleoside derivative 19 (Fig. 7), which con-
sisted of deoxyuridine substituted at the 5-position with a 3H-
diazirine group, was synthesized by Taranenko et al., who used
this so-called “zero-length” diazirinyl nucleoside to investigate
nucleic acid–protein interactions.92 In addition, two nucleotide
compounds comprising cytosine (C*, 20, Fig. 7) and guanine
(G*, 21, Fig. 7) with diazirine units were developed by He et al.,
who described a simple and rapid solid-phase synthetic method
for the incorporation of diazirine into the major and minor
grooves of DNA for efficient photocrosslinking to proteins.93

Similarly, a diazirine-based nucleoside analogue 22 (DBN,
Fig. 7) was successfully incorporated into DNA by solid-phase
oligonucleotide synthesis, efficiently formed inter-strand
crosslinks in dsDNA upon photoirradiation and thus enabled
a wide range of applications in biotechnology, such as probing
nucleic acid–nucleic acid and protein–nucleic acid interactions
and in phototherapy.94 A different application of photolabile
nucleic acids was described by Carell et al., who synthesized two
Fig. 7 Structures of diazirinyl nucleic acid analogues and the 5-iodourid

This journal is © The Royal Society of Chemistry 2018
thymidine analogues 23 and 24 (Fig. 7) by attaching TPD groups
to the 5-position of the nucleobase uridine to avoid disturbing
the duplex structure of DNA. Aer cmPAL, two DNA repair
enzymes (Rad14, which is the yeast homologue of human XPA
protein, and Fpg/MuM-DNA glycosylase from Lactococcus lactis)
were identied,95 and an optimal photocrosslinker that exerted
a signicant effect on the yield and efficiency of photo-
crosslinking in the human nuclear proteome was found to be
involved in processing the lesion,96 respectively.

Several derivatives that bear a diazirine ring at different
positions in RNA have been synthesized, and their photoaffinity
efficiencies have been tested. Protocols for the synthesis and
photocrosslinking of diazirine-containing RNAs have been
described by Sergiev et al., who chose Escherichia coli ribosomes
as a model for testing photoactivated RNA analogues 25–27
(Fig. 7), which can be incorporated into RNA by T7 transcrip-
tion.97–99 The TPD moiety in the nucleotide analogue 25 is
located in the major groove of the mRNA helix and is in contact
with ribosomal 16S RNA in helix region 28.97 Upon UV irradia-
tion, the 4-thiouridine (s4U) analogue 26 was non-specically
crosslinked to either single- or double-stranded RNA regions,
which enabled an understanding of the structure and function
of 5S rRNA and its environment in the ribosome.98 The 6-thio-
guanosine diazirinyl analogue 27 was crosslinked at the 30-end
ine RNA derivative 28.

RSC Adv., 2018, 8, 29428–29454 | 29435
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of 16S rRNA (nucleotides 1496–1542), which performed photo-
chemical crosslinking within the E. coli ribosome complex.99 In
another study, some photolabeled siRNAs (small interfering
RNAs) with TPD moieties in the 30-overhang region were re-
ported and compared to a 5-iodouridine RNA derivative 28
(Fig. 7) by Ueno et al., which enabled much more sensitive
detection and would serve as a powerful tool for understanding
the mechanism of the assembly of the RISC (RNA-induced
silencing complex) by Argonaute proteins.100 Similarly, a photo-
reactive miRNA-145 probe 29 containing photolabeled micro-
RNA (Fig. 7), which has sufficient gene-silencing activity even if
the guide strands of themiRNAs are modied with the analogue
29 in some cases,101 was found to specically label the target
mRNAs, namely, FSCN1 and KLF4, upon UV-A irradiation in
DLD-1 human colon cancer cells.102 An S-adenosyl-L-methionine
(AdoMet) analogue 30 (Fig. 7), which can be enzymatically
transferred to the target of methyltransferase, namely, the
mRNA cap, with high efficiency, was demonstrated to be the
optimal photochemical reagent for enzymatic transfer and
photocrosslinking to a directly interacting protein.103

These photolabeled nucleic acid analogues, in combination
with cmPAL and mass spectrometry methods, should enable
more scientists to characterize proteins that are specically
involved in DNA or RNA processes in detail.
Fig. 8 Diazirine analogues of lipids.

29436 | RSC Adv., 2018, 8, 29428–29454
3.3. Lipid–protein interactions

Diazirine analogues of lipids that bear photoreactive diazirine
groups in either the polar head or the hydrophobic part can be
incorporated into a lipid bilayer to study lipid–protein interac-
tions. When exposed to light, photogenerated highly reactive
carbenes can covalently crosslink with membrane proteins or
surrounding lipids. Since the rst aliphatic diazirine-based
phospholipid was reported by Khorana et al. in 1980,104

various hydrophobic diazirinyl analogues of lipids have been
developed for labeling hydrophobic biomembrane regions
owing to their higher labeling efficiency in hydrophobic envi-
ronments in comparison with an aqueous medium.12,105

A pioneering study by Ross using diazirinyl lipid analogues 31–
33 (Fig. 8) bearing diazirine groups either in the fatty acyl chain or
in the polar head provided a direct method for investigating the
biomembrane of glycophorin A. Further results of labeling using
the phospholipid 31 showed that the Glu-70 residue is embedded
in the membrane.106 In addition, in combination with radio-
labeling, two lipid analogues 34 and 35 containing TPD units
(Fig. 8) were designed to study the interactions between the
inuenza virus and target membrane lipids,107 mitochondrial
proteins and phosphatidylcholine.108 The successful conrmation
that the HA2 subunit of inuenza hemagglutinin was inserted into
the target membrane prior to fusion107 and the highly specic
This journal is © The Royal Society of Chemistry 2018
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labeling of a 70 kDa protein108 indicated the potential of these two
photolipid analogues as tools for proteome analysis.

As structural components of membranes, sphingolipids can act
as intracellular second messengers. In order to understand how
sphingolipids affect the function of proteins within themembrane
bilayer of living cells, Haberkant et al. developed a radioactively
labeled photosphingosine 36 (Fig. 8)109 and two clickable photo-
sphingosines 37 (Fig. 8)110 and 38 (Fig. 8)111 bearing an alkyldia-
zirine moiety in the fatty acyl chain. A bifunctional sphingosine
such as 38 can not only be metabolically incorporated into all
major classes of glycerolipids, as well as into proteins via fatty
acylation in living cells, but can also be conjugated to a coumarin
caging group via a carbamate linkage at the amino group to give
a trifunctional sphingosine for studying different aspects of lipid
biology in the context of living cells.112 Another clickable fatty acid-
based probe 39 (Fig. 8) was reported by Liu et al., who designed
a fatty acid-based probe bearing diazirine and terminal alkyne
groups, which enables the identication or visualization of the
respective crosslinked protein–glycolipid complex.113

Similarly, in order to discover more new protein–lipid inter-
actions in which proteins bind to phosphatidylcholine (PC),
which is the most abundant type of phospholipid in most lipo-
proteins and membranes, via the fatty acid tails, two photo-
activatable and clickable phosphatidylcholine analogues 40 and
41 (Fig. 8) were prepared.114,115 Compound 40, which can be
incorporated into recombinant high-density lipoprotein particles
or membrane bilayers, facilitated the identication of residues
critical for the docking of proteins with the lipid surface of
lipoproteins or cell membranes.114 The other PC analogue 41 was
used in a double incorporation strategy for the metabolic
synthesis of bifunctional PCs to provide an obvious improvement
in global mapping of genuine protein–lipid interactions in living
cells. It is evident that this strategy not only facilitates the
successful biosynthesis of bifunctional 41 but also identies
many high-condence PC-binding proteins.115

It is evident that alkyldiazirine analogues of lipids bearing
diazirines in the fatty acyl chain have been increasingly used to
study protein–lipid interactions in biological membranes in
recent years owing to their smaller size and close structural
resemblance to lipid derivatives.
3.4. Carbohydrate–protein interactions

Carbohydrates constitute integral components of the cell
machinery in the forms of polysaccharides, proteoglycans,
glycoproteins, glycolipids, and glycosylated secondary metabo-
lites and play crucial roles in a wide range of biological and
pathological processes.116 However, there are still many carbo-
hydrate–protein interactions that remain unknown owing to
transient and low-affinity interactions.117 The use of carbene-
mediated photocrosslinking of sugars represents a powerful
strategy for investigating carbohydrate–protein interactions in
their native context. Several efforts have been made to develop
diazirinyl carbohydrate analogues to provide the rst step in
elucidating the biological roles of carbohydrates.

In a related study, Kuhn et al. prepared two thioglycoside
carbohydrate analogues 42 (Fig. 9)118 and 43 (Fig. 9)119 bearing
This journal is © The Royal Society of Chemistry 2018
a diazirine photoreactive group for photocrosslinking b-galac-
tosidase and b-hexosaminidase, respectively. Under UV light,
the group can generate a reactive carbene that can undergo an
insertion reaction with a nearby amino acid residue within the
enzyme. A tritium label [3H] was used to radiolabel the captured
target. Similarly, a diazirinyl carbohydrate analogue [3H]-1-ATB-
GalNAc 44 (Fig. 9), in which the R group was replaced by an
acetamide group, has been employed as a useful photo-
crosslinking reagent to label Glu-355, which is highly conserved
and located within a region of Hex B.120

A great deal of effort has been made by Kohler et al., who
designed and synthesized a series of diazirine-containing photo-
sugars, typically, a sialic acid analogue SiaDAz (45, Fig. 9) and anN-
acetylmannosamine analogue ManNDAz (46, Fig. 9), which were
metabolically incorporated into cell surfaces for the covalent
detection of transient interactions between sialic acids and sialic
acid-recognizing proteins via cmPAL. With the help of a commer-
cially available sialidase that removed the natural sialic acid
Neu5Ac from cell surfaces while leaving SiaDAz-modied glyco-
conjugates intact, the utility of SiaDAz was greatly improved, and
this process can be applied generally in the case of sialic acid-
mediated interactions and will facilitate the identication of
binding partners of sialic acid.121 In addition, a fully acetylated
sialic acid photosugar Ac5-SiaDAz (47, Fig. 9) and a mannosamine
precursor Ac4-ManNDAz (48, Fig. 9) bearing a diazirine photo-
crosslinker on the N-acyl (C-5) side chain122 were metabolically
incorporated into cell surface glycoconjugates to identify and
characterize the binding partners of the glycoconjugates.123 These
two photosugars 47 and 48, as well as the control molecule,
namely, the N-acetylglucosamine analogue Ac4-GlcNDAz (49,
Fig. 9), displayed improvedmembrane permeability and produced
photoreactive sialyl glycans in various types of cell. To demonstrate
the photocrosslinking utility of these metabolically incorporated
photosugars, the sialic acid-dependent oligomerization of CD22
was examined. Aer cells were cultured with either ManNDAz or 5-
SiaDAz, photocrosslinking of CD22 was observed, whereas the
control was not crosslinked, which conrmed that the crosslinking
depended on the incorporation of 5-SiaDAz.122 Using a similar
metabolic labeling approach, cultured cells were induced to
produce a modied nucleotide sugar donor UDP-GlcNDAz 50
(Fig. 9) and to transfer Ac4-GlcNDAz 49 to proteins that are nor-
mally modied with an O-GlcNAc group. Subsequent photo-
crosslinking resulted in the selective covalent capture of O-
GlcNDAz-modied nucleoporins and nuclear transport factors,
which indicated that modication with an O-GlcNAc group is
intimately associated with the recognition events that occur during
nuclear transport.124 Another two diazirine-modied ManNAc
analogues 51 and 52 (Fig. 9) were synthesized, in which the
number of methylene groups separating the carbonyl and dia-
zirine groups in the N-acyl side chain was varied in order to
guarantee an optimal distance for the efficient capture of binding
partners of sialoside. The smallest diazirine-modied sialic acid
precursor 48 was shown to be very efficiently metabolized and
competed well with endogenous sialic acid.125

As a model carbohydrate ligand, lactose is known to bind to
peanut agglutinin (PNA, Kd ¼ 770 mM), which belongs to the
lectin family of carbohydrate-binding proteins. A set of lactose-
RSC Adv., 2018, 8, 29428–29454 | 29437
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Fig. 9 Diazirine analogues of carbohydrates.
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based analogues bearing different photoreactive groups, such
as aryl azide, benzophenone, alkyldiazirine and tri-
uoromethylphenyldiazirine (TPD), were synthesized to directly
compare their efficiency and selectivity in photocrosslinking
a carbohydrate-binding protein. Despite the low yield of cross-
linking, the diazirinyl lactose analogue (53, Fig. 9) displayed
high ligand-dependent reactivity that was consistent with the
ideal mechanism of PAL.126 Although the crosslinking efficiency
of the TPD derivative (54, Fig. 9) was higher than that of the
alkyldiazirinyl derivative (55, Fig. 9) when it reacted with
a single binding protein, the latter exhibited signicantly more
selective PAL of a binding protein in a cell lysate than the cor-
responding TPD derivative.127

In summary, diazirine analogues of carbohydrates can be
metabolically incorporated into a cell surface and further used
to covalently detect carbohydrate–protein interactions upon UV
irradiation or as model ligands to compare different
photocrosslinkers.
3.5. Steroid–protein interactions

Several photolabile steroid analogues that incorporate dia-
zirines into the tetracyclic steroid nucleus have been developed
over the past decade.

Typically, a radiolabeled diazirinyl analogue of a bile salt 56
(Fig. 10), which belongs to a class of important endogenous
29438 | RSC Adv., 2018, 8, 29428–29454
metabolites that consist of a steroid core and a side chain with
a carboxyl group,128 was reported to detect virtually all bile salt-
binding receptors129 and was used to investigate the taur-
ocholate transport system in hepatocytes.130 Similarly, another
photolabile bile acid derivative 57 (Fig. 10)131 and its analogue
58 (Fig. 10)132with a diazirine group attached at the 3-position of
the steroid nucleus were synthesized to minimize the possibility
that any receptor sites might elude detection131 and to map
proteins that interact with bile acids and are involved in many
important physiological processes.132

More efforts have been made to study cholesterol, which is
a precursor of steroid hormones and bile acids and is necessary
for the functional activity of several membrane proteins. Two
photoactivatable cholesterol analogues 59 and 60 (Fig. 10), in
which the hydrogen atom at C-6 was replaced by a diazirine
moiety, were developed to investigate cholesterol-binding
proteins in neuronal cells133 and study oxysterol-binding
protein-related proteins (ORPs).134 The results obtained by
photocrosslinking showed that synaptophysin was a major
specic cholesterol-binding protein in PC12 cells and brain
synaptic vesicles,133 and the strengths of the signals obtained for
different ORPs do not necessarily reect the order of their
relative affinities for native 25OH.134 In another study,
a cholesterol analogue 61 (Fig. 10) was demonstrated to be an
effective reagent for studying cholesterol–protein interactions
This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Diazirine analogues of steroids.
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involved in intracellular cholesterol trafficking135 and can be
used to label Niemann-Pick type C (NPC) 1 protein, which plays
important roles in transporting cholesterol and other lipids out
of late endosomes by means of vesicular trafficking.136 Similarly,
more than 250 cholesterol-binding proteins in HeLa cells were
identied using three clickable diazirinyl sterol analogues 62–
64 (Fig. 10), which differ in the diastereomeric relationship
between the C-3 alcohol group and C-5 hydrogen atom attached
to the cholesterol core.137

In other cases, in order to understand the mode of action of
a neurosteroid produced from cholesterol, three photolabile
neurosteroid analogues 65–67 (Fig. 10) were described.138–140 By
using the radiolabeled analogue 65 in which a diazirine moiety
is attached to the C-6 position, the protein VDAC-1 was
successfully identied as a neuroactive steroid-binding protein
in the rat brain that may modulate the function of the GABAA

receptor.138 With a similar structure to 65, the clickable
analogue 66 exhibited selective compartmentalization in the
Golgi apparatus with a preferential effect on proximal inhibi-
tion.139 The C-11-modied photoprobe 67, which exhibited
potency equal to or higher than that of alphaxalone as a general
anesthetic and potentiator of GABAAR responses, was used to
discover neuroactive steroid–GABAAR binding sites.140

All in all, these diazirinyl steroid analogues can be used to
globally map steroid–protein interactions directly in living cells.
The possibility that any receptor sites will elude detection can
be minimized by attaching the photolabile diazirine group at
different positions in the molecule.
This journal is © The Royal Society of Chemistry 2018
3.6. Ligand-gated ion channels

Propofol (Fig. 11) is the most commonly used sedative-hypnotic
drug for difficult procedures and acts by potentiating GABAA (g-
aminobutyric acid type A) receptors, but where it binds to these
receptors is not known. A set of propofol-based photolabeling
reagents bearing diazirine moieties have been developed to
identify its potential binding sites over the past decade.

In a related study, a propofol analogue m-azipropofol
(AziPm, 68, Fig. 11), which contained an alkyldiazirine group in
a meta-position relative to the hydroxyl group, was synthesized
to identify targets and thereby mechanisms of propofol. This
design not only precluded any possible intramolecular reaction
of the reactive site with the phenolic hydroxyl group but also
revealed a previously identied propofol-binding cavity.141 A
further application was described that [3H]AziPm was used to
identify propofol-binding sites in Torpedo nAChR (nicotinic
acetylcholine receptors), which are members of the Cys-loop
superfamily of pentameric ligand-gated ion channels and can
be inhibited by propofol.142,143 Aer photocrosslinking, three
binding sites in the transmembrane domain of nAChR, namely,
Fig. 11 Structures of propofol and its diazirinyl analogues.
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the subunit helix bundle, ion channel and g–a interface, were
revealed.144 In comparison with AziPm 68, another photo-
activatable propofol derivative p-4-AziC5-Pro (69, Fig. 11), which
keeps the core structure of propofol intact by adding a reactive
diazirine group at the para-position of the phenol ring, has
different photoselectivity for amino acid residues and enables
the possibility of studying the binding sites of propofol in more
detail.145 In addition, an ortho-propofol diazirine analogue (o-
PD, 70, Fig. 11) bearing a photoreactive group at the ortho-
position of the phenol ring was synthesized to reveal unknown
propofol-binding sites in membrane receptors and provides the
ability to use a combination of deuterated and protiated vari-
ants of ortho-propofol diazirine. In combination with cmPAL, as
well as high-resolution MS, a new binding site of propofol in
GABAA receptors that consisted of both b3 homopentamers and
a1b3 heteropentamers was identied.146

In a similar way to propofol, which acts by interacting with
GABA type A receptors (GABAARs), several etomidate (Fig. 12)-
based diazirine analogues, including azi–etomidate 71
(Fig. 12),147,148 TDBzl–etomidate 72 (Fig. 12)149 and pTFD–eto-
midate 73 (Fig. 12)150were synthesized by Cohen et al. to identify
binding domains in a ligand-gated ion channel147,149,150 and
directly photolabel amino acids that contribute to an
anesthetic-binding site in GABAAR.148 Photoaffinity labeling
established that the analogue 71 identied two labeled amino
acids, of which one was located in the membrane-spanning
helix of a-subunit M1 (aMet236) and the other in the
membrane-spanning helix of b-subunit M3 (bMet286).148 It was
demonstrated that the agent 72, which contains a TPD moiety,
not only exerts pharmacological actions on members of the Cys-
loop ion channel superfamily of receptors149 but also acts as
a positive allosteric modulator of nAChR rather than as an
inhibitor,151 and site-directed mutagenesis suggests that S-TFD-
etomidate acts at different sites in comparison with R-
etomidate.150

Photoactivatable propofol analogues that have an alkyldia-
zirine moiety at different positions of the phenol ring would
present a more comprehensive view of the mechanism of pro-
pofol with membrane receptors. Furthermore, these different
diazirinyl anesthetic analogues would provide a powerful tool
for understanding the modes of action of the anesthetic on
ligand-gated ion channels.

Most of the carbene precursor analogues described here
retained similar or even better biological activity in comparison
with the parent compounds, largely owing to the extremely
small size of the diazirine photoreactive groups and the rational
selection of the positions where these photolabile groups were
Fig. 12 Etomidate and its diazirinyl analogues.

29440 | RSC Adv., 2018, 8, 29428–29454
incorporated within the probe. Despite the sophisticated
derivatization of these biological probes, the minimal interfer-
ence with the original biological activity, as well as the native
interactions, makes them a robust tool for studying protein–
protein, protein–lipid, protein–macromolecule, protein–steroid
and other ligand–receptor interactions.
4. Applications of cmPAL for
discovery of targets and inhibitors

Within the past two decades, activity-based protein proling
(ABPP) via the employment of irreversible chemical probes has
been pursued as a useful strategy for studying the subcellular
location and activities of many classes of enzymes.152–155

However, all of these must be active enzymes that contain
a catalytic nucleophilic amino acid residue. In the case of low-
affinity interactions between probes and inactive enzymes, the
labeling usually fails to survive disruptive washing steps. The
emerging technique of PAL, especially cmPAL in combination
with chemical proteomics, does not necessarily label active
enzymes and thus overcomes the limitations of non-covalent
affinity reagents. With excellent photolabeling efficiency,
minimal steric interference and longer excitation wavelengths,
cmPAL when coupled with chemical probes has been increas-
ingly developed to study various classes of enzymes and their
inhibitors. Here, we introduce different applications of cmPAL
for classes of enzymes and their inhibitors, including kinases,
g-secretase, methyltransferases, metalloproteinases, histone
deacetylase, and so on.
4.1. Kinases

Kinases, especially protein kinases (PKs), are one of the most
important classes of enzymes in human cells, play a key role in
signal transduction and regulate a variety of cell processes. Of
the more than 500 known PKs, many are potential therapeutic
targets.156 To study potential cellular targets of kinases and their
inhibitors, recent efforts have focused on cmPAL using a large
panel of AfBPs, as well as mass spectrometry-based chemical
proling methods.

As a prototypical natural-product kinase inhibitor that
competes with ATP, staurosporine can target at least 253
kinases.157 Signicant efforts have been made by Yao et al., who
developed a staurosporine-based clickable probe STS-1 (74,
Fig. 13) bearing a diazirine group that was capable of proteome-
wide proling of potential cellular targets in live HepG2 cells for
the rst time.158 The same strategy was used to study dasatinib,
This journal is © The Royal Society of Chemistry 2018
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which is a dual Src/Abl inhibitor and a promising therapeutic
agent with oral bioavailability. By using the cell-permeable
probe DA-2 (75, Fig. 13), as well as chemical proteomics
methods, a number of previously unknown targets of dasatinib,
including several serine/threonine kinases, were identied.159

In addition, since improved minimalist photocrosslinkers that
possess two carbon atoms on each side of the diazirine ring
anked by a terminal alkyne and a functional group (CO2H/
NH2/I) were rst introduced into 12 well-known kinase inhibi-
tors for cell-based proteomic proling of potential cellular
targets under native conditions,64 more potential targets of
kinases have been found by using these minimalist alkyldia-
zirine alkyne linkers. Typically, photoaffinity probes 76 and 77
(Fig. 13) that contain a ‘‘minimalist’’ linker were capable of both
live-cell imaging of the activities of aurora kinase A (AKA) and in
situ proteomic proling of potential off-targets of MLN8237,
which is a highly potent and presumably selective inhibitor of
AKA160 and can be used to study the mechanism of action of H8,
which is an inhibitor of protein kinase A (PKA).161

An important signal transduction protein, namely, protein
kinase C (PKC), has been proposed as the target of anesthetics
such as alcohols and halothane. In a similar way to these,
azialcohols such as 3-azioctanol, 7-azioctanol and 3-azibutanol
Fig. 13 Representative applications of cmPAL for studying kinases.

This journal is © The Royal Society of Chemistry 2018
(78–80, Fig. 13) can be used for photolabeling with PKCdC1B
(the high-affinity phorbol-binding subdomain)162,163 and locate
binding sites in adenylate kinase, which is an enzyme that
catalyzes the transfer of a phosphoryl group.164 A TPD-based
oleic acid probe 81 (Fig. 13) is also a useful tool for eluci-
dating the functions of the specic activation of PKC by oleic
acid.165

Much progress has beenmade in understanding the mode of
action of serine/threonine kinases, which are involved in
multiple cellular functions and pathological processes. In
a sophisticated study, two thiol photoaffinity linkers 82 and 83
(Fig. 13) were synthesized to nd the site where p62, which plays
important roles in proteasomal or autophagosomal protein
degradation, binds to p38, which is a serine/threonine kinase.
Surface plasmon resonance (SPR) signals produced by the
interaction between p38 and peptides derived from p62 were
clearly detected, which enabled us to identify the binding site.166

Another important serine/threonine kinase, namely, protein
kinase D2 (PKD2), was studied using two diazirine-modied
photo-amino acids 11 and 12 (illustrated in Fig. 6), as well as
a series of proteomics approaches such as cmPAL, trypsin
digestion and label-free LC/MS analysis, which revealed several
interaction partners, to map the protein interaction network of
RSC Adv., 2018, 8, 29428–29454 | 29441
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PKD2.75 In addition, a leucine-rich repeat (LRR) receptor serine/
threonine kinase, namely, brassinosteroid insensitive 1 (BRI1),
which is localized in the plasma membrane,167 was studied
using biotin-tagged photoaffinity castasterone (BPCS, 84,
Fig. 13), which revealed that brassinosteroids bind directly to
the 94 amino acids that constitute ID-LRR22 in the extracellular
domain of BRI1 and dened a new binding domain for steroid
hormones.168

Other kinases, including type II kinases,169 diacylglycerol
kinases (DGKs)170 and a bacterial sensor kinase, namely, ParS,80

have also been used as models to investigate the binding sites of
their inhibitors or the structure of their catalytic domains. The
use of two probes 85 and 86 directed to the active site (Fig. 13),
which were derived from type II ATP-competitive inhibitors, in
combination with stable-isotope labeling with amino acids in
cell culture (SILAC) and mass spectrometry resulted in the
identication of a diverse set of targets of protein kinases that
were selectively enriched.169 Photoaffinity labeling of a probe 87
(Fig. 13) demonstrated that the crosslinking efficiency depen-
ded on the length of the linker between the photocrosslinker
and the diacylglycerol-like moiety in the probe: probes that
contained longer linkers could access the active site and be used
as substrates.170 Similarly, a probe DYN5 (88, Fig. 13) that con-
tained a diazirine-modied photo-proline in place of proline
triggered a clear virulence response in Pseudomonas aeruginosa,
which was consistent with the probes DYN4, DYN3, and DYN1,
which contained an aryl azide moiety or a benzophenone
moiety incorporated at the C-terminus of the sequence or in
place of phenylalanine, respectively.80
4.2. g-Secretase

A particularly challenging target for drug discovery is g-secre-
tase, which is an intramembrane aspartyl protease complex that
cleaves amyloid precursor proteins (APPs) to release Ab
peptides, which probably play a causative role in the patho-
genesis of Alzheimer's disease (AD). Hence, the inhibition of the
processing of APPs using g-secretase inhibitors is one of the
most important strategies for the prevention and treatment of
AD. Over the past several years, a number of photoprobes have
been reported to provide a greater understanding of ligand-
binding sites within g-secretase.

The caprolactam-type dipeptide g-secretase inhibitors CE
(89, Fig. 14) and DBZ (90, Fig. 14) are analogues of DAPT (91,
Fig. 14), which is a compound that exhibits excellent g-
secretase-inhibitory activity in APP-transgenic mice.171 In order
to elucidate the enzyme specicity of dipeptide g-secretase
inhibitors, Fuwa et al. developed a set of multifunctional
molecular probes based on CE and DBZ by means of a copper(I)-
mediated azide/alkyne fusion process. Despite their robust
inhibitory activities against the production of Ab, which were
comparable to those of the parent compounds, two benzophe-
none probes with an ethylene glycol linker and phenyldiazirine
groups (92 and 93, Fig. 14) were ineffective in photoaffinity
labeling experiments, which reected the difficulties in the
“rational” design of an effective multifunctional photoprobe,
even if sufficient information about the SARs of an affinity
29442 | RSC Adv., 2018, 8, 29428–29454
ligand moiety is provided.172 A similar case was described by
Crump et al., who modied BMS-163 (Fig. 14), which is a non-
selective g-secretase inhibitor,173 with a clickable moiety and
various photoreactive groups to target g-secretase in vitro and in
cells. Benzophenone probes based on BMS-163 covalently
labeled PS1-NTF, whereas the diazirine-containing probe 163-
DZ (94, Fig. 14) did not, which further demonstrates that
benzophenone is preferred over diazirine as a photoreactive
group for labeling g-secretase.174

In contrast, several highly potent acidic g-secretase modu-
lators (GSMs) that lowered Ab42 levels in cellular assays with
nanomolar modulatory activity were modied by Rennhack
et al., who introduced photoreactive diazirine moieties into the
acidic GSM scaffolds according to an analysis of their SARs.
Most of these retained a strong ability to lower Ab42 levels that
was comparable to the potency of the parent compound and
may be potential photoreactive reagents for crosslinking the N-
terminal fragment of presenilin (PSEN, the catalytic subunit of
the g-secretase complex).175 In addition, Jumpertz et al. used
GSM-based photoprobes such as AR80, AR243, and AR366 (95–
97, Fig. 14) to investigate the molecular mechanism of GSMs. By
using established cell-free conditions and living cells, PSEN was
identied as the molecular target of potent acidic GSMs.
Further studies indicated that potent acidic GSMs target PSEN
to modulate the enzymatic activity of the g-secretase complex.
The inverse modulator AR366, which exhibits micromolar
potency, represented an interesting tool for further investiga-
tions.176 Furthermore, these diazirinyl probes were successfully
crosslinked to PSEN, which suggested that diazirine is a viable
option for targeting g-secretase.
4.3. Methyltransferases

Methyltransferases (MTs), which constitute one of the largest
classes of enzymes in nature, can catalyze the methylation
processes of many biomolecules such as DNA, RNA, and
metabolites. With the help of various S-adenosylmethionine
(SAM)-dependent MTs, methyl groups are extensively intro-
duced into these biomolecules, so that the biomolecules are
structurally and functionally diversied. The metabolic product
of catalysis, namely, S-adenosyl-L-homocysteine (SAH), can then
be further catabolized to homocysteine, converted into methi-
onine, and reincorporated into SAM.177 Because methylation
can control DNA transcription both directly via DNA methyla-
tion and indirectly via histone methylation, MTs can be mainly
classied into two types, namely, DNA methyltransferases
(DNMTs) and histone methyltransferases (HMTs), on the basis
of the substrate of methylation in vertebrates. Given their
important role in epigenetic control, lipid biosynthesis, protein
repair, hormone inactivation, and tissue differentiation178 and
the fact that a large fraction of the human MT family remains
poorly understood, signicant efforts have been made to iden-
tify and characterize MTs and their inhibitors in native bio-
logical systems over the past decade.

In a related study, He et al. expressed and puried E. coli
DNA adenine methyltransferase (EcoDam), which is an enzyme
that methylates the N-6 position of adenine in GATC sequences,
This journal is © The Royal Society of Chemistry 2018
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Fig. 14 Representative applications of cmPAL for studying g-secretase.
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to investigate its photocrosslinking to various diazirinyl DNA
probes such as the cytosine- and guanine-based probes 20 and
21 (illustrated in Fig. 7). Aer crosslinking with EcoDam, good
to excellent yields of the resulting DNA probes bearing a dia-
zirine unit were observed, which would provide valuable infor-
mation about how EcoDam binds to the corresponding DNA.93

Similarly, in order to carry out the selective photoinduced
isolation of MTs, Dalhoff et al. synthesized a series of SAH-
based capture compounds that carried a TPD moiety or an
azide group (98 and 99, Fig. 15). When tested using puried
MTs, these SAH-based capture compounds exhibited a certain
applicability in the determination of the dissociation constant
KD of MT-cofactor complexes and the isolation of SAH-binding
enzymes from an E. coli cell lysate.179 In another case, Horning
et al. used a suite of SAH photoaffinity probes bearing different
photoexcitable groups, as well as chemical proteomics experi-
ments, to specically prole and enrich MTs from human
cancer cell lysates. In addition to enriching MT-associated
proteins, these SAH probes were used to successfully discover
a covalent inhibitor of nicotinamide N-methyltransferase
(NNMT), which is an enzyme implicated in cancer and meta-
bolic disorders. Furthermore, study results revealed that SAH-
based diazirinyl probes (100 and 101, Fig. 15) were capable of
This journal is © The Royal Society of Chemistry 2018
enriching a substantial fraction of human MTs, and the
aliphatic diazirine group exhibited the broadest and most
specic coverage of MTs from cancer cell proteomes among
different photoreactive groups.180

Isoprenylcysteine carboxyl methyltransferases (Icmts) are
not only a class of SAM-dependent enzymes that catalyze the
carboxymethylation process but are also localized in the
membrane of the endoplasmic reticulum. Methylation cata-
lyzed by Icmts can lead to the generation of a-factor, which is
a naturally occurring farnesylated peptide found in yeast. In
order to investigate methyltransferases, Vervacke et al. incor-
porated a diazirine-containing isoprenoid unit into a bio-
tinylated and uorescently labeled a-factor peptide analogue
(102, Fig. 15). Then the probe was evaluated using a recombi-
nant Icmt (Ste14p) that incorporated both a His10 tag for puri-
cation and a triply repeated myc tag to facilitate detection by
immunoblotting analysis (His-Ste14p). The greater yield of
photocrosslinked His-Ste14p, coupled with the ease of analysis
achieved with the probe, suggested that this new class of iso-
prenoid analogues should be more widely used in studies of
enzymes that act on terpene-derived molecules.181

DOT1L is not only the sole protein methyltransferase that
methylates histone H3 on lysine 79 (H3K79) but is also
RSC Adv., 2018, 8, 29428–29454 | 29443
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Fig. 15 Representative applications of cmPAL for studying methyltransferases.
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a promising target for anticancer drugs. Yao et al. designed and
synthesized two clickable AfBPs, namely, P1 and P2 (103 and
104, Fig. 15), which were based on a scaffold of FED1 (Fig. 15),
which is a potent DOT1L inhibitor and structural mimic of SAM,
to study potential cellular off-targets of FED1 in native cellular
environments. In combination with quantitative LC-MS/MS, as
well as chemical proteomics approaches, NOP2 (a putative
ribosomal RNA methyltransferase) was conrmed to be prob-
ably a genuine off-target of FED1. Live-cell imaging experiments
showed that most probes were not able to reach the cell nucleus,
where functional DOT1L resides in mammalian cells, which
provided a plausible explanation of the poor cellular activity of
FED1.182
4.4. Metalloproteinases

Metalloproteinases (MPs), of which the catalytic mechanism
involves a metal, are the most diverse of the four main types of
protease, and more than 50 families have been classied to
date. There are two subgroups of MPs, namely, metal-
loexopeptidases and metalloendopeptidases. Well-known met-
alloendopeptidases include matrix MPs (MMPs) and
a disintegrin and MPs (ADAMs), both of which are catalytically
active Zn2+-dependent proteins and have important physiolog-
ical functions. MMPs play a central role in the degradation of
extracellular matrix proteins (gelatin, elastin, and
collagen).183–185 ADAMs are membrane-anchored MPs that
contain both a cellular adhesion domain and an MMP domain
and are involved in cell migration, muscle development, and
fertilization, and so on.186,187 The biological importance of these
29444 | RSC Adv., 2018, 8, 29428–29454
two classes of enzymes has made the development of chemical
tools for their study an important and active eld of research in
recent years.

In a related study, Chan et al. reported a diazirinyl probe
(105, Fig. 16) that carried a similar succinyl hydroxamate moiety
as the zinc-binding group (ZBG) and a Cy3 dye as the substrate
recognition unit for identifying catalytic sites of MPs. Aer
a PAL experiment, the probe successfully targeted MMP-9
enzyme from a crude yeast extract with high sensitivity and
selectivity. Furthermore, the extent of labeling was found to be
dependent on the catalytic activity of the enzyme. Given the
signicant roles that many MPs play in a variety of diseases, this
strategy may serve as a useful tool for potential therapeutics.188

In another case, Leeuwenburgh et al. synthesized a peptide
hydroxamate analogue (106, Fig. 16) that featured both a biotin
moiety and a TPD moiety via a solid-phase synthesis strategy.
Upon incubation of puried recombinant ADAM-10 and
subsequent photoaffinity labeling, the MP was covalently and
irreversibly modied, which makes probe 106 a promising
candidate for proling ADAMs or MMPs.189 In addition, Geurink
et al. modied a succinyl hydroxamate moiety by placing a TPD
group at the P10-position to make a more effective probe with
which active MPs can be proled and visualised. Evaluation
using puried recombinant ADAM-17 revealed that positioning
the photoactivatable group at the P10-position, as in 107
(Fig. 16), makes a photoactivatable activity-based probe for
MMP/ADAM comparatively more potent than previously. It was
also demonstrated that the photoactivatable group should be
directed towards the S10 pocket, rather than the S20 pocket.190
This journal is © The Royal Society of Chemistry 2018
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Fig. 16 Representative applications of cmPAL for studying metalloproteases.
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Lozito et al. reported two heterobifunctional crosslinkers,
namely, sulfo-LC-SDA (108, Fig. 16) and sulfo-SDAD (109, Fig. 16),
which contained negatively charged sulfate groups to improve
their solubility and diazirine units to identify specic interac-
tions between TIMPs (tissue inhibitors of MPs) and MMPs
contributed by MSCs (mesenchymal stem cells) and ECs (endo-
thelial cells) in biological environments. It was demonstrated
that MSCs inhibit both endogenous and exogenous MMPs via
secreted TIMPs. Under control conditions, TIMP-2 and TIMP-1
protect the niche from MMP-2 and MMP-9, respectively. An
investigation of the interactions between MMP-2 and TIMPs
showed that TIMP-2 was the primary inhibitor of endogenous
MMP-2. Nevertheless, under pathological stress MSCs act as
a critical perivascular source of vessel-stabilizing TIMPs that are
capable of protecting the vascular environment from disruption
by proteases.191 In another example, Nury et al. reported a dia-
zirinyl photoprobe (110, Fig. 16), which was based on a scaffold of
a potent broad-spectrum phosphinic peptide inhibitor of MMPs,
for detecting active forms of MMPs from biological uids or
tissue extracts. In the characterization of seven catalytic domains
of human MMPs, the probe displayed high sensitivity in the
detection of these MMPs. Furthermore, the probe permitted
simultaneous detection with low background labeling in
a complex proteome supplemented with four recombinant
MMPs (MMP-2, -9, -12 and -13).192
This journal is © The Royal Society of Chemistry 2018
4.5. Histone deacetylase

Histone deacetylases (HDACs) are hydrolases that catalyze the
removal of acetyl groups from the 3-amino groups of lysine
residues in histones or other cellular proteins, which allows the
histones to wrap DNA more tightly. They thus play important
roles in regulating various physiological and pathological
processes.193–196 There are three classical HDACs, namely,
Classes I, II, and IV, of which the activity is zinc-dependent. In
addition, Class III consists of NAD+-dependent protein deace-
tylases known as sirtuins 1–7 (Sirt1–7).197 Many sophisticated
studies of HDACs or HDAC inhibitors have been reported in the
past three years.

A related study was described by Hentschel et al., who
developed the rst photoreactive psammaplin A (111, Fig. 17),
which was as potent an HDAC inhibitor (IC50 ¼ 35 nM) as the
parent compound psammaplin A (Fig. 17). Its very similar
cytotoxicity prole to that of psammaplin A makes compound
111 a candidate for cmPAL, which may assist in the identica-
tion of new targets of psammaplin A and a better understanding
of the mode of action with zinc-dependent HDACs.198 For the
single-step detection and proteomic proling of HDACs, Xie
et al. developed a novel uorescent probe (112, Fig. 17) by
combining a Kac (N-acetyllysine) recognition unit, an O-NBD
(nitrobenzoxadiazole) uorophore and a minimalist photo-
crosslinker. It was a breakthrough nding that epigenetic
RSC Adv., 2018, 8, 29428–29454 | 29445
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Fig. 17 Representative applications of cmPAL for studying histone deacetylases.
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readers and erasers can be readily identied and differentiated
by using a single probe in combination with an in-gel uores-
cence scanning technique and pull-down assays in comparison
with traditional AfBPs. Furthermore, it was demonstrated that
the probe can not only detect enzymatic activity but also directly
identify protein targets in the native cellular environment. Such
a strategy provides a robust tool for functional analysis of
HDACs and facilitates future drug discovery in epigenetics.199

In another study, Liu et al. designed and synthesized a dia-
zirinyl photoprobe (113, Fig. 17), which was based on a scaffold
of a Lys9-myristoylated histone H3 peptide (H3K9Myr), and
a K9-unmodied control probe (114, Fig. 17), which were
coupled with a series of chemical biology approaches such as
cmPAL, SDS-PAGE, and in-gel uorescence scanning to examine
human sirtuins as fatty acid deacylases in vitro and in cells.
Sirt6, which is an enzyme that catalyzes the removal of the
myristoyl group from the H3K9Myr peptide in vitro, was selec-
tively captured by probe 113 but not by the unmodied control
probe 114, which suggested that probe 113 can be used to
examine the interactions between N-myristoylated lysine and its
erasers. In the same way, another two classes of sirtuins,
namely, Sirt2 and Sirt3, were also successfully labeled, which
revealed their potential to recognize the myristoylation of
lysine. As it is preferentially labeled by probe 113 in complex
protein mixtures, Sirt2 exhibits stronger interactions with
H3K9Myr than other tested sirtuins.200 In addition, Yang et al.
developed two AfBPs, namely, 115 and 116 (Fig. 17), which were
29446 | RSC Adv., 2018, 8, 29428–29454
based on a histone H3 peptide in which the residue Lys9 was
acetylated and malonylated, respectively, as well as the same
control probe 114 to identify ‘erasers’ of histone lysine acyla-
tion. When reacted with recombinant human Sirt3 and Sirt5,
probes 115 and 116 selectively labeled Sirt3 and Sirt5, respec-
tively, whereas the control probe 114 failed to capture either of
these enzymes, which suggested that probes 115 and 116 are
ideal photoreactive reagents for the identication of their cor-
responding ‘erasers’. Furthermore, these two probes can
specically identify and enrich endogenous Sirt3 and Sirt5,
respectively, from complex HeLa S3 lysates, which demon-
strated that diazirine-based AfBPs are also useful tools for
trapping erasers of histone lysine acylation from a complex
biological environment.201 In brief, this strategy enables appli-
cations for both examining interactions between other PTMs
and their erasers and revealing unknown cellular mechanisms
controlled by sirtuins.

Similarly, according to an analysis of the SAR, a potent Sirt2
inhibitor was described by Seifert et al., who used two chroman-
4-one-based AfBPs, namely, 117 and 118 (Fig. 17), which carried
a diazirine moiety and an azide group, respectively, to identify
the binding site of isoform-selective Sirt2 inhibitors. Of these
probes, the diazirinyl probe 117, which displayed higher activity
in the inhibition of Sirt2 (IC50 ¼ 8.2 mM) than probe 118, which
carried an azide group, was examined using recombinant Sirt2.
The cmPAL experiments with the enzyme followed by tryptic
digestion and LC-MS/MS analysis located the binding site of
This journal is © The Royal Society of Chemistry 2018
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probe 117 in the tryptic peptide I175-K210, which includes the
binding site of chroman-4-one-based Sirt2 inhibitors. Further-
more, the irradiation times (3� 10 s) in the cmPAL experiments
were reduced using a high-power LED to avoid undesirable
labeling of Sirt2.202
4.6. Other enzymes

DNA polymerase b, which is an enzyme that interacts signi-
cantly with the sugar–phosphate backbone of DNA, is
predominantly involved in DNA replication and carries out
processive replication of chromosomal DNA during cell division
in eukaryotes.203 A related study was reported by Yamaguchi
et al., who incorporated some phosphoramidite derivatives of
119 (Fig. 18) into oligonucleotides via solid-phase synthesis to
label mammalian DNA polymerase. Upon irradiation with near-
UV light, the photolabile oligonucleotides were successfully
crosslinked to recombinant rat DNA polymerase b, which sug-
gested that they may be useful for extending the study of DNA–
protein interactions.204 Similarly, Liebmann et al. reported the
labeling of DNA polymerase b via the attachment of a light-
sensitive TPD moiety to the C-40 position of 20-deoxyribose.
Modication of the pentose moiety in the incorporated thymi-
dine 120 (Fig. 18) enabled an investigation of the interactions in
the minor groove of the helix. The new photoactive building
block based on TPD selectively labeled DNA polymerase b even
in the presence of BSA, which revealed that it would enable
several applications in investigations of DNA backbone inter-
actions in the minor groove.205

ATPases are enzymes that catalyze the decomposition of ATP
into ADP and a free phosphate ion. There are different types of
ATPase, which differ in function, structure (F-, V- and A-ATPases
contain rotary motors) and the types of ion that they transport
(Na/K-ATPases transport sodium and potassium ions across the
plasma membrane).206–208 In a related study, Blanton et al.
synthesized a radiolabeled diazirine probe [125I]TID (121,
Fig. 19) and a phosphatidylcholine analogue [125I]TIDPC/16
(122, Fig. 19) to identify a lipid–protein interface, namely, the
lipid-exposed transmembrane segments and transmembrane
structural transitions of Torpedo Na/K-ATPase. A photolabeling
experiment using probe 122 and Na/K-ATPase in combination
with an analysis of the amino-terminal sequence of proteolytic
fragments showed that the primary binding sites were localized
in the hydrophobic segments M1, M3, M9, and M10, which
constitute the major part of the lipid–protein interface in the a-
subunit of Na/K-ATPase. Studies of the conformational
Fig. 18 Representative applications of cmPAL for studying DNA
polymerase.

This journal is © The Royal Society of Chemistry 2018
sensitivity of probe 121 suggest that this radiolabeled diazirine
probe would be a useful tool for structural characterization of
the cation translocation pathway and conformationally depen-
dent changes in the pathway.209 In addition, in order to study
the binding sites of 21-deoxyconcanolide A and balomycin A1,
which are two specic inhibitors of V-type ATPase (a proton
translocation machine and pH regulator in almost all eukary-
otic cells), Bender et al. incorporated a radiolabeled diazirine
probe (123, Fig. 19) into two AfBPs (124 and 125, Fig. 19), which
were based on a scaffold of 21-deoxyconcanolide A and balo-
mycin A1, respectively. Both these AfBPs exhibited high inhibi-
tory activity, which thus makes them ideal candidates for the
further identication of the precise binding site of these potent
V-ATPase inhibitors.210

Another well-known enzyme is protein tyrosine phosphatase
1B (PTP1B), which belongs to the protein tyrosine phosphatase
(PTP) family and is involved in downregulating the insulin
receptor and can serve as a target of drugs for the treatment of
type II diabetes.211 To better understand the mode of action of
PTP1B inhibitors, a cell-based assay for directly measuring the
enzyme occupancy of PTP1B by inhibitors using cmPAL was
developed by Skorey et al., who synthesized two diazirine-based
AfBPs, namely, 126 and 127 (Fig. 20), of which the most potent
photoprobe exhibited an IC50 value of 0.2 nM for PTP1B. The
photoaffinity assay of enzyme occupancy was successfully per-
formed with both puried recombinant FLAG-tagged PTP1B
and endogenous PTP1B in intact and lysed HepG2 cells, which
indicated that these two compounds are powerful tools for
research into PTP1B inhibitors.212

The removal of an N-terminal methionine residue from
nascent polypeptides is dependent upon a unique class of
proteases typied by the dinuclear metalloenzyme methionine
aminopeptidase (MetAP) from Escherichia coli. Although the
identication of human MetAP as the target of putative anti-
cancer drugs reiterates the importance of this family of
enzymes,213 the physiological function of MetAP1 (type 1
MetAP), however, has remained elusive. In a related study, Qiu
et al. modied the potent MetAP1 inhibitor L134 (IC50 ¼ 0.049
nM) with a TPDmoiety and a photostable azido-acetyl group to
prepare two trimodular photoaffinity probes (128 and 129,
Fig. 21), which retained their inhibitory activity toward
EcMetAP1, with nanomolar IC50 values. Then these probes
were evaluated using puried recombinant EcMetAP1 and
a crude cell lysate containing overexpressed MetAP1. Both of
them were capable of labeling a 30 kDa polypeptide, which
corresponded to the predicted molecular weight of EcMetAP1.
In the presence of the competitive inhibitor L288, the signal
intensities for the 30 kDa species were obviously reduced,
whereas the signals for the 60 and 28 kDa species displayed no
sensitivity to L288, which suggested that the 30 kDa poly-
peptide labeled by probe 128 was the native MetAP1. In addi-
tion, probe 129 was more effective than probe 128 despite the
similarity in their IC50 values, which demonstrated that the
length of the linker was a contributing factor. The trimodular
probe 129 provided much more desirable exibility for
a prototype scaffold, which also allows improvements for
different applications.214
RSC Adv., 2018, 8, 29428–29454 | 29447
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Fig. 19 Representative applications of cmPAL for studying ATPases.

Fig. 20 Representative applications of cmPAL for studying protein tyrosine phosphatase 1B.

Fig. 21 Representative applications of cmPAL for studying methionine aminopeptidase.

Fig. 22 Structures of 40-demethyl-4b-podophyllotoxin derivatives.
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Etoposide (Fig. 22) is a widely used anticancer drug that
targets topoisomerase II, which is an essential nuclear enzyme,
with an unknownmode of binding. In order to identify the sites
of binding between etoposide and topoisomerase II, Chee et al.
developed a diazirinyl photoprobe (130, Fig. 22), which was
based on a scaffold of etoposide. A set of characterizations of its
photoreactivity and biological activities indicated that this
photoaffinity label binds topoisomerase II with a similar
affinity. It is worth mentioning that this diazirinyl photoprobe
should be a promising tool for identifying the binding sites of
etoposide in topoisomerase II.215

Sialidases, which are also known as neuraminidases, are
enzymes that catalyze the hydrolysis of terminal sialic acid resi-
dues in oligosaccharides, glycoproteins, and glycolipids.216 In order
to improve the utility of the diazirine-based sialic acid analogue
SiaDAz (131, Fig. 23), McCombs et al. screened a panel of sialidases
to nd one that would cleave natural sialic acids but remain
inactive toward SiaDAz. The results of the study demonstrated that
the crosslinking of SiaDAz-modied glycoconjugates can be
enhanced by pre-treating cells with STNA (Salmonella typhimurium
neuraminidase), which is a commercially available sialidase that
29448 | RSC Adv., 2018, 8, 29428–29454
removes the natural sialic acid Neu5Ac, but not SiaDAz. This
strategy can be applied generally to sialic acid-mediated interac-
tions and facilitate the identication of binding partners of sialic
acid.121 In another study, Rodriguez et al. modied the N-acyl side
chain of GlcNAc (132, Fig. 23) with an alkyldiazirine to prepare
a photoprobe GlcNDAz (133, Fig. 23) and used the probe to
examine the activity of recombinant human O-GlcNAc hydrolase
(OGA), which is an enzyme that removes O-GlcNAc groups from
serine and threonine residues in intracellular glycoproteins.
Recombinant human OGA is unable to hydrolyze an O-GlcNDAz
mimic or to remove an O-GlcNDAz group from a peptide, which
provides new insights into the recognition of substrates by OGA,
which is an important drug target.217
This journal is © The Royal Society of Chemistry 2018
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Fig. 23 Representative applications of cmPAL for studying sialidases.
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In order to acquire a better understanding of the pharma-
cological effects of LW6 (Fig. 24) and its relation to HIF-1a and
malate dehydrogenase 2 (MDH2), Naik et al. synthesized
a probe as an LW6 mimic (134, Fig. 24), which contained
a photoactive diazirine group. Both in vitro binding between the
probe and recombinant human MDH2 via cmPAL and
competitive inhibition of MDH2 activity with NADH, as in the
case of LW6, were successfully conrmed, which suggested that
the probe should provide a more comprehensive understanding
of LW6 and MDH2.218 Similarly, Bongo et al. described the
general use of a diazirinyl probe (135, Fig. 24) as a photoreactive
mimic of a-amino acids, which can be cleaved upon treatment
with a mild base to facilitate the retrieval of biotin-tagged
proteins, as well as peptides, from avidin matrices. Upon irra-
diation with UV light, this diazirinyl probe specically cross-
linked glutamyl endopeptidase, L-glutamate dehydrogenase,
glutamate oxaloacetate transaminase and L-glutamine synthe-
tase, which are all enzymes that exhibit high affinity toward
acidic a-amino acids. Its simple synthesis, coupled with its
multifunctional nature, suggested that the probe would be
a versatile photoreactive building block.219

CmPAL using a diazirinyl photoprobe to covalently bind its
target in response to activation by light has become a frequently
used tool for studying potential cellular targets of enzymes or their
inhibitors and identifying the location and structure of binding
sites. Recent efforts have mainly focused on cmPAL using a large
panel of photoaffinity probes, as well as mass spectrometry-based
chemical proling methods, to identify binding sites and reveal
unknown cellular mechanisms controlled by enzymes or corre-
sponding inhibitors. Here, we have discussed different applica-
tions of cmPAL for classes of enzymes, including kinases, g-
secretase, methyltransferases, metalloproteinases, histone deace-
tylases, and so on. Although in some cases a benzophenone was
the logical choice of label given the structure of the
Fig. 24 Structures of photoreactive acidic a-amino acid analogues.

This journal is © The Royal Society of Chemistry 2018
pharmacophore, it might be expected that diazirines will become
the dominant photoreactive group and even develop into a versa-
tile platform for labeling enzymes in the future as a development
of synthetic methods involving the direct introduction of a mini-
malist crosslinker bearing an alkyldiazirine moiety and a terminal
alkyne or TPD functionality into probe scaffolds.

5. Conclusions and outlook

As discussed in this review, the applications of cmPAL have
established its uniquely important place in the identication of
targets or binding sites in recent years. In particular, as precursors
of carbenes, diazirines, which have been shown to be the most
promising photoreactive reagents used for cmPAL, have enabled
different types of sophisticated derivatization of diazirinyl probes
according to the type of the parent ligand molecule. Supported by
the development of analytical techniques, much more effort has
been devoted to revealing unknown cellular mechanisms and
drug–target binding sites controlled by various enzymes, especially
inactive enzymes and corresponding inhibitors, by using a large
panel of diazirine-based biological probes. Furthermore, the use of
several probes for different classes of enzymes with different
photoaffinity groups located in different regions may be necessary
to provide a more comprehensive tool. In spite of the successful
examples reported in this review, a continuing challenge in cmPAL
involves the rational design of photoaffinity probes, which should
retain the potency and specicity of the parent compounds, with
less non-specic photolabeling and better accuracy in the
proteome-wide identication of targets via MS analysis. Given
these limitations, this is understandable, and clearly an urgent
need still exists for the chemical biology community to develop
more rational cmPAL-based probes for uncharacterized drug
candidates and enzyme families relevant to various human
diseases in particular. In addition, drugs and inhibitors need not
be the only components of the proteome examined by cmPAL.
Future research may provide insights into the development of
cmPAL for investigating receptors and structural proteins.
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